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SEAKEEPING | Foreword 

i monograph has been sponsored by The Society of Naval Architects 

and Marine Engineers and the Ship Structure Committee. It was prepared under the 

advisory guidance of a committee appointed jointly by the H-7 Panel of the Hydro- 

dynamics Committee of The Society of Naval Architects and Marine Engineers, and the 

Committee on Ship Structural Design of the National Academy of Sciences-National 

Research Council, which advises the design research program of the interagency Ship 

Structure Committee. 

Both sponsoring groups have needed a monograph to undertake a critical survey 

of the state of the art so as to form a basis for the planning of research in this field. M. 

St. Denis, Chairman of the H-7 Panel, and E. M. MacCutcheon, then a member of the 

Ship Structure Subcommittee, were instrumental in arranging a meeting of representa- 

tives of the H-7 Panel and of the Committee on Ship Structural Design, which led to 

initiation of this work. 

B. V. Korvin-Kroukovsky had performed fundamental research in the field and 

was invited by the sponsoring groups to undertake the work of preparing the monograph. 

He has been assisted by W. Marks of the David Taylor Model Basin in the joint prepa- 
9 ration of Section 8 of Chapter 1 and Section 3 of Chapter 38. 

Asa result of the lack of complete quantitative data in many areas considered by 

this monograph, and, indeed, basic disagreement as to exactly what the monograph 

should cover, some controversy has been raised by preliminary drafts distributed to a few 

individuals working in these fields. The Advisory Committee believes that controversy 

should not be suppressed and that the publication of this work will encourage research 

upon which subsequent projects can depend for resolution of these disputed points. 

L. TROOST Massachusetts Institute of Technology, Chairman 

Db. kK. FELBECK National Academy of Sciences- 

National Research Council 

O. H. OAKLEY Bureau of Ships, Department of the Navy 

M. ST. DENIS Institute for Defense Analyses; 

Formerly with the David Taylor Model Basin, 

Department of the Navy 

F. H. TODD National Physical Laboratory, Teddington, England; 

Formerly with the David Taylor Model Basin, 

Department of the Navy 
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1 methods of preparing this mono- 

graph were originally discussed by Panel H-7 (Seakeeping 
Characteristics) of the Hydrodynamics Committee of 
SNAME: a composite work in which various sections 

would be written by experts in the respective fields, and 
a general survey conducted by one person. The latter 
method was decided upon as more likely to produce a 

logically coherent and compact presentation. ! 
It was realized that ship behavior in a complex seaway 

is not yet sufficiently understood to permit writing a 
definitive textbook. The objective of the monograph 
was then defined as the preparation of the critical sum- 
mary of the existing state of the art, in order to assist in 

planning of further research. ‘The scope of the monograph 
was to be the entire field of ship responses to seas, start- 
ing with the definition of the seaway and ending with 
the loads imposed by the seaway on a ship’s structure. 
Consultation of the author with the Monograph Ad- 
visory Committee resulted in the following division of 

the subject matter into chapters: 

1 Seaway 
2. Hydrodynamic Forces 
3 Ship Motions 
4 Resistance and Loss of Speed in Waves 
5 Dynamic and Hydrodynamic Loads on a Ship’s 

Structure, 

Broadly speaking, the interests of the two sponsoring 
bodies have been different. The Seakeeping Charac- 
teristics Panel has been interested in ship motions 

(amplitudes, accelerations), wetness, slamming, and 
steering, inasmuch as these affect the safe speed of a 
ship in adverse weather conditions. The Committee 
on Ship Structural Design has been interested primarily 
in the loads affecting the structural integrity, including 
the transient loads with which a ship’s elastic response 
is involved. Both interests were to be kept in mind 
throughout the development of the monograph. The 
exposition was limited, however, to the definition of 

external hydrodynamic loads and of accelerations causing 
dynamic or inertial loads. It has been expected that 

1 This policy was subsequently modified in regard to section 8 
of the first chapter and Section 3 of the third one. These sections 
are concerned with the application of mathematical statistics to 
the description of sea waves and ship motions caused by them. 
The Monograph Advisory Committee decided that the chapters 
written by the original author should be rewritten by a specialist 
in this field. Mr. Wilbur Marks of the David Taylor Model Basin 
undertook this task. While he broadly followed the original 
author’s plan, he modified the exposition so that it no longer con- 
forms to the policy and objectives of the other parts of the mono- 
graph; the critical attitude and emphasis on the shortcomings of 
the existing knowledge were replaced by a smooth informative 
description. 
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additional projects would be organized for the examina- 
tion of ship stresses or, more generally, of ship structural 
responses to these loads. It was intended, nevertheless, 
to include in Chapter 5 a brief outline of the methods 
available for computing the transient response to the 
time-dependent load application occurring in a complex 
seaway. 

The present work is aimed solely at the behavior of 
surface-displacement ships. Although a large amount 
of material can be apphed to submarines, planing-type 
craft require a different approach and are definitely ex- 

cluded. 

In research planning, either by the investigators them- 
selves or by sponsoring bodies, the first requirement is to 

establish the ex7sting state of the art, and the second 
(equally important) is to understand the shortcomings 
of the existing knowledge. These two requirements 
determined the style of presentation in the present 
monograph. An effort was made to present the basic 
principles and the current state of the art as factually, 
quantitatively and completely as possible within the 
limitations set by time available and a reasonable size 
of the monograph. However, the monograph was to be 
only a summary, and it has not been possible to treat all 
subjects exhaustively. The treatment of each subject 
was intended to be in the nature of an introduction and a 
eulde to existing literature. Preparation of an exten- 
sive bibliography, therefore, formed an important part 
of the work. Certain reviewers of the early draft 
criticized this plan because the references listed have 
been difficult to obtain. The author solved this diffi- 
culty in his own work by relying on microfilm copies. 
The New York Public Library? has an amazingly com- 
plete collection of technical literature and furnishes 
excellent microfilming and photostatic service. Micro- 
filming service is also available from the Library of Con- 
eress, Washington, D.C. 

The references have been made as precise and complete 
as possible. The introductory outlines to each subject 
and the bibliography are intended to serve as a basis for 
further development by readers. In order to stimulate 
this development, great emphasis has been placed upon 
the shortcomings of the existing knowledge.* In this 
connection it should be said that the stated opinions are 
the author’s own, and the sponsoring bodies bear no 

2 Fifth Avenue at 42nd Street, New York, N. Y. Attention: 
Photographic Service. 

3 In view of this policy, the author wishes to apologize in advance 
to the many authors whose works are reviewed here in what may 
appear as an unfavorable light. Exposition of shortcomings is the 
basic thread of this work. 
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responsibility for them. Although it is expected that 
the emphasis on shortcomings alone will inspire the 
reader to further research, each chapter is concluded with 

a direct discussion and listing of desired research prob- 
lems. 

Lists of references are attached at the end of each 
chapter and are divided into three groups: First, a listing 
of basic texts, which have attained the standing of 
textbook or are close to it. These are designated by 
the author’s name and a capital reference letter (A, B, 

C, and so on). This group also includes complete 
chapters in symposium and encyclopedic book types. 

The second group is composed of references to the most 
important research papers and articles available, most 
of which were actively used in the preparation of the 
monograph. These are listed by author and year of 
publication, with the addition of lower-case letters (a, 
b, c, and so on) if the author published more than one 
paper in a given year. References cited thus in the 
text will be found at the end of the chapter in which they 
are mentioned. References are preceded by chapter 
number if located in another chapter. For instance, a 
reference to “Neumann (1952b)”’ cited in the first chap- 
ter will be found at the end of that chapter. If cited in 
another chapter, it will appear there as ‘‘Neumann 
(1-1952b).” 

The third group is composed of miscellaneous refer- 
ences taken from other sources, but not examined. 

Responsibility for the completeness and accuracy of these 
references lies with the sources. The detailed listings 
are often omitted in this group and references made to a 
bibliography available elsewhere. No effort has been 
made to eliminate repetition of references in the various 
bibliographies used or listed. 

New York, N.Y. 

January, 1960 

The author adopted the practice of quoting original 
sources, whenever these were sufficiently brief and clear 
for the condensed exposition of the monograph. No 
changes were made in quotations from the original text, 
except of symbols and figure numbers. It was the 
author’s intention at the beginning to retain the original 
symbols, but the reviewers of the early draft were unani- 
mous in recommending a uniform nomenclature. The 
author assumes no responsibility for the mathematical 
work of the sources used. Also, the author does not 
undertake to reconcile the differences of results and 
opinions of various investigators. The material pub- 
lished by various researchers is presented and often 
critically reviewed, but the ultimate deductions are 
considered to be a part of research activity undertaken 
in the future. 

A large number of copies of the seakeeping mono- 
graph draft were distributed to various persons engaged 
in oceanography and naval architecture, as well as to 
the members of sponsoring bodies, and critical comments 
were invited. These comments were considered by the 
author in the preparation of the final monograph copy. 
It is, however, unavoidable that differences of opinion 
will exist among scientists and engineers engaged in 
various aspects of the broad field of activity covered by 
the monograph. These are particularly aggravated by 
the fact that the rational treatment of ship motions and 
stresses caused by sea waves is a relatively new subject, 
many aspects of which are still controversial. The author 
has to accept, therefore, the sole responsibility for state- 
ments and opinions given in the seakeeping monograph. 
The sponsoring bodies are not responsible for these opin- 
ions, and indeed, individual members of these bodies may 
not agree with all of them. 

B. V. Korvin—KRovuKOVSKY 



Table of Contents 

Chapter 1 

1 Introduction... 

2 Generation of Waves by Wind- 

Rational Approach... .. 

24 Transmission of Energy from Wind to Harmonic 

Waves.... 

2.2 Effect of Skin Fr riction. 

2.3. Evaluation of the Drag Coefficient Cu: 

Tunnel and Flume Experiments 

2.4 Determination of Cy from Mean Inclination of 

Water Surface. . 

2.5 Observations of Keuligan and Vi an Dorn. 

2.6 Summary of Cy Data from Previous Sections. . . 

2.7. Estimation of Tangential Drag from Wind- 

Velocity Gradient... . 

Elementary 

Wind- 

3 Energy Balance in Waves and Energy Dissipa- 

tion. 

3.1 Energy Aysernation (by BG wd en 1950) 

3.2. Summary of the Energy-Balance Problem. . . 

4 Generation of Waves by Wind—Advanced Ra- 

tional Approach 

4.1. Eckert’s Theory. 

4.2. Phillips’ Theory. : 

4.3. Statistics of the Sea Surface Derived from Sun 

Glitter (Cox and Munk, 1954a, b, c) ; 

4.4 Horizontal Drag Force Exerted by W ind —_W, H. 

Munk’s Hypothesis 

.5 Miles’ Theory........ 

5 Growth of Waves in Wind—Practical Approach 

5.1. Method of Sverdrup and Munk (1946, 1947)... 

.2. Neumann’s Work on Wave Generation. 5 

6 Wave Spectra............ 

6.1. Darbyshire’s Wave Spectra... .. 

6.11 The Darbyshire ( 

6.2.) Neumann’s Wave Spectrum... : 

and evaluation of C. 

1955) spectrum . 

6.21 Total wave energy 

6.22. Co-cumulative energy spectrum and seaway 

development for a limited fetch or wind 

duration. . 

Roll, Fise ee 

Neumann’s spectrum. : 

6.3 Gelci, Cazalé and Vassal’s Spectrum : 

6.4 Spectra of Incompletely Developed and Decay- 

ing Seas 

6.5 Comparison of Various Sree mod Methods of 

Wave Forecasting........... 

Spectra of fully arisen sea... . 

Wave development with time. . 

6.23 al WwW aidents mgd ation i 

6.51 

6.52 

SEAWAY 

bw 

16 

29 

38 

6.53 Practical wave prediction 

6.6 Dese ee oe trum of Voznessensky and Fi ir- 
sott (1957 

uf Statistics of Directly Observable Sea Waves 

8 Mathematical Representation of the Sea Sur- 

face..... hE Sais sess eters: WS 

8.1 Probabilistic Versus Deterministic Represent: a- 

tion... F 

8.2. Evolution of the Description of the Seaway from 

Wave Measurements. . 

Observation 

Recording. . . 

Preparation. . 

Reduction. 

5 Presentation. 

8.3 Scalar 

tion. . 

8.4 Scalar Sea Spectrum—Calculation by Rinenic al 

Sea Spectrum—Theoretical Determina- 

Method: 8.41 Formulation for computing 

procedure So 

8.42. Choice of computational paramete re antecore: 

tation of spectrum 

8.43 Additional sources of error 

8.44 Sampling variability . 

8.5 Scalar Sea Spectrum—Calculation iy Elee front 

Analog Filter Method 

8.6 Information Derivable From the Wave Spee in 

8.7 The Directional Sea Spectrum. 

1 Extension of the covariance transform method 

2 Miscellaneous investigations of the directional 

spectrum . 

Present one 

Summary of directional spec vi 

8.73 
8.74 

9 Research Suggestions. eee 

9.1. Development of Semi-Empiric: al Methods. sacs 

9.2. Rational Approach... . 

Condensed List of Suggested Research Topics...... : 

Nomenclature for Chapter 1........... cece eee eee 

Bibliography. crsrece sin oyecs's eer ores che oetevevele re iaveia ease ects 

Code of Abbreviations. . 

Part 1—Reference Books. .. 

Part 2—Comprehensive Sec cone on Waves Mae faded 

in Books... .. ; 

Part 3—Detailed References. .. 

Part 4—Miscellaneous References 

Additional Text References....... 



Chapter 2 

Chapter 3 

THEORY OF SEAKEEPING 

1 Introduction. . 

1.1 Forces Acting on a Bose Gacill: fine ina Fluid. 

1.2. Order of Exposition. . 

Z Estimates of Hydrodynamic Forces and Mo- 

ments by Comparison With Ellipsoids....... 

3 Evaluation of Forces in Heaving and Pitching 

by Strip Theory..... 

3.1 Inertial Forces Acting on a fenay Oscillating in 

Smooth Water: 

3.11 Conformal transformations... . 

3.12 Effect of the free water surface. 

3.13 Three-dimensional effects... .. . 

3.14 Inertial forces caused by waves. 

3.15 Experiment data on inertial forces. . . 

3.151 Deeply submerged prisms and cylinders. . 

3.152 Prisms oscillating on the water surface. . 

3.153 Ship forms oscillating on the water surface. . . 

3.154 Restrained ship forms and other bodies sub- 

jected to wave action.............. 

3.2. Damping Forces....... : = 

3.21 Experimental verification of the sectional 

damping coefficients..................... 

3.22. Nonlinear effects in evaluating mean damping 

3.23 'Three-dimensional effects. . . 

3.24 Speed effect on damping : 

ore Integration With Respect 0 Tenth 

Forces in Lateral Motion........ 4 

5 Forces and Moments in Rolling. . 

5.1 Restoring Moment....... 

5.2. Inertial Moments... . 

3 Damping Moments. 

1 Introduction...... 

2 Ship Motions in Long-Crested Harmonic Waves 

2.1. Ship Motions in the Plane of Symmetry: 2.11 

Linear theory of coupled pitching and heaving 

2.12. Comparison of computed and observed ship 

modelimotionSs....ee0s ase. ee : 

2.13 Variable coefficients and non-linearities... . . 

2.14 Significant characteristics of ship motions; 

significance of phase relationships. . . 

2.2. Rolling, Heaving, and Side Sway... .. 

2.21 Deviations from Froude’s assumptions. . . . 

2.22 Nonlinearities in rolling in side waves. . . ; 

2.3 Six-Component Ship Motions in Waves: 2.31 

ones with rudder fixed............ ae 

2.32 A degree of freedom added by the use of a 

ULCER erie gustscsiisst tas utente aiceeeeneiene aoe 

2.33 Approximations base’ a on a limited me or Doe 

degrees of freedom. . 

3 Ship Motions in Irregular Seas. . 

3.1 Probabilistic Versus Derennansie Methods: : 

106 

106 

107 

107 

108 

109 

111 

114 

114 

115 

115 

115 

116 

117 

118 

119 

122 

122 

123 

124 

124 

125 

126 

126 

127 

HYDRODYNAMIC FORCES 

Linear approximation. .................... 

5.32 Empirical data on damping in roll. . . 

5.33 Theoretical knowledge of damping in roll... . 

5.34 Effects of viscosity and frequency....... 

6 Direct Three-Dimensional Solution Including 

Wave Making...... Sy hls see tes 

6.1 Statement of the Problem........... i 

6.2. Evaluation of the Velocity Potential @..... 

6.3. Experimental Verification. . . 

6.4 ape ations of Haskind......2..2.: 05 

7 Forces Caused by ae . 

7.1. Expanding Plate Theory in L: Sue eevee of 

Seaplanes.... nr netted, nesta 

2 Spray Root Theory StS tstsis hae htal A ae, Seay pee 

3 Adaptation of Seaplane Impact Theories to Ship 

Isl Ehectoabaley eG ee eee ek: 

7.4 Calculated Slamming Pressures... .. . 

7.5 impae Tee on Wavy Water Surface. 

8 Canaan Remarks and General Research 

Suggestions: ....0...50.08 +. sues ce eee 

8.1 Experimental Research: 8.11 Methods of test- 

SLL he ae a Mies iether sneer 

8.12 Beene Ane anode Is. 

8.13 Complete ship models. . 

8.2. Theoretical Research........... 

8.3. Measurements on Full-Size Ships. . . 

8.4 Slamming Pressures and Forces... . . 

Condensed List of Suggested Research Topics....... 

Nomenclature..........+.e0005 ag resta cavlegs cave ve wneaaieene 

SHIP MOTIONS 

3.2. A Deterministic Method for Studying Ship Mo- 

tionsiinm' Inrecular Seas: 0)... sn eee eee 

3.3. Ship Motion Studies Based on Linear Superposi- 

tion. Wile Fansdleyuatec beste aah ® soerateusgua ch entadememtes 

3.4 Ste ene al Methods for Studying Motions in Ir- 

regular Waves....... 

3.5 Analysis of Ship Moone Dat: a—Single Param- 

eter. 

3.6 Cross- ‘Spec cn Aaele SUS: ch bars ces 

3.61  Covariance-digital method. 

3.61 Analog methods....... 

3.7. Rolling of Ships in Natural Teaular Waves. 

3.71 Work of Voznessensky and Firsoff.. . . 

4 Model Tests in Waves. ie 

4.1. Towing Tanks and Equipment. . 

4.2. Tanks for Tests in Oblique Waves... . 

4.3. Wave Generation. Pe Ae aC 

4.4 The Nature of Ac ee in Towine T: ie Testing 

in Oblique Seas..... . 

4.41 Tests of practical nara conditions of simi- 

laxity Ac east: 



TABLE OF CONTENTS 

4.42 Tests connected with theory development and 

application. .... 

5 Observations on Ships at Sea. 

5.1 Observations Considering Sea ie ‘tion on a DShip: 

5.11 Observations of Kent, Kempf and 
Hoppe. 

12. Voyage of the MS San By: Ucisco . 

18) Admiralty Ship Welding Committee—SS 

Ocean Vulean....... : 

5.14. W. Mockel’s observ Riper on ari tre nae ors 

5.15 Voyage of the SS Nissei Maru... 

5.16 Additional data on sea voyages. . 

5.2. Statistical Observations at Sea. 

3. Concluding Remarks on Ship Observations at 

Sea. 

oo 

6 Ship Stabilization. . 

181 

182 

183 

186 

190 

196 

196 

201 

204 

206 

208 

6.1 Rolling Stabilization . 

6.2. Pitching Stabilization . 

7 Concluding Remarks—General.... 

7.1. Applications of Ship Motion Theory. . 

7.2. Observations on Ships at Sea... .. 

7.3 9 Summary 

Condensed List of Suggested Research Topics..... Sic 

Nomenclature.......... Sraneh sh ovetenereneraterete ore erro rete 

BIDIOGKGPINY crererasnssovensteteretelarelstscierste So0udo0c6 er 

Code of Abbreviations 

Detailed References. 

Additional Bibliographies... . . 

Papers by Sir Thomas H. Havelock... . 

Chapter 4 RESISTANCE, PROPULSION AND SPEED OF SHIPS IN WAVES 

1 Introduction. ... 

2 Ship Speed and Power in a Moderate Sea. 

Pa Resistance Caused by Waves in Absence of 

Heaving and Pitching. 

2.2. Added Resistance Caused by a C ornbine d ae tion 

of Waves and Ship Motions............ 

2.3. Towing-Tank Tests for Resistance in Waves. 

2.31 Methods of testing and presenting test results 

2.32 Typical data on resistance in waves. . 

2.33  Ship-model correlation. . . 
> 
3 

2.4 Propeller Efficiency 

Chapter 5 LOADS ACTING ON A SHIP AND THE ELASTIC RESPONSE OF A SHIP 

1 Introduction... 

tel Conventional Static 

ment Calculation 

ee at Hane nt of the Ste itic Method 

Method of Bending Mo- 

R: ate SG Los id Apple Ation toa Ship’ s PSiructure 

2 Rational Theory of Bending Moments.... 

2.1 Linear Theory... . 

2.2. Nonlinear Theory.... 

3 PEs Moment—Observations on Ships at Sea 
3.1 MS San Francisco. 

3.2.) SS Ocean Vulcan. 

4 Bending Moment—Ship Model Experiments 

4.1 KE. V. Lewis, T-2 Tanker.... 

4.11 Experimental Data. . 

4.12 Analysis of . V. Lewis’ Bending-moment data 

4.2K. Ochi—A Cargo Ship... 

4.3. M. Sato—Destrover Model. . . 

4.4 Lewis and Dalzell—Destroyer Model. 

4.5. Severity of Experimental Waves... 

5 

5. 
Rapidly Applied Loads (Slamming, Pounding) 

1 Slamming of Slow Ships. 

238 

240 

240 

241 

242 

243 

256 

267 

268 

270 

275 

278 

280 

283 

284 

2.5 Estimate of Ship Resistance and Speed Loss in 
Operating Conditions. . . 

2.6 Observations on Ships at Sea... 

2.61 Méckel’s summary..... 

2.62. Bonebakker’s data 

3) Ship Speeds in Storm Seas.... 

3.1. Speed Loss Versus Ship Form. . 

4 Concluding Remarks. 

Suggested Research Topics............ sharehalielensiietens 

Nomenclature........ Sy Sut eg <aneattenes onalces beaten erat ater on ehecere 

Bibliognaiphiyi.mensuctenerienctetetenersietcie ceooenHosM eee eiays 

5.2. Observations of USCGC Unimak 

5.3. Observations on a Destroyer 

5.4. Water Pressures in Slamming. . . a 

oD Relationship Between Slamming Load and 

Bending Moment 

5.51 Free vibrations. 

5.52 Forced and transient vibr: qilone: 

5.53 Added mass and damping... . 

54 Similarity conditions in ship vibrations. . . 

55 Dalzell’s analysis of destroyer model vibration 

5.6 Statistical Theory of Slamming... 

6 Statistical Data on Ship Bending Stresses—Re- 

lated to Sea Conditions......... 

7 Statistical Data on Ship Bending Moments—Un- 

related to Sea Conditions....... 

7.1) Maximum Bending Moment Expecte ue at Sea 

8 Concluding Remarks and General Research 

Suggestions ; 

8.1 Ship Motions and Damrine Ronee: Raed 

8.2 Need for Ocean-Wave Data.... 

8.3. Linear Theories and Model Tests 

8.4 Nonlinear Theories. . . 

xi 



xii THEORY OF SEAKEEPING 

8.5 Ship Motions in Seven Degrees of Freedom 

8.6 Slamming: 8.61 

8.62 Slamming—submersion of a flared bow. 

8.7 A Ship’s Elastic Response . 

8.71 Suggested procedure in research on elastic re- 

Bottom impact. . 

sponse . 

8 Experimental data on elastic response 

8.8 Statistical Studies. . . 

8.9 Condensed Summary 

Condensed List of Suggested Research Topics...... 

304 

304 

304 

305 

305 

306 

306 

306 

306 

Nomenclature........+005 aus iels}enesietasereneieises Bias ieteve 

Bibliography sem sieverstetere et ckeleretekerars SOT eaOOU ae meteiele 

Appendix A—Theory of Simple Waves. Sie ousketchstolerenste 

Appendix B—Neumann’s 1948-1952 Work on Wave 
Generation by Wind ....... Pitch avetetegoopetstancetavene 

Appendix C—Calculation of abet daa Forces by 
Strip Theory . Snoeesnoes a . aicvousdstenoene : 

Appendix ea fisg ay i for Betoun 
Randomly Fluctuating Data . 



Preface to Chapter 1 

It has been the author’s experience that the solution 
of any practical problem connected with wave motion is 
often accompanied by a large amount of fumbling. 

The reason for this is that information on waves is widely 
scattered in various textbooks, written by mathematical 
physicists, and is often presented in a form which makes 
direct application to engineering problems difficult. 
Furthermore, the author’s early reading in oceanography 
has shown him that some of the basic concepts of hy- 
drodynamics have often been disregarded, possibly be- 
cause of want of easy reference. Appendix A was pre- 
pared, therefore, as a ready reference to give a concise 
summary of the theory of wave motion on the basis of 
classical hydrodynamics. 

Rapid progress in the development of the theory of 
ship motions in a complex seaway has taken place follow- 
ing the appearance of the paper by St. Denis and Pier- 
son (Transactions SNAME, 1953). This activity has 

been based on the description of an irregular sea surface 
by an energy spectrum. In this connection the term 

“Neumann’s spectrum” has so often been used that the 
basis of its development appears to be forgotten. An 
effort has been made, therefore, to expound Neumann’s 
work rather completely in Appendix B, while in the 
text only a relatively brief summary appears. 

The author has found that at present oceanographic 
knowledge is rather disorganized in so far as the trans- 
mission of energy from wind to water, the growth of 
waves under the action of wind, and the wave size indi- 
cated by the spectrum of a complex seaway are con- 
cerned. Very few experts appear to agree on solutions 

to these problems. Yet it is futile to expect a satis- 

c 

New York, N.Y. 

January, 1960 
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factory quantitative description of ship motions or ship 
stresses at sea without a good knowledge of the com- 
plex seaway which causes them. As a result of this 
state of affairs, Chapter 1 has become more detailed 
and voluminous than was originally intended. 

During the preparation of this monograph, two ex- 
tensive summaries of the existing knowledge on ocean 

waves appeared in the press, the first by I’. Ursell (Ref- 
erence M), and the second by H. U. Roll (Reference L). 

The general plan of exposition in these two summaries 
is similar to the one presented here by the author. None 
of these three summaries eliminates the need for the 

others, since each author has emphasized different as- 

pects of this vast and complex subject. The present 
exposition, intended especially for stimulation of re- 
search, is much more critical than the others and stresses 
shortcomings no less than achievements. 

The exposition of sea-wave properties given in this 
monograph is oriented to its ultimate use in naval archi- 
tecture and in ship navigation. It is, therefore, incom- 
plete in regard to many other fields of endeavor. The 
ultimate development which is the interest of the present 
monograph would consist of a specific formulation of a 
directional wave spectrum as a function of meteorological 
conditions. Merely empirical attempts to secure such 

knowledge of the complex sea have not yielded a satis- 
factory solution. It is the author’s opinion that a 
general theoretical development is also needed for achiev- 
ing this objective. A comprehensive review of the 

theoretical work and of the laboratory and open-air 
observations connected with it was therefore included 
in the monograph. 

B. V. Ikorvin—IXRouKOVSKY 





CHAPTER 1 | Seaway 

1 Introduction 

THE wind-swept surface of an ocean usually presents a 
very complex irregular appearance. A certain regularity 
exists only in the broadest sense that wave hollows and 
wave crests progress in some general direction and 
succeed each other alternately. The time between 
passages of crests, the heights of crests, and the distances 
between crests vary widely and erratically. It is impos- 
sible to evaluate quantitatively by direct observation 
the effect of such an irregular surface on the behavior of 

aship. It is necessary to undertake a systematic analy- 
sis or breakdown of a complex physical event into simple 
components, to study the effect of these simple compo- 
nents, and to add them together again in order to reach an 

understanding of the whole. The technique of such a 
process developed over many years in the fields of heat 
transfer and electrical network analyses in recent years 
has been applied to complex ocean waves. 

It has been shown that a function of any complexity 
can be represented as the sum of a large or infinite num- 
ber of simple harmonic functions (waves) of varying 
periods and amplitudes. The word ‘simple’ is applied 
here to a uniform regular wave characterized by a single 

direction of propagation, a definite frequency, a definite 
wave length, and a definite amplitude, which are repeated 
uniformly in each passing wave. The description of a 
seaway must start then with a definition of the properties 
of such a simple wave. This simple wave does not 

normally exist in nature, but can be produced in a labora- 
tory, either for investigating the properties of the wave 
itself, or for studying its effects on ship models or on 
harbor installations. A summary of the classical theory 
of simple waves will be found in Appendix A. 

The classical wave theory considers only the propa- 
gation of free waves under the action of gravitational 
and inertial forces. Uniform distribution of air pressure 
is assumed, and neither the transfer of energy from wind 
to water nor the mechanism of wave generation has been 

considered. The following four sections of Chapter 1 
will be devoted to discussing these phenomena. Theoret- 
ical reasoning, laboratory experiments and_ specially 
designed methods for observing natural waves are 
involved in this problem which so far has eluded a com- 
plete solution. Later sections will take up the organiza- 
tion of empirical observations in a form suitable for wave 
forecasting and for determination of a ship’s behavior at 

sea. Finally, the mathematical sea-surface representa- 
tion needed for the latter purpose will be outlined. 

! Throughout, References will be given by author and year, and 
may be found in the alphabetical list at the end of each chapter. 

2 Generation of Waves by Wind—Elementary Rational Approach 

The problem of the generation of waves by wind was 
first attacked by Lord Kelvin (Thomson, 1871),! by 
considering the free-water surface as a dividing boundary 

between two fluids, water and air. The motions of 

both were considered separately; i.e., the velocity po- 
tentials of both water and air were evaluated. Further- 
more, it was postulated that the pressure of the air and 

that of the adjacent water differ owing to the surface 
tension of water. The derivation is also given in Lamb 

(D, art. 267 and 268, pp. 458-462) and Motzfeld (1937, 

pp. 205 and 206). IXelvin’s solution for waves propagat- 
ing in one direction in deep water was extended by 
Jeffreys (1925) to waves propagating in two directions. 

Using the solution of Lord Kelvin, Jeffreys indicated that 
at an air velocity of 640 cm/sec (about 21 fps) the water 
surface becomes unstable, and waves develop spontane- 
ously. These first waves have a length of 1.8 cm (0.71 in.) 
and a celerity of 23.2 em/sec (0.76 fps) which was shown 
to be the least possible wave celerity. This wave repre- 
sents a borderline between longer waves due to gravity, 
and the shorter (but faster traveling) waves due to the 
surface tension of water; 1.e., the capillary waves. 

The foregoing conclusion does not agree with observa- 

tions of nature, which indicate that waves begin to de- 
velop at much lower wind velocities. Jeffreys (1925, 
1926) by observation of waves due to light winds on a 
pond arrived at the conclusion that waves begin to 
form at a wind velocity of about 110 cm/sec (3.6 fps), 
have an initial length of 6 to 8 em (2.4 to 3.1 in.) and a 

celerity of about 30 cm/sec (about 1 fps). Stanton 
(1932) found by experiments in a wind flume that 
gravity waves first form at an air speed of 250 cm/sec 
(8.2 fps) and are 6 cm (2.4 in.) long. He emphasized the 
uncertainty of such observations and wrote: ‘“The mini- 
mum velocity of the wind required to cause the formation 
of waves has been observed, although as has been pointed 
out, the value obtained will depend to a great extent on 
the conditions of the experiment.” 

The general picture is made much clearer by Roll 
(1951) who observed and measured wind and waves on 
a large shallow pond left on a low sea shore by the reced- 
ing tide. Tig. 1 shows the frequency distribution of the 
various waves plotted versus the wind velocity. It is 
impossible to name with certainty the wind velocity 
connected with the first formation of waves. By taking 
the 50 per cent probability of occurrence of gravity waves 
Roll estimated the minimum necessary wind velocity at 
60 to 80 cm/sec (2 to 2.6 fps). He made the very 

important observation that from the beginning there are 



2 THEORY OF SEAKEEPING 

Z Wavy reflections 

Weak waves visible 

Measured or measurable 
waves 

Per Cent 

200 

Fig. 1 Frequency distribution of initial waves as function of 
wind velocity (from Roll, 1951) 

wave components traveling at angles to the wind direc- 
tion. The existence of these wave components he 
attributed to air turbulence which produces local travel- 
ing pressure areas and causes oblique waves (like ship 
bow waves) to form according to the well-known theory 
of the traveling disturbance (Lamb, D, art. 256, pp. 
433-487; Davidson, 1942). 

Because of the glaring discrepancy between the results 

of Kelvin’s analysis and observed data, Jeffreys (1925, 
1926) undertook a new analysis in which both dissipation 
of the energy in water due to viscosity and modification 
of the air pressures due to air viscosity were taken into 
account. In the potential flow of air, maximum air 
velocity and maximum drop of air pressure are found 
over wave crests, and minimum air velocity and an 
increase of air pressure occur in troughs. Thus wave- 
exciting forces exist (causing the instability indicated by 
KXelvin), but because of the symmetry of the flow on both 
sides of each wave crest, there is no mechanism for trans- 
mitting the energy from air to water. Jeffreys assumed 
that each element of distorted water surface acts essen- 

tially as a flat plate in a fluid stream; i.e., that the pres- 
sure acting on it is proportional to its inclination, which 

can be expressed as dn/dx. With the wave profile 
expressed as? 

n = asin k(x — ct) (1) 

the slope of the water surface is 

On/Ox = ak cos k(x — ct) (2) 

Jeffreys assumed an element of the pressure exerted by 
wind on an element of the wave surface to be 

p = Bp'(V — c)?0n/dx (3) 

2 In this case and in the following section the wave formulas 
differ from those given in Table 1 of Appendix A in that the origin 
of co-ordinates is taken at the nodal point instead of the crest. 

here p is the pressure, 6 a nondimensional coefficient, 
op’ the density of air, and V the air velocity. 

Were the air flow potential, the pressure distribution 
would be symmetrical about the wave crest, and the 
mean value of the coefficient 8 would be nil. Jeffreys 
assumed, however, that in a viscous flow the leeward 
slopes of the waves are shielded, so that asymmetry of 
pressure distribution exists and the coefficient 8 has a 

value (to be determined empirically) greater than 
zero. 

2.1. Transmission of Energy from Wind to Harmonic 

Waves. Without making assumptions as to the nature 
of the air pressure, Lamb (D, p. 625) wrote: “It is not 
likely that the action of the wind, even on a simple 
harmonic wave-profile, could be represented by any 
simple formula. But, neglecting the tangential action, 
which seems to be of secondary importance, we may 
imagine the normal pressure to be expressed by a Fourier 
series of sines and cosines of multiples of k(a — ct), and 
it is evident that the only constituent which does a net 
amount of work in a complete period has the form 

Ap = Ccos k(x — ct) (4)” 

In view of the importance of the foregoing quotation, 
a more detailed development of this idea will now be 
presented. The air pressure acts normally to the water 
surface. For the purpose of analysis it is convenient to 
consider the normal pressure vector as decomposed into 
vertical and horizontal components, p cos @ and p sin @, 
where @ is the inclination of the water surface. This 
inclination in waves is generally small and these pressure 
components can be evaluated in two ways. 

(a) Attention can be concentrated on an element of 
water area at a certain fixed location x moving up and 
down with vertical velocity v. The mean work done by 
the pressure p per second is 

teat kt i= al pv dl = - [ pcosk(« — ct) dt (5) 
0 70 

A positive sign is assigned to the work of the downward 
pressure acting on the surface element with downward 
velocity. 

(b) The alternate method is to consider an element 

of the wave form moving horizontally with celerity e. 
The mean work per second is 

] Tr k By 

li i, p(0n/dx) edt = pus | p cos k(x — ct) dt 
Li 0 7 0 

(6) 

Let the unknown pressure distribution over the wavy 
water surface be represented by a summation of sine and 
cosine harmonics, 1.e., 

n n 

p = >> A, sin nk(x — ct) + > B, cos nk(x — et) (7) 
1 1 

For the wave form represented by equation (1) 

On/Ox = ak cosk(x — ct) (8) 
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Substituting equations (7) and (8) into equation (5) 

leads to integrals of the following forms. 

For the first harmonic 
- 

i sin k(w — ct) cos k(x — ct)dt 
0 

a 

i cos? k(v — ct)dt 
0 

and for higher harmonics 

and 

+1 
| sin n k(a — ct) cos k(x — ct)dt 

0 

and 
“ 

{ cos n k(x — ci) cos k(a@ — et)dt (10) 
0 

All of the foregoing integrals vanish upon evaluation, 

except the one for the first harmonic containing cosine 
squared in the integrand. This proves equation (4) 
given by Lamb. The pressure components in phase 
with the wave, the sine harmonics, transmit no energy 
to water, and the entire energy transmission is due to the 
first harmonic of the cosine, i.e., to the out-of-phase 
component. Retaining only the first harmonies, equa- 
tion (7) can be rewritten as 

p = Asin k(x — ct) + Beosk(x — ct) 
= Csink(t — ct + 6 (11) 

This shows that the transmission of energy from wind 
to water occurs because a sinusoidal pressure distribu- 
tion differs in phase from the wave form. The dis- 

tortion of the pressure-distribution curve by higher 
harmonics apparently has no effect on the energy trans- 
mission. In a potential flow the pressure is in phase 
with the wave, e = 0, and there is no energy transmission. 
In a fluid of very low viscosity, as is the case with air, 
the flow is generally potential, but the boundary con- 
dition at the water surface is modified by the presence 
of the boundary layer. This latter thickens locally in 
the adverse pressure gradient on the lee sides of waves, 
and thus brings about the phase shift « and the resultant 
energy transmission. This will be discussed further in 
connection with experimental wind-tunnel data. 

Evaluation of equation (5) after substituting the 
cos k(a — ct) pressure term from equation (11) gives the 
total energy transmitted by wind to waves, per second 
per unit of sea surface, 

= Ba ck/2 (12) 

As can be seen from equations (7) and (11) the coefh- 
cient B is the amplitude of the out-of-phase component 
of the air pressure. Taking it as proportional to the 
square of the relative velocity between air and wave 
propagation (V — c), B can be expressed in terms of a 
nondimensional pressure coefficient C, as 

B = AC;3/2p'(V — 0)? (13) 

where the coefficient C,, depends on the wave form and 
height. Following Lamb’s example of equation (4), 
the symbol AC, is used to emphasize that only part of the 

total air pressure, the out-of-phase component, 1s con- 
sidered. 

In practice it is more convenient to measure the hori- 

zontal drag force acting on the water surface. Express- 
ing it in terms of the drag coefficient Cy, as defined cus- 
tomarily in aerodynamics: 

Drag = Ca(p’/2)(V — c)? (14) 

The total energy per second transmitted by wind to 
water 1s 

E = (Drag) ¢ = (5 

2.2 Effect of Skin Friction. Before proceeding further, 

it isimportant to comment ontheremark: “‘...neglect- 
ing the tangential action which seems to be of secondary 
importance...’ in the previous quotation from Lamb. 
In the case of slightly viscous fluids, such as air and water, 
the flows are generally well described by the potential 
theory, and a slight dissipation of energy by viscosity 

does not sensibly modify the results of this theory.’ 
The primary effect of viscosity on the general flow is 
indirect; it appears as a modification of the boundary 

conditions because of formation of the boundary layer. 
At the boundary of a fluid and a solid, or at the air-water 
interface considered here, there is a strong velocity 
gradient, and the viscous effect becomes important in 

the form of ‘skin friction.’’ The essentially potential 
flow can be affected directly only by normal pressures, 

and not by the tangential skin friction. This latter 
represents the dissipation of kinetic energy in the form 
of eddy-making first and finally of molecular motion, or 
heat, so that this part of the energy is no longer available 
to the potential motion of waves. It is therefore quite 
proper to neglect the tangential frictional force in the 
theory of wave formation just outlined, and to consider 

only the effect of normal pressure.* 
Confirmation of the foregoing statement can be found 

in the theory of wave resistance of ships, as developed 

primarily by Havelock, Weinblum, and Guilloton, and in 
experiments conducted in connection with this theory. 
The particularly relevant references are Wigley (1937), 
Havelock (1948, 1951), Shearer (1951), Birkhoff, 

Korvin-IKXroukovsky and Wotik (1954) and Korvin- 
Kroukovsky and Jacobs (1954). The entire treatment is 
based on the potential theory, yet it gives results in good 
agreement with towing-tank test data (in the case of 
fine boats formed of parabolic ares). Despite the fact 
that possibly 23 of the total towing energy is dissipated 
in skin friction, the effect of this on waves (1.e., on the 

3 Lamb (D, art. 346, p. 623) also Appendix A art. 4.4; the tre- 
mendous success of aerodynamics has been based on this postulate. 

4 It is interesting to note that frictional drag is also neglected in 
the recent advanced work on energy transmission from wind to 
waves by Miles (1958) and Phillips (1958). The air viscosity 
3 considered only in the sense of defining the effective wind ve- 
ocity. 
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Fig. 2 Wave profiles of models tested in a wind tunnel (from Motzfeld, 1937) 

0.4 

0.3 | | | | 
| 

0.2 + 

0.1 | . | 
vn f£ | 

0 ae en | 

S107 || | | | 
T 

= | | @I Mod 

ae | + o Il Mod 
-0.3 | | 2 Mod 

| @ WZ Mod 
-0.4 | | 

-0.5 | 
0) 0.2 0.4 0.6 0.8 1.0 

x 

x 

Fig. 3. Pressure distribution along wave profiles (from Motzfeld, 1937) 

potential flow) resulting from the action of normal pres- 
sures is found to be small. 

The fundamental distinction just stated between the 
kinetic energy of nearly potential flow, and the eddy- 
making or thermal energy of skin friction has often been 
disregarded in the literature on wave generation and 
propagation. A large amount of discussion and the vari- 
ous attempts at evaluation of the skin-friction energy in 
this connection appear to the author to be in basic con- 
tradiction to the laws of hydromechanics. The disor- 
ganized eddy-making and thermal energies are no longer 
available to the potential wave flow. 

One of the reasons for considering skin friction hereto- 
fore was the necessity of explaining the experimentally 
observed long waves which travel faster than wind. 

Since the skin friction depends not on the wave celerity 
but on the wind velocity with respect to slowly moving 

water particles, energy transfer appears to exist even for 
e>V. It will be shown later, however, that the energy 
transfer appears to depend on small steep waves which 
cover the surface of larger waves rather than on the large 
waves themselves. Since the celerity of these small 
waves 1s low, (V — c) has a large value for them, even 

when c > V for the predominating large waves. The 
energy transmitted by normal pressures on small waves 
provides, therefore, the necessary explanation without 
involving skin friction. 

2.3 Evaluation of the Drag Coefficient C;: Wind- 

Tunnel and Flume Experiments. The drag coefficient 
Cz has been evaluated for different wave forms by three 
methods: (a) by wind-tunnel or flume measurements on 

rigid-wave models, (b) by measuring the water-surface 
inclination caused by the wind-drag force, and (c) by 
measuring the velocity gradient of the air flow above 
waves. 

(a) Measurements of the pressure distribution over 
the surface of wave models were made in a wind tunnel 
by Stanton, Marshall and Hougton (1932) and by Motz- 
feld (1937), and in a flume by Thijsse (1952). Stanton, 
et al used a wave model with the excessively small length- 
to-height ratio of 5, therefore only the more realistic 
models of Motzfeld and Thijsse will be discussed here. 

Motzfeld had four models of waves inserted in the floor 
of a wind tunnel, and measured the pressure distribution 

on each model. By integration, he obtained the mean 
horizontal force and the drag coefficient Cz. He also 

measured pressures in the air above the model and from 
these constructed the shapes of streamlines. A high 
degree of initial turbulence was secured by the length 
of tunnel in front of the model and by the use of various 
turbulence-stimulating devices at the entrance and in this 
leading section of the tunnel. Four models were used: 

1 A sinusoidal wave of length/height ratio = 20 
2 A sinusoidal wave of length/height ratio = 10 
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Fig. 4 Streamlines of air flow and total pressure variation at second mode! (from Motzfeld, 1937) 

Fig. 5 Same as Fig. 4 but for third model 

3 A trochoidal wave of length/height ratio about 10 
4 A wave of circular ares with sharp 120 deg angles at 

crests and length/height ratio of 7.5, which closely re- 
sembles the theoretical wave of limiting height. 

The wave profiles and dimensions are shown in Fig. 2, 
the pressure distribution along the models in Fig. 3, and 

the pressure distribution in the air and streamlines in 
Figs. 4,5 and 6. Thickening of the boundary layer and 
the phase lag of the pressure distribution is noticeable on 
all models, but only on the sharp-crested model No. 4 is 
separation of the flow observed. The horizontal dy- 
namic (i.e., due to pressure distribution) drag IV, per wave 

length is obtained by integration 
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Fig. 6 Same as Fig. 4 but for fourth model 

Table 1 Values of Coefficients 

Model 
No. Ca Ce Cat G, 
1 0.00085 0.00375 0.0046 

2 0.0024 0.0088 0.0062 
+ 0.0028 0.0035 0.0063 

4 0.0195 0.0028 0.0222 

* C, = (frictional drag)/1%4 pum?A. 

S 

W,= i psin 0 ds (16) 
0 

where S is the developed length of the surface of the 
wave of length \, and ds an element of the length. The 
integration is most conveniently performed by noting 
that sin 9 ds = dn, and by plotting pressure p versus sur- 

face elevation 7. These plots are shown in Fig. 7, and 
the dynamic drag is represented by the area enclosed by 
each curve. The nondimensional drag coefficient was de- 
fined as 

ais (17) 

where w,, is the maximum wind speed in the section of the 

wind tunnel above the wave nodal point. The values of 
the coefficients obtained in this way are given in Table 1. 
The frictional-drag coefficient is listed for the discussion 

in the following section. 
Thijsse (1952) photographed the waves generated in a 

wind flume, made a model of one of these waves, inserted 

it at the bottom of a flume and measured the pressure 
distribution in smooth water flow. The wave profile, 
air-pressure distribution, and water-velocity distribution 
are shown in Fig. 8. The dynamic drag coefficient C, 
resulting from these measurements is 0.0052, or about 
twice Motzfeld’s drag for the trochoidal model No. 3. 
Although in this case the wave is slightly lower in height, 
\/H = 12 instead of 10, it is unsymmetric with a steeper 

front (i.e., lee side). Wind-driven waves usually have 

this unsymmetrical form, so that an increase of resist- 

ance over the symmetrical Motzfeld models can be 

expected. 
Lack of a precise and significant definition of air 

velocity is the outstanding drawback of these experi- 
ments. This appears to be a weak point in all experi- 

ments on wind-wave energy transmission. A theoretical 
formulation of a similarity law and its observance in 

planning observations and tests are sorely needed at 

this time. 
2.4 Determination of C,; from Mean Inclination of 

Water Surface. As examples of determination of the drag 
coefficient by measuring the mean slope of the water sur- 
face in a wind flume, the work of Francis (1951) and 

Johnson and Rice (1952) can be cited. Francis used a 

wind flume about 6 m (19.6 ft) long in which wind 
velocity up to 12 meters per sec (mps) (39 fps) could be 
produced. Two alternate forms of experiment were 
used. In one the waves were generated by the wind and 
increased in height from zero at the windward end to 
maximum at the lee end. In another, the waves were 
artificially generated at the windward end, and dimin- 
ished or increased towards the lee end depending on the 
wind strength. The mean elevation of the water surface 
was measured at several points along the flume, and 

Table 2. Results of Measurements 

Wind speed, 
mps \/H Ce = Cr C; 

Wind only 

5 10 0.0040 
10 10 0.0150 
12 12 0.0200 

Wind and wave generator 

5 17.5 0.0052 
10 9.5 0.0182 
12 10.6 0.0242 
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Fig. 8 Measurements on paraffin model of wind-generated wave (from Thijsse, 1952) 

from’ these the slope of the water surface was obtained. 
The horizontal drag force in this case includes both the 
dynamic and frictional drag. The mean wave height 
and length also were measured. The results of these 
measurements are summarized in Table 2. 

The data in Table 2 are approximate. The values of 
/H were read from the mean curves given on the graphs 
since no tabulated data are given in the reference. In 

calculating the drag coefficient the assumption was made 

that V2 & (V — c)?; iLe., the wave celerity of small 
waves was neglected in comparison with wind velocity. 
The maximum and minimum values of the total drag 
coefficient C,* agree well with those for the idealized 
models of Motzfeld. It is clear, however, that the C, of 

wind-driven waves is not a unique function of the mean 
ralue of the \/H ratio. These waves are very irregular 

and while the mean wave is tabulated, lower and higher 

waves are found in reality. In particular, sharp and 
breaking crests occur fairly frequently. The sudden- 
ness with which the C, increases for the sharp-crested 

profile is probably the most significant result of Motz- 
feld’s tests. It appears that the mean drag of the ir- 
regular-wave system may be primarily governed not by 
the mean \/H ratio, but by the frequency of occurrence 

of sharp crests or of steep wave slopes, since the drag of 
the sharp-crested waves is so much higher than that of 
the steep trochoidal waves of \/H = 10 ratio. At the 5 
m/sec wind velocity in Francis’ tests, sharp crests prob- 
ably were absent and the drag was very low. With in- 
creasing wind strength the sharp crests must have oc- 
curred more often and the C, increased correspondingly. 

The measurements of Johnson and Rice (1952) were 

also made in a wind flume. Because of the high wind 

velocity used, the mean waves are exceptionally steep. 
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Fig. 9 Original data for setup as a function of wind speed at 10 m elevation. 
Each point is a 20-min time average for both wind and setup (from Van Dorn, 1953) inspection. 

Table 3. Results of Wind-Flume Measurements of Johnson 

and Rice (1952) 

Wind 
velocity, 

fps \/H Cat = Ca C; 

40.8 6.2 0.0282 
32.4 7.7 0.0330 

OO t 6.7 0.0372 
40.1 i 0.0202 

42.3 (haP 0.0190 

* At the end of the fetch. 

Only the mean drag coefficients C,* = C, + C, over the 

flume length were determined. These and the \/H- 
values of the waves at about 23 of the available fetch 
are listed in Table 3. 

The drag coefficients are exceptionally high and cor- 

respond to the extreme mean steepness of the waves. 

It should be noted that while the included angle of 120 
deg at wave crests, used in Motzfeld’s wave model No. 4 
(with C,* = 0.0222) is the minimum for a stable wave, in 
the breaking of a wind-driven wave sharper angles and, 
more significantly, steeper slopes of the lee faces may 
occur instantaneously causing a further increase of air 
drag. Much sharper crests with the included angle down 
to 90 deg may also occur (Taylor, 1953) if a standing 

wave system is present. 

2.5 Observations of Keuligan and Van Dorn. ‘The 
observations of Keuligan (1951) and Van Dorn (1953) on 

the water surface inclination in a wind require special 
discussion in view of (i) the form of analysis used, and (ii) 

the alternate use of natural water surface and surface 
covered with a detergent. The Keuligan experiments 

10 12 
V 10.000 m/s 

Smooth curves were drawn by 

were made in a wind flume, and Van Dorn’s observations 
in a large outdoor pool. In both cases the primary ob- 
jectives were to determine the water-surface drag and 
the surface current generated by it. The wave proper- 
ties were not measured; nevertheless the type of analysis 
used permits certain interesting deductions to be made in 
regard to waves. The method of analysis originated 
with Keuligan, but it will be used here in connection with 
the data of Van Dorn. 

Van Dorn measured the difference of water level at 
two points spaced 220 m (722 ft) apart in a pool about 
790 ft long. The depth of the pool over most of its 
length was from 2 to 2.4 m, but owing to the sloping 
bottom at the ends the mean effective depth was 1.85 m 
(6.07 ft). The wind velocity was measured at heights of 

25 em, 1m and 10 m (0.8, 2.3 and 33 ft) above the water 

surface. Wind velocity always decreases with decreasing 
height above the surface because of the loss of momen- 
tum caused by the drag force. The setup, 1.e., the dif- 
ference in the mean water level at the two ends of the 
measured stretch of 722 ft, is shown in Fig. 9 plotted 
against the square of the wind velocity measured at the 
height of 10m. Fig. 10 shows similar plots for the wind 
velocity measured at the heights of 1 m and 25 em. 
It was found that by spreading a detergent on the water 
surface the formation of waves is prevented, and the 
setup can then be taken as caused entirely by the smooth 
surface skin friction. This is essentially proportional to 
the square of the wind velocity, and the plot is a straight 
line. Using the symbol U for the wind velocity meas- 

ured at a certain small elevation, the setup S is expressed 
therefcre as 
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(right) setup as a 
function of the square of the wind speed at 25 cm elevation (from Van Dorn, 1953) 

S1 = al? (18) 

From Fig. 10 at 100 em elevation it follows then that, 

at the wind velocity of 10 mps = 32.8 fps, Si: = 0.28 em 
= 0.0092 ft and a = 0.00000855 sec?/ft. 

For the conditions of Van Dorn’s observations the 
tangential force per unit area is expressed as 

T= pghSi/L = pgha U/L (19) 

where p is water density, h the effective depth and L the 

distance at the ends of which S,; is measured. The 
tangential force or drag coefficient is then 

2 

Ce ee, HIS 2110089 (20) 
Nye fay (OR pL 

where p’ is the air density. This is in agreement with 
Motzfeld’s wind-tunnel data given in Table 1. 

When waves are formed, there is an added drag due to 
wave form, and the total setup S becomes 

S = Sy + So (21) 

The curve of S coincides with the straight-line plot of 
S; up to a certain speed V,, i.e., Ss = O for U < V,. 
Above this speed SS: is expressed by Ixeuligan, and follow- 
ing him by Van Dorn, as 

S. = b(U — YV,)? (22) 

The foregoing expression contains two unknowns b and 
V,. By assuming both of these to be constants, by read- 
ing from Tig. 10 the values of S, S — S,; at 6and8 

mps as (0.140 — 0.100) = 0.040 and (0.390 — 0.180) = 

0.210 em, and converting to feet, the unknowns are 
evaluated as 

b = 0.0000518 sec?/ft 

V, 14.65 fps fe 

By the same procedure as was used in connection with 
the coefficient a, the nondimensional dynamic or form- 
drag coefficient is then evaluated on the basis of the ef- 
fective velocity U — V,as 

Ci 

The foregoing analysis was made for comparison with 
the other previously described wave data. Neither 
Keuligan nor Van Dorn discussed the details of wave 
form. They called V, the “formula velocity,” treating 
it just as an empirical constant, and discussed the co- 
efficient b in equation (22) in terms of the length and 
depth of the test stretch without any reference to the 
wave form. However, their distinction between S; and 
Sy gives an idea as to the distribution of the wave-form 
drag and the friction drag which is not obtained from 
other observations of water-surface inclination. 

Observing that the tangential force is directly propor- 

tional to the setup, the analogy between equations (14) 
and (22) is of interest. This analogy permits physical in- 
terpretation of the “formula velocity” V, as the celerity 
of the wave components most significant in producing 
the wave-form drag. 

More accurately it is connected with the horizontal 

0.0236 
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velocity of translation of the facets of the wave form on 

which the predominating air pressures act. Both defi- 
nitions would be identical if the waves were simple har- 
monic. The true wave structure consists, however, of 
smaller waves carried on the surface of the bigger ones, 

and the velocity of translation of small facets of wave 
form is therefore a complicated function of celerities of 
waves of all sizes.é 

The value of the drag coefficient, Cg = 0.0236, agrees 

well with Motzfeld’s model No. 4, and with the ap- 
pearance of the waves shown on Fig. 11. It was de- 
rived on the basis of the mean wind speed of 23 fps at 

which a small ¢c/V-ratio and large percentage of sharp- 
crested small waves can be expected. 

2.6 Summary of C, Data from Previous Sections. 

It appears from the foregoing data that there is generally 
good agreement among the Cj-values obtained from 
pressure measurements in wind tunnel and flumes, and 
derived from the slope of the water surface. In a very 
mild case (Francis at 5 mps) and in very severe cases 

(Francis 12 mps and Johnson and Rice) the wave form 
can be shown to be analogous to Motzfeld’s trochoidal 
and sharp-ecrested wind-tunnel models. However, for 
the cases of intermediate severity, the problem of defin- 
ing the sea surface in a form significant for the drag has 
not been solved. Clearly \/H-ratio is not the desired 
parameter. Its effect is practically discontinuous; a 
very slowly rising value of C, with decreasing \/H, and 
then a quick and drastic jump to a high value as sharp 
wave crests are developed. It appears that the C, 
values are governed by a statistical parameter depending 
on the frequency of occurrence of sharp crests or possibly 

on the frequency of occurrence of steep wave slopes. The 
problem has to be treated therefore by statistical meth- 
ods. These will be discussed later in Section 8 of this 
chapter. 

It can be added here that in the wind-flume experi- 
ments rather strong wind velocities and short fetches 
were used, so that the waves were short (of the order of 1 

ft) and the ratio c/V of wave celerity to wind speed 
was very small (less than 149). The predominating 
waves in the actual sea have a c/V ratio of the order of 
0.86 (Neumann 1953, p. 21). The wind-flume data, 

therefore, although valuable material for the study of 
various relationships, do not represent ocean conditions 
directly. The method of analyzing such data thus be- 
comes particularly important. Analyses in the past 
were generally inadequate because of limitation to over- 

all drag of the water surface, neglect of wave irregular- 
ity, and the indeterminateness of the wind velocity to 
which the data are referred. An important observation 

in connection with wind-flume tests is that the wave 
system is very irregular from the outset. The irregular- 

ity was commented upon by Francis (1951), and is dem- 

onstrated quantitatively by Johnson and Rice (1952), 
who present a number of graphs of the statistical distri- 
bution of wave heights and periods. These are repro- 

duced here in Fig. 12. 

® It was derived statistically by Longuet-Higgins (1955, 1957). 

2.7 Estimation of Tangential Drag from Wind- 

Velocity Gradient. The method of estimating the drag 
coefficient of a sea surface by measuring the velocity 
gradient in wind is based on the theory of turbulent 
boundary layer at a rough surface. The tangential re- 
sistance of such a surface causes momentum loss in the 
immediately adjacent layers of air. The turbulent move- 
ments of air particles cause a momentum transfer from 
one layer of air to another, and, as a result of this, the air 
velocity diminishes gradually from the velocity of the 
undisturbed flow V at a large distance from the rough 
surface to a velocity vw < V as the surface is approached. 
The air velocity wu is therefore a function of the distance z 
from the plate; 1.e., w = u(z). The plot of velocity u 
versus height z has the general shape shown in Fig. 13. 
The tangential drag of a surface is equal to the shear 
stress in the air layers in close proximity to the surface 
and is expressed in the general form as 

rt = A(du/dz), =o (23) 

where 7 is the shearing (or frictional) force per unit area 
and the coefficient A is yet to be defined. In the most 
common usage a coefficient of hydrodynamic force is de- 
fined in terms of pV?/2, as for example in equation (14). 
In aerodynamic usage in Great Britain, however, it be- 

came customary to express it in terms of pV’. This 
usage has been generally adopted in the field of oceanog- 
raphy, and the tangential force coefficient is written as 

y= 1/pV? 
or preferably 

y = 1/puy (24) 
In the foregoing expression w denotes the air velocity as 

measured at a certain specific height 2’. It follows then 
that coefhicients C,* and y are related by 

Ca 27 

Attention should be called to the fact that C,* represents 

the total drag coefficient; i.e., C, + C, in the notation 

used in preceding paragraphs. 

In the fields of aerodynamics and of hydrodynamics 
(as applied to ships) the distance z over which u(z) is 
variable is generally small and it is easy to measure the 
fluid velocity at a distance from the body where u(z) = 
V. In meteorology and oceanography it is necessary to 
consider the wind which has blown over a vast distance, 

and the height z over which u(z) is appreciably variable 
is so large that it is impossible to measure velocities in 
the region where u(z) = const, except by means of pilot 
balloons. It becomes necessary, therefore, to establish 
the form of function w(z), as well as certain conventions 

as to the height at which w should be measured. 

These conventions have been only very loosely de- 

fined. G. I. Taylor (1915, 1916) used the data of pilot- 
balloon observations over Salisbury Plain in England, 

6 For a more complete treatment of this subject the reader is 
referred to Ursell (M). 
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Fig. 11 Two views of downward end of pond taken at a wind speed of 17 m/sec before and after addition of detergent to the 
surface. The marker pole is graduated at 1-ft levels (from Van Dorn, 1953) 
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Fig. 12 Joint frequency distribution of wave period and wave height (U = 42.7 fps) (from Johnson and 
Rice, 1952) 

and took for U the measured wind velocity at the height 
of 30 m (about 100 ft). In the published works on 
oceanography heights of 6 and 10 m (19.6 and 33 ft) 
are most often used. For measurements made on small 
waves with small fetches and light winds, Roll (1949) used 
U as measured at the height of 1 or 2m. For small 
waves in a wind flume Francis (1951) measured U at z = 
10 em (0.33 ft), while Johnson and Rice (1952) took the 
mean air velocity in the wind flume. It should be noted 

that in a wind flume the air velocity first increases with 
height over the rough-water surface, and then decreases 

again in approaching the upper wall of the flume. The 
lack of an established similarity law and a definite con- 

vention is evident. 

The relationship between wind velocity near a rough 
surface and the tangential drag 7 per unit of surface 

area can be stated by quoting from Francis (1951): 
“The velocity distribution within a boundary layer 

gives an indirect method of finding the shear stress on 
the boundary, and this has been used before to find the 
stress coefficient from field tests. The case of a turbu- 
lent flow over a solid rough surface is well known, and it 

has been shown that at a height z 

(25) 

where 2p is a length expressing the effective roughness of 
the surface .... By plotting wu against log z, a straight 
line results, of which the slope gives the value of 

et (Cr p)}/? logio(z /29) 
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5.75 (r/p)/?, and the intercept at w= O gives log 29.” 
Under conditions of a fluid flow along a rough station- 

ary surface, and in particular in the case of wind over 
land area analyzed by G. I. Taylor (1916), the surface 

does not absorb the energy. The loss of momentum in 

the air is accompanied by dissipation of the kinetic 
energy in eddies, turbulence, and finally in the form of 

heat. The organized kinetic energy of the potential air 
flow is in part disorganized, lost in the form of heat, and 

thus is no longer available. An entirely different situa- 
tion exists in very mobile sea waves in which the energy 
is transmitted from air to water. To a large extent the 

air does work on the moving water surface by normal 
pressures, so that kinetic energy given up by the air re- 
appears as the kinetic energy of the potential wave mo- 
tion. Only a part of the kinetic energy of wind is dis- 
sipated in friction in the form of air and water turbu- 
lence. The theory of a boundary layer at a mobile or 

oscillating surface has not yet been developed, and so in 

practice it becomes necessary to assume that the turbu- 
lent boundary-layer relationships developed for fixed 
surfaces remain valid for the mobile water surface. The 
empirically derived coefficients, however, may not be the 
same in the two cases in view of the fundamental distine- 
tion of the two phenomena. Clearly realizing this distine- 

tion Neumann (1948, 1949a) speaks of the “effective 

tangential force coefficient,’’ which is composed of con- 
tributions of both the dynamic, 1.e., pressure, drag and 
the frictional drag, for which alone the turbulent-bound- 

ary-layer expressions are truly valid. This represents 
an assumption that the pressure drag of a moving, wavy 
surface affects the air-velocity distribution wu(z) in the 

same functional form as the frictional drag. Practical 
application of the method appears to confirm this as- 
sumption, but apparently no deeper investigation of this 
question and no crucial experiments were made. In 
connection with the foregoing Neumann (1948, 1949a) 

emphasized that the roughness parameter zo In equation 
(25) is a purely nominal quantity, characteristic of the 

sea surface but bearing no direct relationship to the ap- 
parent roughness of the sea. In fact, as will be shown 
later, the roughness parameter 2 1s often shown to de- 

crease with increasing wind and apparent sea roughness. 
In the computation of the drag of the earth’s surface 

by G. I. Taylor (1916) the dimensions of the roughness 

(ground undulations, trees and so on) were small as com- 
pared to the height z used, and z was therefore obtained 
by measurements over the ground without ambiguity. 

In oceanography the usual measurements of the wind 
velocity are made at a relatively small height over large 
waves. A more specific definition of the height z is 
therefore needed. Roll (1948) expressed z as 2 + 
H/2, where 2’ is the height above wave crests, and H 

the wave height. This definition is close to but not 

identical with measuring z over the undisturbed water 

surface. However, there was a kink in his plotted curve 
of log z versus wat a low value of z. Neumann (1949a) 

suggested that z = 2’ + H be used; 1.e., the lowest level 

of wave troughs be used as the reference level. In the 
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Fig. 13 Variation of mean air velocity versus height 
in vicinity of ground 

plots made by him on this basis the kinks disappeared 
and the desired straight-line plot resulted. At a wind of 
4 mps (about 13 fps) and wave height H = 50 em (about 
1.6 ft) shown by Roll’s (1948) measurements, Neumann 
estimates z = 2 em (0.79 in.).? 

Francis (1951) applied the method described in the 
quotation from his work given before to his measurements 

in a wind flume. At low z in proximity to the waves, 
however, the plot of w versus log z exhibited violent 
kinks, and only for a short range of the larger z heights 

measured was the plot linear. Although the measure- 
ments showed wide scatter, Francis obtained a mean 
value of 5.0 for the coefficient in equation (25), which is 
close to the theoretically expected 5.75. It was ap- 

parently impossible to evaluate zo (and therefore +) from 
these plots. 

3 Energy Balance in Waves and Energy Dissipation 

The energy of a wave system grows with distance by the 
amount of the energy received from the wind less the 
amount dissipated by internal friction. An elementary 
analysis of this process will be given. 

Consider a stretch of sea of unit width, traversed by 
imaginary control planes located at fetches Fy and Fo. 
The mean rate of energy gain 17 per square foot over the 
distance Fy, — F, is expressed as 

dE/dx = a _ (26) 
py 

7 For a recent discussion on properties of the boundary layer at 
the sea surface the reader is referred to Ellison (1956)(see p. 105). 
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where £; and £» are the energies per square foot per 

second carried over through the planes at F; and FP». 
From equation (60) of Appendix A 

By => (1/hpgaa’ 27) 

in any consistent set of units, or 

Fy = 16 Cy ay (28) 

in foot-pound units for sea water at pg = 64 pef. Here 
c, is the wave celerity and a, the wave amplitude at F. 
An identical expression with subscripts 2 will hold at FP». 

The foregoing rate of change is equal to the difference 
between energy F,, received from wind, and £,,, dis- 

sipated in internal friction; 1.e., 

dE/dx = E, — Eu, (29) 

E,, is evaluated on the basis of normal pressures acting on 
water as 

1h, = (Ge ae (U —c)?c (30) 

where for ‘standard air’ p’ = 0.00237 pounds per cu ft. 
The energy /,, dissipated in internal friction is given 

for classical gravity waves by equation (66) of Appendix 
A in terms of the molecular coefficient of viscosity p. 

G. I. Taylor (1915), in his study of atmospheric turbu- 
lence, introduced a coefficient of turbulent viscosity 
which is larger than u. This coefficient will be designated 
by u*. Neumann (1949b) also shows that the effective 
turbulent coefficient of viscosity ~* in wave motion is 
many times larger than ». The turbulence responsible 
for this increase results partly from the energy transmit- 
ted from wind by skin friction and partly from the kinetic 
energy of wave motion dissipated in the process of the 
breaking of wave crests. Assuming for the present that 
the classical expression is valid with a new coefficient y*, 

1B Pe ROR (31) 

where k is the wave number, 27/\. Expression (31) 
is valid in any consistent set of units. In the foot- 
pound system, and taking » = 2.557 X 107° for sea 
water of 59 F (15 C), it becomes 

E,, = 0.065 n(a/d)? (32) 

where n denotes the ratio p*/u. 

Since the wave height, H = 2a, and wave length \ 

are reported in all wave observations, the energies /1 
and , can be computed readily. The energy received 
from wind, £,, also can be computed, provided the drag 
coefficient C, is known. (, can be reasonably estimated 

from the data of the foregoing section. The only 
quantity completely unknown is the ratio n. It can be 
computed on the basis of equations (26) and (29) as 

1 
n= ———— 

0.065(a/X)? 

“ 

x [¢. PU aa Gye Co (Ey al EF) /(F baa r)| (33) 

Data and computations for six cases found in the 
literature are shown in Table 4+. This is but a small 
sample of data of varying reliability (for the present 
purpose) but nevertheless a few conclusions can be 
drawn: 

a) There is little purpose in analyzing in this man- 
ner more of the data found in the current literature. 
Data must be obtained specifically with this type of 
analysis in mind for the results to be reliable. 

b) The ratio » is not a constant but varies with 
(a/X) ratio and with wave height. Expression (381) 
must therefore be modified by including a proper func- 
tional relationship for p*. 

c) Inthe minute and mild waves (case 3) nis about 6. 

For essentially the same wave height but greater steep- 
ness and hence larger C, in case 5, n increases to 41. 

d) The n-values of 207 and 439 in cases 1 and 6 are 
apparently exaggerated by the excessive influence of the 
wave celerity c in the factor (U — c)*c entering into 
E,. In Table 4, the c-values are based on the reported 
mean or significant waves. It appears more probable 
that the energy-transfer calculations should be based on 
the smaller waves or ripples by which the significant 
waves are overlaid. This would call for smaller \ and ¢ 
in the foregoing calculations. 

e) Ifthe same reasoning were applied to wave dissipa- 
tion, the calculations also would have indicated greater 
energy dissipation, since smaller waves of lower ¢/U-ratio 
usually have higher a/)-ratio. 

f) Case 2 should be omitted. A comparison with 
case 1 shows too low a/X for a similar c/U-ratio. Ap- 
parently, the waves preformed by the wave generator 
were too long for the ambient wind conditions. 

3.1 Energy Dissipation (by Bowden, 1950). The de- 
velopment indicated by paragraph b) of the foregoing 
section was attempted by Groen and Dorrestein (1950) 
who, on the basis of the previous work of Richardson 
(1926) and Weizsiiker (1948), assumed u* to be propor- 
tional to \*”°. Bowden (1950) showed that Weizsiker’s 
reasoning is not applicable to waves and, on the basis of 
dimensional reasoning, derived a new relationship. If 
u* depends on wave proportions, it should be a function 
of wave length, amplitude and period, so that 

* 

He Kear (54) 
p 

It follows that a + 8 = 2and y = —1. Bowden took 

the simplest assumption that a = 8 = | and wrote 

* 

YP =Kea (34a) 
p 

where K is a nondimensional coefficient. The rate of 

energy dissipation is then 

EE, = 2 pK kc®a’ (35) 

Bowden confirmed the foregoing results by a derivation 
based on von Karman’s (1930a and 6b) similarity hy- 

pothesis for shearing flows. 
The application of the foregoing equation to cases 1 to 
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Table 4 Estimated Energy Balance in Observed Waves 

Fon, r, (ee a, (#, — E,)/ U, (U —c)*c a/X  0.065(a/A)? on = 
Case ft ft fps ft Eo, (FPF. — F,) fps mean Ca E, mean mean u*/u 

i 30.42 1.22 2.49 0.09385 0.348 0.0134 42.7 3251 0.0258 = 0.100 0.080 0.00042 207 
6.54 0.416 1.46 0.0345 0.028 42.7 

2 16.4 1.44 Bate 0.0935 0.379 0.0462 ORS) 3463 0.0214 0.088 0.047 0.00014 300 

9.2 1.15 2.42 0.0845 0.046 39.3 
3 16.4 0.26 1.15 0.0138 0.0031 0.0004 16.4 219 0.0052 0.0014 0.050 0.00016 6.2 

9.2 0.10 0.70 0.005 0.0008 16.4 

4 67.5 iat 2.61 0.0637 0.169 0.0030 19.5 603 0.0052 0.00388 0.051 0.00017 4.7 

18.0 0.50 1.60 0.0272 0.019 18.6 
5 2.62 0.17 0.93 0.0112 0.00187 0.00085 20.0 482 0.0235 0.0136 0.069 0.00081 2 aE} 

0.98 0.09 0.68 0.0066 0.00047 25.20 

6 106 23 .28 3.20 0 ay k 4370 0.0052 0.0272 0.031 0.000062 439 

(Steady Conditions) (Est.) 

Legend: 
Case 1. Johnson and Rice (1952)—Run la. Cy estimated as mean of first four lines of Table 3, assuming C, = 0.0028 on basis of 

Table 1, Model 4. 
Case 2. Francis (1951)—Severe Condition: Generator and Fan—12 mps. Data estimated from curves; Ca + C, = 0.0242 from 

Table 2, C, estimated as 0.0028. 
Case 3. Francis (1951)—Gentle Condition: Fan only, 5 mps; 

Cy. Ca = 0.0052 is assumed from Thijsse’s (1952) experiments. 
Case 4. Roll (1951)—Open Air Observations, Nos. 24 and 26. 

and do not represent a simultaneous set of conditions. 
give the unreasonably low value of Ca + C, = 0.0025. 

Case 5. Roll (1951)—Observations 29 and 32. 
Cais assumed as the mean of Cases | and 2. 

Case 6. Neumann (1950, page 41) 
Ca assumed from Thijsse’s (1952) experiments. 

6 of Table 4 yields values of AK of 0.022, 0.022, 0.010, 
0.0008, 0.073 and 0.000069, respectively. Bowden, on 

the basis of swell attenuation, gave the order of magni- 
tude of K as 5 X 10~%, which checks well with the figure 
computed for Neumann’s case 6 in trade winds. The 
variability of the coefficient A indicates that the problem 
is not yet solved. It appears to the author that Bow- 
den’s dimensional reasoning was faulty in that 7’ and ) 
are not independent, and \ and a are not dimensionally 
distinguishable. It is suggested that the derivation 
based on von Karman be investigated further. 

3.2 Summary of the Energy-Balance Problem. Sum- 

marizing the foregoing, neither the problem of energy 
transmission from wind to waves nor the problem of 
energy dissipation in waves has been solved. The solu- 
tion of the first hinges primarily on evaluating the celer- 
ity of the wavelets overlaying larger waves.s The 
solution of the second requires theoretical and experi- 
mental determination of the function form of the turbu- 
lent viscosity u*. Flume and open-air wave observations 
have not been reported in a form useful for evaluating 
the wave-energy balance. New observations and flume 
tests are needed. These must be planned specifically 
with a suitable analytical procedure in mind. It cannot 
be too strongly emphasized that wind-flume and small- 
scale natural waves differ radically from natural ocean 
waves of significant size in the ratios c/U and a/). 
Small values of the former and large values of the latter 
predominate in small waves. Small-scale tests and ob- 
servations, therefore, cannot be used as direct representa- 
tion of open-sea conditions. The objective of the small- 

8 A more exact formulation of this statement was given on page 
9 (last paragraph) and it will be discussed further in Section 
4. — 

C 

In shorter fetch and stronger wind than Case 4. 

a + C, listed in Table 2 would leave improbably small value for 

Conditions at two fetches and wind are means of several observations 
Ca estimated as for Case 3. Roll’s (1948a, Table 1) wind-profile measurements 

In view of mean steepness of waves, 

A typical sea condition in North-East trade winds quoted from Larisch-Wind Beaufort 5 to 6. 

scale observations should be, therefore, the development 
of rational relationships which then can be applied to any 
wave system. 

The decrease of wave steepness a/\ with increase of 
wave length ) is one of the most reliable relationships ob- 
served in ocean waves. The quantitative relationship 
between these quantities was first noted by Sverdrup and 
Munk (1946, 1947) and later confirmed by Roll (1951) 
and Neumann (1950a@ and 6, 1953a and b). Bowden ap- 

pears to be the first to offer a rational explanation of this 
observed fact. His formula, equation (35), indicates a 
rapid increase of the energy-dissipation rate with wave 
height and length. The formula for the transfer of the 
energy from wind, on the other hand, depends on C;, 
which is a function of the wave form, but is independent 
of wave height. Thus the balance between the energy 
received and dissipated can only be achieved in higher 
waves at a lower a/\ value. While formula (35) appears 
to have exaggerated the influence of the wave size, the 
significance of this factor can scarcely be doubted. 

The exposition of the energy balance in the growth of 
sea waves has been presented simply, in order to call at- 
tention to the basic elements of the problem. Both the 
transfer of the energy from the wind and the dissipation 
of the energy by turbulence and internal friction must be 
considered in defining the growth of waves. A  proce- 
dure analogous to the foregoing, but much more elabo- 
rate, was employed by Neumann (1952a, b,c). It is re- 
viewed in Appendix B. Although it is listed under 
“Practical Approach” because of the many empirical 
and intuitive steps involved, it is the most complete dis- 
cussion of the fundamental principles involved in the 
energy balance in waves available to date. It served as 
a basis for the wave-forecasting method of Pierson, Neu- 
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mann, and James (H). On the other hand, the broad- 

ness of the subject is overlooked in the recent ‘‘ad- 
vanced”? work discussed in Section 4, and attention is 

concentrated entirely on the transfer of the energy from 

the wind. 

4 Generation of Waves by Wind—Advanced Rational Approach 

Under this heading several recent papers can be re- 

viewed briefly. These are elaborate mathematical de- 
velopments and the reader is referred to the readily ob- 
tainable original papers for the complete exposition of 
the subject. Only a general outline of the principles 
used will be given here, primarily in order to indicate the 
apparent shortcomings and desirable directions of further 
development. 

The advanced approach to the subject of wave forma- 
tion by wind has taken two broad directions. Eckart 
(1953a, b, c) and Phillips (1957) took air-pressure fluc- 

tuations in a gusty wind as the primary cause of wave 
formation. The pressure fluctuations in this case are 
uncorrelated with the wave form. In another approach, 
Munk (1955) and Miles (1957), following in principle the 
elementary method of Jeffreys (Section 2), considered the 

air pressures as caused by the air flow about the wave 
profile. In this case the air-pressure variations are com- 
pletely correlated with the waves. Two such different 
coneepts can be entertained only in the early stages of 

development of a subject. It is probable that at a later 
stage of the theoretical development a concept of partial, 
correlation will be introduced. In these early stages of 
development, also, the energy dissipation in waves has 

not been considered. 
4.1 Eckari’s Theery. The wind pressure is assumed 

to be everywhere normal to the undisturbed surface of 
water and caused by an ensemble of ‘‘gusts.’”’ A gust is 
defined as an area of high or low pressure, which moves 

with the mean wind speed, and has a radius D/2 and a 
duration or life 7. At the end of the time period 7 a 
gust “blows itself out’? leaving its wake to dissipate in 
the form of free gravity waves. First, the theory of this 
phenomenon is developed for a single gust. Next the ef- 
fect of the ensemble of gusts is treated on the basis of the 
time average, as commonly used in the theory of turbu- 
lence. A very large number of gusts of uniform diameter 

and intensity is assumed to be distributed at random 
through space and t'me. This ensemble of gusts makes a 

storm. 

Quoting from Eckart (1953c): “In the generating 
area the waves may be many meters high, and thus repre- 
sent a large surface density of energy. This energy can- 
not be supposed to have been obtained from the air in- 
stantaneously and locally. Much of it will have been ob- 
tained from the air earlier and at a considerable distance 
from the point of observation (though still in the storm 
area). It will have been transported by the water es- 
sentially according to the laws of free wave motion. 

‘Only in the realm of basic ideas. Mathematical techniques 
will not be discussed. 

This has long been recognized by the use of the concept 
of fetch...’ The effect of the few gusts near to a point 

of interest on the sea surface is, therefore, negligible com- 

pared to the many distant gusts the effect of which has 
accumulated with fetch. 

The waves caused by the ensemble of randomly distrib- 
uted and fluctuating pressure areas represent the sum- 

mation of many component waves of different wave 
lengths, heights, phases and directions of propagation. 
Such waves are described by a spectrum. As will be dis- 
cussed in greater detail later, the resultant appearance of 

the sea is that of groups of waves separated by calmer 
regions, each group consisting of a few waves of varying 

heights. Quoting further from Eckart (1953c): ‘Since 
the surface disturbance has a random character, no 

unique value of wave number and frequency can be as- 
signed to it; these dominant values correspond roughly 
to a maximum in the spectrum.” From a consideration 
of the empirically observed number of 5 to 10 waves in 
such groups, Eckart concluded that in a wind of 20 mps 
(about 39 knots) for instance, the life 7 of the gust is 15 
to 30 sec, and the typical gust radius D/2 is 40 m 
(180 ft). 

Eckart’s solution covers regions inside and outside of 
the storm area; the latter case is simpler and the solution 

is more precise. Outside the storm area the spectrum of 

wave directions is symmetrically disposed with respect 
to the radial direction from the storm center, 1.e., the 
velocity of propagation of the dominant wave is in the 
radial direction. The existence of a spectrum of wave 
directions causes wave short-crestedness, and at the 

radial distance r of 10 storm diameters D, for instance, 
the average length of wave crests is 2.2 of wave length 
(between succeeding crests). 

Inside the storm, the wave components have not yet 
separated, and there is no similarly dominant direction. 
Each point is traversed by waves travelling in many di- 
rections. The conditions are particularly confusing in 

the center of the storm area. The predominating direc- 
tion of wave propagation becomes more clearly defined 
as a pomt under consideration moves from the center to 

the periphery of the storm area. Generally, the sector of 
wave directions inside the storm is not symmetric with 
respect to the wind direction, the asymmetry decreasing 
toward the edges of the storm. 

Outside of the storm area the wave remains constant, 

since it is no longer influenced by atmospheric disturb- 
ances. Inside the storm area the formulas derived by 
Eekart imply that the spectrum is a function of position 
in the area, and in particular, that the effect of a given 
fetch depends on its position in the storm area. 

While the theory developed by Eckart explains many 
of the observed characteristics of storm-generated waves, 
it fails to predict correctly the wave height. The air 
pressure needed to generate the observed waves accord- 
ing to the theory is shown to be possibly ten times 
greater than its probable value. 

One of the possible reasons for this discrepancy is con- 
tained in the initial formulation of the problem by 
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Eckart. The storm is modeled mathematically by the 

succession of traveling pressure areas, and no considera- 

tion is given to the effect of the wind velocity. The wind 

velocity U enters into Eckart’s theory only in that the 

pressure areas are assumed to travel with the wind 

velocity. Neglect of the wind velocity itself is consist- 

ent here with the initial assumption of “infinitesimal” 

waves. Quoting again from KEekart: ‘The term in- 
finitesimal in this connection, refers to the neglect of non- 
linear terms in the hydrodynamic equations; it seems 
certain that this must be ultimately remedied if all 

phenomena connected with the interaction of wind and 
water are to be treated theoretically ...” Particularly 
important in this definition are the infinitely small 
slopes of the water surface. Since the wind action on 
water appears to depend on the square or higher power of 
these slopes, the mechanism of the kinetic-energy trans- 
fer from wind to water is essentially absent in Eckart’s 

case; only changes of static pressure of the air are con- 
sidered. It should be clear from the preceding sections 
that the transfer of energy from wind depends specifically 

on the finite height of waves, and particularly on the 
existence of sharp slopes which are not considered in this 

nase, 
While the foregoing paragraph represents a plea for 

consideration of wave-correlated pressure areas, it should 
be noted that Eckart’s conclusions (except for wave 
height) probably would not be greatly affected by such 
considerations. Since the waves themselves are ran- 
domly distributed, and in fact have the appearance of 
randomly distributed groups, it can be assumed that 
consideration of correlated pressures would have taken 
a form similar to the one used by Eckart. An apparent 
major difference would be the use of wave-group velocity 
instead of wind velocity for the propagation of pressure 
areas. Most of Eckart’s conclusions, except the mean 
value of wave heights, can therefore be assumed to be 
valid for the actual sea surface, at least for the time 
being. Unfortunately, observational data on the angu- 
lar dispersion of wave propagation and on the lengths of 

wave crests are very meager. In particular, data on the 
waves within the storm area appear to be almost com- 
pletely absent. Such data as for instance Weinblum’s 
(3-1936) stereophotographs on the San Francisco in a 
severe storm have not yet been analyzed in a form suit- 
able for comparison with the theory discussed here. 
Furthermore they usually cover too small an area to be 

ralid statistically. 
The work of Eckart (1953a, b, c) can be considered as 

extremely important not only for its results, but for the 

method of attack as well. Further work based on this 
method, but considering the action of the wind on the ir- 
regular sea surface with large wave slopes, should be en- 
couraged and sponsored. 

4.2 Phillips’ Theory. Apart from the mathematical 
methods, Phillips’ theory differs from Eckart’s by the 
adoption of a more general randomness. While Eckart 
postulated random distribution of gusts in space and 
time, he, by independent reasoning, specified the diam- 

eters and durations of gusts. He also assumed that 

gusts move with the wind velocity U. Phillips made the 
statement of the problem more general by assuming 

that the dimensions and lifetime of gusts are also random, 
This included the smaller gusts moving near the sea sur- 
face in the air stream of reduced velocity u(z) < U. 

In stating the problem Phillips, therefore, postulated an 

(as yet) unknown velocity U... 
A random distribution of fluctuating pressures is de- 

scribed by a spectrum;! ie., it is thought of as com- 
posed of a superposition of sinusoidally varying pressure 
fluctuations of different amplitudes, frequencies and 
phase relationships. The term “spectrum” or, more 

exactly, ‘spectral density” is applied to the mean am- 
plitudes of fluctuations within a narrow frequency band. 
Waves excited by such pressure fluctuations also are de- 
scribed by a spectrum; i.e., by the summation of sinusoi- 
dal wave components of various amplitudes and _ fre- 
quencies. The end result of Phillips’ solution is an ex- 

pression defining the wave amplitudes in terms of the 
amplitudes of pressure fluctuations at all frequencies. 
This relationship is time dependent and the wave ampli- 

tude is shown to inerease in proportion to the elapsed 
time. In the process of solution, the effective gust travel 
velocity U, was defined. 

Quoting Phillips, “It is found that waves develop 
most rapidly by means of a resonance mechanism which 
oecurs when a component of the surface pressure distri- 
bution moves at the same speed as the free surface wave 

with the same wave number. 
“The development of the waves is conveniently con- 

sidered in two stages, in which the time elapsed [from the 
onset of a turbulent wind] is respectively less or greater 
than the time of development of the pressure fluctuations. 
An expression is given for the wave spectrum in the 
initial stage of development, and it is shown that the 
most prominent waves are ripples of wavelength \.. = 
1.7 cm, corresponding to the minimum phase velocity 
c = (4g T/p)4" and moving in directions cos~!(¢/U,) 
to that of the mean wind, where U, is the ‘convection 

velocity’ of the surface pressure fluctuations of length 
scale \., or approximately the mean wind speed at a 
height .. above the surface. Observations by Roll 
(1951) have shown the existence, under appropriate 
conditions, of waves qualitatively similar to those pre- 
dicted by the theory. 

“Most of the growth of gravity waves occurs in the 
second, or principal stage of development, which con- 
tinues until the waves grow so high that nonlinear ef- 
fects become important. An expression for wave 
spectrum is derived, from which the following result is 
obtained: 

“ic 

10 An outline of the notation and mathematics used in connection 
with random processes (particularly sea waves) will be found in 
Section 8. The reader is asked to accept the brief and incomplete 
statements on the subject in Sections 4 and 5, and thus a tem- 
porarily incomplete understanding of these sections, with the 
hope that he will return to them after perusing Section 8, ‘‘Mathe- 
matical Representation of the Sea Surface.” 

11 T here is the surface tension. 
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= pt ae 

T 2 (2p°U.g)? 28) 

where 7? is the mean square surface displacement, p? the 
mean square turbulent pressure on water surface, ¢ the 

elapsed time, U. the convection speed of the surface 
pressure fluctuations, and p the water density. i 

“We are now in a position to see rather more clearly 
the probable reason for the failure of Eckart’s theory to 
predict the magnitude of the wave height generated by 
the wind. His less precise specification of the pressure 
distribution has ‘smoothed off’ the resonance peak of 
the response of the water surface, and it is the wave 
numbers near the peak that can contribute largely to the 
wave spectrum at large durations.”’ 

Application of equation (36) requires knowledge of the 

mean pressure fluctuation p*. Quantitative data on the 
turbulence in the boundary layer of the wind at the sea 
surface are meager and uncertain. However, Phillips 

used certain plausible data and evaluated p? and 7? as 
functions of the elapsed time. He was thus able to 
demonstrate excellent agreement of wave-height growth 
versus time with the data of Sverdrup and Munk (see 
Section 5.1). The author believes, however, that this 

comparison is premature and has little meaning, since 
dissipation of the energy in waves has not been con- 
sidered. It is evident that Phillips made a major con- 
tribution to the subject of wave generation by wind. 
He has ably treated, however, only one facet of the 
problem. This must be combined with other aspects 
(wave-correlated pressures, energy dissipation) before a 
comparison with observed waves can be meaningful. 
Phillips’ results may be directly applicable to the initial 
formation of small ripples, at which time the energy 
dissipation depends on the molecular viscosity and is 
small, and the drag coefficient C,; and therefore the 
wave-correlated pressures are also small. The applica- 
tion of Groen and Dorrestein’s (1950) and Bowden’s 
(1950) results showing that energy dissipation grows 
with wave height and length may limit the indicated 
wave growth and eliminate the need of uncertain ref- 
erence to nonlinearities. 

In his 1958 work, Phillips defined by dimensional 
reasoning the theoretical shape of the high-frequency 
end of a wave spectrum. This definition was based on 
the observed occurrence of sharp-crested waves, the 
physical definition of a sharp crest by the vertical water 
acceleration 7 = —g, and the mathematical-statistical 
definition of a discontinuous function expressing the 
water surface elevation. Phillips found the spectrum” 
to be 

E(w) = ag? w (36a) 

where a is a constant, g the acceleration of gravity and 
w the circular frequency. 

4.3 Statistics of the Sea Surface Derived from Sun 
Glitter (Cox and Munk 1954a, b). This work, describ- 

12 The reader is referred to Sections 6 and 8 for the discussion 
of wave spectra. 

ing the method and the results of observations at sea 
based on the statistical theory and cutlining certain im- 
portant relationships of this theory, serves as one of two 
basic constituent parts of the work of Munk (1955), to be 
discussed in the next section. 

The following resume is abstracted from Cox and 
Munk (1954a): If the sea surface were absolutely calm, 
a single mirror-like reflection of the sun would be seen 
at the horizontal specular point. In the usual case there 
are thousands of “‘dancing” highlights. At each high- 
light there must be a water facet, possibly quite small, 
which is so inclined as to reflect an incoming ray from 
the sun towards the observer. The farther the facet is 
from the horizontal specular point, the larger must be its 
slope in order to reflect the sun’s rays back to the ob- 
server. The distribution of the glitter pattern is there- 
fore closely related to the distribution of surface slopes. 

In order to exploit this relationship plans were laid in 
1951 for co-ordination of aerial photographs of glitter 
from a B-17G plane with meteorological measurements 
from a 58-ft schooner, the Reverie. One of the objects 

of this investigation was a study of the effect of surface 
slicks. In the methods adopted oil was pumped on the 
water, . With 200 gal of this mixture, a coherent 

slick 2000 by 2000 ft could be laid in 25 min, provided 
the wind did not exceed 20 mph. Two pairs cf aerial 
cameras, mounted in the plane, were wired for syn- 
chronous exposure. Each pair consisted of one vertical 
and ore tilted camera with some overlap in their fields of 
view. One pair gave ordinary image photographs for 
the purpose of locating cloud shadows, slicks, and ves- 
sels; this pair also gave the position of the horizon and 
the plane’s shadow (to correct for the roll, pitch, and yaw 
of the plane). The other pair of cameras, with lenses 
removed, provided photogrammetric photographs. 

The method consists essentially of two phases. The 
first identifies, from geometric considerations, a point on 
the sea surface (as it appears on the photograph) with the 
particular slope required at this point for the reflection of 
sunlight into the camera. This is done by suitable grid 
overlays. Lines of constant a (radial) give the azimuth 
of ascent to the right of the sun; lines of constant 8 

(closed or circumferential curves) give the tilt in degrees. 
The second phase interprets the average brightness of 

the sea surface (darkening on the photometric negative) 
at various a-@ intersections in terms of the frequency 

with which this particular slope occurs. On the density 
photographs the glitter pattern appears as a round blob 
with a bright core (on the positive print) and a gradually 
diminishing intensity to the outside. The density of the 
blob on the negative is then measured with a densitom- 
eter at points which correspond to the intersection of 
appropriate grid lines. 

The results are expressed as the mean of squares of 
wave slopes in up-down wind direction o,?, and in cross 
wind direction c,2.. The data on the observed waves and 

on measured mean squares of slopes are given in Table 
5. This table represents an abstract of data from Cox 
and Munk (1954a), Table 1, with columns of \/H and 
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Table 5 Wave Data Obtained in Sun-Glitter Observations of Cox and Munk (1954) 

Mean square slope 
— —Significant Waves*——_—, ———components———~ 

Wind Period Celerity, Length, Height, Wind 
Photograph Vee Te (i r, 3 ———Ratios———.__ Transverse direction 
designation fps sec fps ft ft /H c/V a? Cuz 

Clean Water Surface 

28 Aug. b 33.3 4 2025) 81.9 Sah) 23.4 0.62 0.0211 0.0390 
28 Aug. p 40.0 5 25.6 128 6 21.4 0.64 0.0294 0.0484 
28 Aug. u 41.5 5 25.6 128 6 21.4 0.62 0.0287 0.0452 
28 Aug. v 41.3 5 25.6 128 6 21.4 0.62 0.0276 0.0404 
3 Sept. j 1.2 3 15.4 46.1 L.5 oO? 12.9 0.00337 0.00489 
3 Sept. q 25.8 3 15.4 46.1 2 23.0 0.60 0.0224 0.0230 

4 Sept. k 123 2 10.2 20.5 1 20:55 0.83 0.00694 0.00977 

4 Sept. n 24.0 3 15.4 46.1 2 23.0 0.64 0.0136 0.0191 
4Sept. r 19.0 3 15.4 46.1 4 11.5 0.81 0.0134 0.0170 
4 Sept. v 19.5 3 15.4 46.1 4 11.5 0.79 0.0136 0.0186 
4 Sept. y 14.8 3 15.4 46.1 4 i rete 1.04 0.0172 0.0174 
5 Sept. b 5.4 4 20.5 81.9 i) variprsy 3.80 0.00534 0.00906 

5 Sept. g 6.5 4 20.5 81.9 cf 27.3 3 LG. 0.00609 0.00875 
5 Sept. J 10.2 4 20:5 81.9 5 16.4 2.00 0.0102 0.0125 
6 Sept. ¢ S2D) a 20.5 81.9 4 20.5 0.68 0.0252 0.0265 
6 Sept. k Billys a 20.5 81.9 4 20:35 0.66 0.0254 0.0357 

6 Sept. q 35.5 4 20.5 81.9 5 16.4 0.58 0.0254 0.0374 
10 Sept. r 16.0 3 15.4 46.1 3 ty a 0.96 0.0137 0.0179 
11 Sept. 1 15.1 3 15.4 46.1 2 25.0 1.02 0.0136 0.0137 
17 Sept. e 29.5 3 15.4 46.1 4 11.5 0.52 0.0209 0.0264 
17 Sept. c, h, 29.3 3 15.4 46.1 4 LS 0.52 0.0230 0.0322 

k,n, q 
17 Sept. A 31.0 3 15.4 46.1 5 9.2 0.50 0.0224 0.0865 

Water Covered by an Oil Film 

6 Sept. ¢ 32.5 4 20.5 81.9 4 20.5 0.66 0.0111 0.0108 
10 Sept. k 25.7 3 15.4 46.1 3 15.4 0.60 0.0102 0.0117 
10 Sept. m 21.6 3 15.4 46.1 3 15.4 0.71 0.00860 0.0100 
10 Sept. r 16.0 3 15.4 46.1 3 15.4 0.96 0.00967 0.00985 
11 Sept. f 2 3 15.4 46.1 2 15.4 1.01 0.0107 0.0109 
13 Sept. e (font 5 25.6 128 4 32 3.60 0.00391 0.00467 
13 Sept. f Col 5 25.6 128 4 32 3.60 0.00724 0.00957 
17 Sept. e 29.5 5} 15.4 46.1 4 11.5 0.52 0.0106 0.0126 

« Wind was measured at the heights of 9 and 41 ft. 
height”’ of 24 ft is listed here. 

> The wave periods and heights were recorded. 
pendix A for the corresponding periods. 

c/V added. The oc? are shown plotted against wind 
speed in Fig. 14 and the probability distribution of o? 
is shown in Fig. 15. This latter will be discussed later in 
connection with the statistics of the irregular sea. 

The major conclusions can be given by a partial quota- 
tion from the summary of Cox and Munk (1954): 

a) Asa first approximation the slope distribution is 
found to be Gaussian; this can be accounted for by an 
arbitrarily wide continuous spectrum of ocean waves, 
but not by a spectrum consisting of a few discrete fre- 
quencies. 

b) The ratio of the up/down wind to crosswind com- 
ponents in the mean square slope is less than two; this 
indicates the directional “beam width” in excess of 130 
deg for the relatively short waves that constitute the 
slope spectrum. 

c) The mean square slope, regardless of direction, in- 

creases linearly with wind speed and reaches a value of 
(tan 16°)? for a wind speed of 14 mps (about 45 fps or 27 
knots); this empirical relation follows in form and to an 
order of magnitude from a spectrum proposed by Neu- 
mann on the basis of wave-amplitude observations. A 

The mean value, corresponding approximately to the often-used ‘‘anemometer 

The listed values of wave length \ and celerity c are obtained from Table 3 of Ap- 

spectrum proposed by Darbyshire cannot be reconciled 
with our observations. 

d) Oil slicks laid by the vessel over an area of 1/4 sq 
mile reduce the mean square slope by a factor of 2 or 3. 

Several conclusions of lesser importance for the present 

monograph pertain to statistical properties of records 
and are omitted in the foregoing quotations. The dis- 
cussion of statistics and spectra will be deferred until 
later chapters on irregular seas, and only the features 
bearing on the next section, on Munk (1945), will be dis- 

cussed here. 
This work is extremely valuable in introducing an in- 

genious technique based on statistics, in providing very 
valuable data on the sea surface, and in discussing statis- 
tical relationships for the sea surface. The conclusions 
appear, however, to be too broadly stated in some re- 
spects, without regard to the limitations of the relatively 
small seope of observations. An examination of the 
wave data in Table 5, particularly of the columns of 
\/H and c/V shows that the observed significant waves 
are mostly either too small or too large in relation to the 
observed wind. The former case indicates that either 
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Fig. 14 Mean-square, wave-slope components and their 
sum as functions of wind speed. Open circles and solid 
lines for clean sea surface, solid dots and dotted lines for 
detergent covered (slick) surface (from Cox and Munk, 

1954) 

the fetch or the wind duration were not large enough to 
give a fully developed sea. The latter case indicates 
that the observed significant waves were to a large ex- 
tent due to the presence of a swell and not due to the 

local wind. In any study pertaining to waves it is very 
important to make a clear distinction between the swell 

and the wind sea, but such a distinction is missing in the 

work under consideration. '3 
A ratio of squared slopes ¢,°/¢,? of about 2.5, indicat- 

ing a directional spread of waves of about 130 deg, ap- 
plies essentially to the small waves by which the larger 
observed waves are overlaid. Spreading of an oil film 
eliminated these small waves, leaving the larger waves 
unaffected. It is surprising to find that the ratio 
c,°/o, in this case is reduced to nearly unity, indicating 
an increased degree of short-crestedness. A possible 
explanation is that several swells of different directions 
(independent of the wind) were present, while the small 
and steep waves were caused by the local wind. 

Examination of Table 5 and of Fig. 14 shows clearly 
that steep wave slopes are connected with the small 
waves by which the larger observed waves are overlaid. 
The recorded slopes are drastically reduced when these 
small waves are eliminated by the oil film. The mean 
square values of slopes o? are seen to have little relation- 
ship to the observed wave dimensions, since these small 
waves are neglected in the definition of the ‘‘significant 
wave” as the mean of the 13 highest waves. On the 
other hand oc? is seen to depend directly on the wind 
strength. 

The conclusion that o? is proportional to the wind 
velocity, as shown by Fig. 14 and as stated by Cox and 
Munk (1954a) may, however, be misleading. This re- 
lationship is shown to exist within the scope of observa- 
tions, but the wave slopes cannot increase indefinitely, 
and the statistical observations should not be extrap- 
olated without regard to the physical properties of 
waves. 

4.4 Horizontal Drag Force Exerted by Wind—W. H. 

Munk’s Hypothesis. The objective of this work is stated 
in the followmg quotation from Munk (1955a): “The 
problem of wind stress on water plays an essential part 
in studies of ocean circulation and storm tides, and of the 
momentum balance of atmospheric circulation. The 
present work is an attempt to connect results from recent 

experimental determinations of wind stress with the re- 
sults from measurements of wave statistics... .” 

The starting point is the expression by Jeffreys (1925) 
for the pressure exerted by wind of velocity U on an ele- 
ment of the wave surface 

p = sp'(U — c)? on/dx 

where s is a coefficient called by Jeffreys ‘sheltering co- 
efficient’? and assumed to be constant. The horizontal 
component of this pressure (i.e., drag force or wind 
stress) is 

r = sp’ < (U — c)? (On/Ox)? > (38) 

where the symbol <> indicates that the mean value is 

taken. 
The foregoing formulas were written for a simple har- 

monic wave, the celerity ¢ of which is known. When the 

13 A more complete description of the environmental conditions 
of these observations was published by Darbyshire (1956a). 
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water surface is formed by superposition of many waves, 
the shorter ones riding the surface of the longer ones, the 
definition of cis not immediately evident. Munk has in- 
troduced the concept of “facet velocity,” 1.e., he defined 
c for the present purpose as the horizontal velocity of 
translation of a small element of water surface; this 
velocity will be designed here asC. The vertical veloc- 
ity of water surface and the horizontal facet velocity C 
are connected with the wave slope by the relationship 

dn/dt = —C dn/dx (39) 

Equation (37) can be simplified by assuming C’ to be 
much smaller than U, and neglecting the square of it. 
Then 

p = sp’ UU — 2C) On/Ox (40) 

Munk omits the factor of 2 in equation (40), and by 

using equation (39) writes 

re ff. On On est) = O\Onlon= ao Uli o) 4 =) (ad p = sp'U(L ) On/Ox = Sp ( se =n) (41) 

The form drag foree per unit area becomes then 

47, On On, On On\ 
Ox dx | Ox OL Ne Orr 

Tor a complex sea formed by superposition of waves of 
all amplitudes, directions, and lengths, the differential 

expressions in the foregoing are averaged by statistical 
methods (Eckart, 1953b) and the drag force is expressed 

as 

7 = sp'l 

T= sp’U 

x | iH [U cos 9 — c(h) |k? cosO S(k, O)k dk dO (43) 
0 —1 

where k = 22/) is the wave number and @ is the direction 

of wave propagation. The expression S(k,A)k dk do 
designates the contribution to the total mean-square 
elevation by waves with wave numbers in the interval 
k — (1/2)6k to k + (1/2)6k, which travel in the direction 

0 — (1/2)60 to 8 + (1/2)60 relative to wind direction. 

The wind stress is then evaluated for different assump- 
tions as to the form of the function S(k,0). By consider- 
ing waves propagating in one direction, i.e., 0 = 0, and 

assuming ¢ to be negligibly small, Munk arrives at the 
expression 

(44) 

where o? is the mean square slope. From Cox and Munk 
(see Section 4.3) o* is taken as proportional to the wind 
velocity U. Neglect of the small celerity c leads finally 
to 

T= Spili-o" 

Tt = sp’ (const) U3 (45) 

For a range of wave directions 9, within the sector 
— 0,/2 < 0 < @/2, equation (42) yields 

t = Sp’ (const) f(Q) U3 

ie: 0 (2 

Fig. 15 Probability distributions of wave slopes 
along crosswind axis (upper) and up/downwind 
axis (lower curves, positive upwind). Solid curves 
refer to observed distribution; dashed to a Gaussian 

distribution (from Cox and Munk, 1954) 

where 

(46) 

The values of f(Qo) are plotted versus Qo in Fig. 16. 
The dotted vertical line indicates the value of 0) derived 
by Cox and Munk (1954) from the sun glitter measure- 
ments. 

A third form of S(/, 0) considered by Munk corresponds 
to the Neumann spectrum. <A special section will be 
devoted to this spectrum later on; suffice it to say here 
that it includes waves of a wide range of wave numbers 

k. For the present purpose Munk (1955a) replaces the 
spectrum in terms of k by one in terms of 8 where 8 = 

c/U. The spectra S(k,0) or S(8,0) define the contribu- 

tion of all waves to the mean-square amplitude. Simi- 
larly spectra can be expressed for the wave slopes. To 

the mean-square elevation spectrum S(k, 0) corresponds 

the mean-square slope spectrum k2S(k, 0). Fig. 17 
taken from Munk (1955a) shows these two spectra in 
terms of 8 = c/U, as well as the integrand of the cor- 
responding expression for the tangential force 
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Fig. 16 Beam factor of f(@) relating beam width 
6. to form drag. Upper curve: high-frequency 
spectrum; lower curve: Neumann spectrum (Sec- 
tion 6.2). Beam width of a tradewind sea is 130 

(from Munk, 1955) 
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Quoting from Munk (1955a): “In Section (above) we 
have dealt with the case of a ‘fully-arisen sea’ (Neumann 
1953) where it is assumed that all spectral components 
have attained their equilibrium value. If the wind 

fetch or duration is small, the effect will be that only the 
high frequencies (small 8) have attained their equilib- 
rium values. For prediction purposes Neumann intro- 
duces what is essentially an abrupt high-pass filter. 
This is equivalent to specifying some critical wave age, 
say 6,, which depends on wind speed, fetch, and dura- 
tion. The spectrum is presumed to be fully developed 
for B < 6, and zero for B > £B,,. 

“Suppose now that 6, = 0.5. It will be seen from 

Vig. 17 that the mean-square elevation is a very small 
fraction of the equilibrium value. The mean-square 
slope has more than half its equilibrium value. The 
form drag, however, has nearly its equilibrium value. 
The form drag is therefore much less affected by limita- 
tions in fetch and duration than the wave amplitude .... 

“The opposite example, that of a low-pass filter, is 
provided by the action of oil or detergent spread on the 
water surface. Suppose for the moment that the 
spectrum, for 6,, less than 0.5, 1s dissipated by the sur- 
face-active agent. This would leave the mean-square 
elevation virtually unchanged, reduce the mean-square 
slope by a large factor and essentially eliminate the form 
drag. In general this corresponds to what is ob- 
served...” 

Iigs. 16, 17 and the foregoing quotation probably 

where 

Elevation 0.5 

Slope 

0 0.5 10 1.5 2.0 
rd 

Fig. 17 Contributions to mean-square elevation, mean- 
square slope, and form drag by waves of different wave 

age 6 (from Munk, 1955) 

represent the most important results of Munk’s (1955) 
work. Together with the work of Cox and Munk (1954) 
and Van Dorn (1953) it demonstrates the predominating 
importance of the small high-frequency waves or ripples 
in the transmission of energy from wind to water. 

An equally important conclusion is that wave slopes 
are much more significant for the wind stress than wave 
elevations. 

The conclusion, from equations (45), (46) and (47), 
that form drag is proportional to U* is in direct contra- 
diction to Neumann (1948, 1949a, b) who shows the 
force to be proportional to U'*. In either case the basic 
relationship is that the force is proportional to U? times a 
certain drag coefficient. Neumann finds this coefficient 
to be proportional to U~°*, and Munk to «2 or U. Con- 
ceivably this discrepancy may have been caused by en- 
vironmental conditions. Neumann’s observations were 
made in open seas. Cox and Munk’s observations, on 
the other hand, apparently were made in an area sur- 
rounded by islands. The fetch may have been too short 
for a fully arisen sea to develop at higher wind 
velocities, and the waves therefore may have been 
steeper than they would be in an open ocean. This situa- 
tion appears to be indicated by the c/U and \/H ratios 
listed in Table 5. It is possible, therefore, that the 
proportionality of the drag 7 to U* is valid for a “young 
sea,” but will not necessarily apply to the more de- 
veloped sea in an open ocean. 

Theoretically, the proportionality of the drag coefficient, 
or C;, to the wind velocity U was indicated in equations 
(45), (46) and (47) on the assumption of a constant value 
for the pressure coefficient s. However Jeffreys’ expres- 
sion (37) setting the air pressure per unit area proportional 
to the wave surface slope 07n/Ox does not correspond to 
physical facts. The coefficient s is in reality a variable de- 
pendent on the wave form, which in turn depends on the 
wind velocity. The equations may therefore be mislead- 
ing in showing U* conspicuously; the product sU* may 
be a different function of the wind velocity. 
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Jeffreys’ sheltering coefficient s is related to the form- 
drag coefficient C, by the relationship 

Cr 2s07ke (48) 

The drag coefficient C, has been defined by (14) in 

Section 2.1, following aeronautical practice, merely as an 
empirical coefficient to be obtained experimentally for 
each body (or wave) form. The coefficient s is also 
found at the end to be purely empirical, but is defined in 
terms of an erroneously assumed relationship between air 
pressure p and wave slope 0n/Ox. The important result 
of Motzfeld’s experiments (Section 2.3 and Table 1) is 
that Cz is very low and can be assumed nearly constant 
for smooth waves with rounded crests, but suddenly in- 

creases several times in magnitude with the occurrence of 

sharp wave crests. It appears, therefore, that the drag 
coefficient C, should be defined in terms of the frequency 

of occurrence of sharp crests. It is possible that with 
this frequency of occurrence increasing with wind veloc- 
ity, C, will be found a smooth function of U, but not 

necessarily proportional to o? or to U. Neumann 
pointed out that small waves are damped out by turbu- 
lence after breaking of the crests of larger ones. The 
percentage of the sea surface covered by small sharp- 
crested waves may therefore be reduced in a strong wind, 
bringing about a reduction of C,. 

While Munk (1955) has introduced the important con- 
cept of “facet velocity’ he uses only one symbol, C, in 
his work and does not distinguish clearly between the 
celerity c of a harmonic wave, C of the facet velocity and 
é of the celerity of significant waves.'! In deriving ex- 
pression (45), for instance, the celerity ¢ of a small rip- 
ple, assumed to be harmonic, may be negligibly small. 
The facet velocity C, however, may be much larger than 
the small ripple celerity c; it appears to be identifiable 
with the “formula velocity” V, of IKeuligan and Van 
Dorn. The analysis of Van Dorn’s data in Section 2.5 
has indicated that in his case V, was of the order of 0.6U. 

The factor (U — c)? in the expression for air pressure 
in the case of irregular waves should clearly depend on 
the facet velocity C. In expression (48) Munk used the 
one symbol C not distinguishing between c and C. In 
reproducing the expression here it was interpreted as 
c(k), since the entire formula represents a summation of 

the effects of simple harmonic components; C' itself is a 
function of the superposition of many harmonic wave 
profiles and therefore the expression C'(k) would have no 
meaning. On the other hand, the factor [U cos 0 
— c(k)] also cannot be accepted as valid without further 
discussion. (U — C) has the well-defined physical 
meaning of relative velocity of the wind with respect to 

the moving water-surface facet. The expression [U — 
c(k) | has, however, no such meaning, since c(k) is merely 
the result of a mathematical analysis, and not a physi- 
sally visible entity. With c(/) negligibly small in com- 
parison to U for small ripples and C = 0.6U, use of the 
expression U[U — c(k)] in place of (U — C)? appears to 

4 The use of the symbol ¢ is limited to this section only. 

have introduced something like a six-fold exaggeration of 
7. It would appear that statistical work should be 
directed primarily to the evaluation of the corresponding 
pairs of values of the facet velocity C and the wave 
slope 0y/dOvx, for subsequent use with the relationship 
(U — C)?. 

Munk’s (1955a) work has been directed to evaluating 
wind stress or form drag of waves. In application to 
nergy transfer from wind to waves, the wind stress has 

to be multiplied by the facet velocity; 1.e., In a simple 
form, 

Fi hi(Ve—O)2C > (49) 

This indicates the extreme importance of developing 
methods of evaluating the facet velocity C for the realistic 
irregular sea. The coefficient AK in (49) also depends on 
the wave form, and AK and C are therefore interrelated. 

4.5 Miles’ Theorv. [Following the earlier work of 

Jeffreys (1925, 1926) and Munk (1955a), Miles (1957) 

considered the transfer of energy from wind to water 

waves as caused by the air pressures resulting from the 
wave form. In defining these pressures, however, he 
considered the properties of the thick turbulent boundary 
layer in proximity to the sea surface. A slightly viscous 
air was assumed so that the velocity gradient w(z) had 
formed,'® while the analysis based on the velocity po- 
tential and stream function could, nevertheless, be ap- 
plied. 

Under the assumption of a two-dimensional sinusoidal 
wave, the pressures acting on the water surface were de- 
fined in terms of the wave slope kn as 

p = (a + %B)p'Urkn 

where ky is the local slope of the waves, 7 = ae*“~ and 
the real parts of complex quantities are implied in the 
final interpretation. 

The vectorial form of the nondimensional pressure co- 
efficient (a + 78) represents asum of pressure components 

in and out of phase with the wave. As was shown in 
Section 2.1, only the pressure component out of phase 
with 7 contributes to the energy transfer. Nothing more 
need be said, therefore, about the coefficient a and the 
primary problem is a rational evaluation of the coef- 
ficient B. 

In the elementary discussions in previous sections of 
this monograph, the pressure was related to (U — c)*.17 
Miles, however, like Phillips, treats the “reference 

velocity” U, as unknown at first. His paper, therefore, 
has two objectives; evaluation of both the velocity U; and 
the coefficient 8. The coefficient 8, while nondimen- 

sional, is not a constant but is a function of the wave 
celerity c and the wave number k = 27/\ = g/c?. 

1 Valuable material in this connection can now be found in two 
papers by Longuet-Higgins (1956, 1957). 

1 See Fig. 13; also refer to Section 2.7 for the elements of 
boundary-layer properties and the definition of the roughness 
parameter 2p. 

The symbol U refers to the air velocity u(z) at an arbitrary 
elevation z at which an anemometer is located. 
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A crucial step in the analysis leads to definition of the 
critical elevation 2, at which the air velocity w(z) is equal 
to the wave celerity c; i.e. u(z) — c = 0. This step is 
glossed over quickly with a definition of an appropriate 
Reynolds number and with reference to Lin.'* The 
principal result is that the energy transfer (from wind to 

waves) is proportional to the curvature of the velocity profile 

at that point in the profile where the mean air speed is equal 
to the wave speed. It follows that (quoting Miles) : 

“(1) Only those waves having speeds in that range of 
the wind profile for which —d*u/dz? is large may be ex- 
pected to grow; the lower limit for (the celerity) ¢ may 
be imposed by the existence of a sub-layer of linear profile 
or by the interaction of the waves with the wind profile, 
while the upper limit will be rather less than the wind 
speed outside of the boundary layer; 

“(2) in the inztial phases of wave formation, those 

waves having speeds well down in the profile (large 
—d?u/dz*) may be expected to predominate; 

“(3) experimental measurements of aerodynamic 

forces on stationary wave models (Stanton, et alia 1932; 
Motzfeld 1937; Thijsse 1951) may not yield significant 

values of such parameters as Jeffreys’ sheltering coef- 
ficient, since the point at which u(z) = ¢ then occurs right 
at the boundary.”’ 

The reference speed U; is defined by the relationship 

Co— Up log (er/2)) (51) 

In application to Roll’s observations with the “anemom- 
eter height” z = 2 m (6.5 ft), Miles indicates that 

U, = U/10 

The pressure coefficient 8 is expressed as an integral 
which is evaluated by a serial expansion in terms of the 
ratio z./A. The maximum value of 8 occurs at z. = 
0.006. At z, = 0.05 r, 6 drops to about !/; of its maxi- 

mum value, and it practically vanishes at z, = 0.16 X. 
The pressure coefficient 6 and the energy transmission 

from the wind drop to nil at c/U; between 9 and 11, de- 
pending on the values of zo) and Uy. Thus, in the ab- 
sence of energy dissipation the waves are expected to 
cease growing when the wave celerity approaches the 

wind velocity. 
Miles made two attempts at verification of his theory. 

In the first, he treated the case of wave initiation with 
dissipation of energy by molecular viscosity. Taking 
the probable value of zo, he obtained a minimum wind 

velocity of 80 to 100 cm/sec with a corresponding wave 
celerity of 40-50 cm/sec. These figures are in agree- 
ment with Jeffreys’ (1925, 1926) observations. 

In another attempt, by superposition of his simple 
wave results he calculated the drag coefficient of a com- 
plex sea based on Neumann’s spectrum in the form used 
by Munk (1955). The computed coefficients were ap- 
proximately double those of Munk. Miles strongly em- 
phasized that mathematical approximations on one hand 
and uncertainty in estimating the roughness parameter 

18 Lin, C. C., “The Theory of Hydrodynamic Stability,’? Cam- 
bridge University Press, 1955, chapter 5. 

zo on the other might make the results off by a factor of 2 
either way. It is interesting to recollect, however, that 
Jeffreys (1925, 1926) has shown that the drag coefficient 
for a short-crested sea is half that of a regular long- 
crested sea. The drag coefficient of bodies in three-di- 
mensional flow is generally lower than that in two-di- 
mensional flow, the simplest illustrative case being that 
of a sphere and a cylinder. This may well explain the 
factor of 2 in comparing Miles’ and Munk’s results. 

Miles’ theory is based on the action of pressure; i.e., 
of the normal force, on the wave surface. It considers, 
therefore, the transfer of the energy of potential air flow 
to potential wave energy. The observed data on the 
roughness parameters zo, on the other hand, include the 
total tangential drag; 1.e., the pressure drag plus fric- 
tional drag. In mild waves these two drag components 
may be of equal magnitude (see Motzfeld’s Table 1). 
The computed coefficient 8 and the rate of energy transfer 
in such a case should be approximately double the true 
ones. 

Another important aspect to mention is that Miles 
sought to avoid the limitation to small wave heights by 
measuring elevations z not from a level surface but from 
a wavy streamline. This procedure is equivalent to 
assuming that the entire velocity profile u(z) shifts up 
and down with the wave elevation without change of 
form. This may be an admissible assumption in the 

case of long and low waves (small 7/)\ ratio), to which 
Miles’ results should, therefore, be limited. 

In the case of steeper waves, the w(z)-curve appears to 

follow the logarithmic law at sufficient elevation above 
the wave but at lower z it varies with position along the 
wave profile. In particular, it is drastically changed at 
wave crests. This should have a large effect on the pres- 
sure distribution (and therefore on the drag and energy 
transfer), since Miles demonstrated how small the 2, 
is in comparison with the wave length when the pressure 
coefficient is significant. An extension of Miles’ work 
to take into account this effect would make an interesting 
and important project. 

5 Growth of Waves in Wind—Practical Approach 
‘ The words “rational” and ‘practical’ are used in this 

work conditionally for convenience of reference. The 
difference is in the degree to which empirical information 
and hydrodynamic theory are used. In the “rational” 
approach empirical data are limited to form-drag co- 
efficients in simple waves and to the observed statistical 
distribution of some quantity, say wave directions, in the 
actual sea. The effect or the mutual interrelation of all 
other variables is then obtained by observing the laws of 
mechanics and hydromechanics. It is necessary to pur- 
sue this approach in order to gain complete understanding 
of the nature of the seaway in all its details. However, 
this development progresses slowly, and for immediate 
practical use many short cuts become necessary. In 
these, theoretical reasoning and empirically obtained 
data are intermixed in various forms and proportions 
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chosen intuitively by the individual researcher. In par- 
ticular, the effects of several separate parameters are 
usually combined in groups; it has been found that 
functional relationships between judiciously selected 
groups of parameters can be evaluated empirically with 
much greater reliability than relationships between in- 
dividual parameters. In this connection, the short- 

comings of the partially developed theoretical reasoning 
are implicitly compensated for in establishing empirical 
relationships. The bulk of this kind of information has 
been accumulated since 1943, and had its incentive in 
the need for predicting surf conditions at European inva- 
sion beaches in World War II. The problems of wave 

formation in a storm area and of wave decay or dispersion 
outside of the storm area had therefore to be treated. 
The objective was to arrive at the conditions existing at 
a beach at a given time due to a storm or several storms 

which had occurred some time earlier, often ata distance 
many hundreds of miles away. In the present text only 
the wave conditions in or near the storm area will be dis- 
cussed. Only a brief outline of the most important 
methods used to obtain information on these conditions 
will be given. Details will be found in the readily avail- 
able references. 

5.1 Method of Sverdrup and Munk (1946, 1947). 

Quoting from Sverdrup and Munk (1947): “Within the 
generating area there always exist a large number of such 
trains of waves of different length, traveling with the 
wind or at small angles with the wind direction. [*rom 

interference and criss-crossing there results an extremely 
irregular appearance of the sea surface, but the larger 
waves can be recognized and the theoretical relationships 
between period, length, and velocity apply to these 
(xviimme! 1911, Sverdrup, et al, 1942). 

“Because of the simultaneous presence of many 
trains, the wave characteristics have to be described by 
some statistical terms. [Tor that purpose it has been 
found convenient to introduce the average height and 
period of the one-third highest waves. The waves de- 
fined in this manner are called ‘the significant waves,’ but 
the definition requires further refinement because the 
composition of the ‘one-third highest waves’ depends on 
the extent to which the lower waves have been considered. 
Experience so far indicates that a careful observer who 
attempts to establish the character of the higher waves 
will record values which approximately fit the defini- 
LOM eyeyeee one 

The “significant waves” are assumed to have all the 
properties of simple waves of finite height (Stokes’ 
waves) except that their length, height and energy con- 
tent do not remain constant as is the case with simple 

waves. These quantities increase with the time and the 
distance over which the energy of the wind is transmitted 
to waves. The details of this process of wave growth are 
not known, but certain energy relationships can be 
established. In this connection, Sverdrup and Munk 

19 For a comparison of instrumental and visual observations see 
Xoll (1955). 

a3 make the following observation: “... When a wind of 
constant velocity has blown for a long time over a limited 
stretch of water, such as a lake, a steady state is estab- 

lished. At any fixed locality the significant waves do not 

change with time, but on the downwind side of the lake 
they are higher and longer than on the upwind side. — If 
on the other hand a uniform wind blows over a wide 
ocean, waves grow just as fast in one region as in any 
other region and the significant waves change with time 
but do not vary in a horizontal direction.” 

The energy balance is then written for these conditions 
by equating energy growth to energy received from wind. 
The dissipation of energy by molecular or turbulent vis- 
cosity is neglected. The energy growth is represented by 

the growth of wave height, length, and celerity all of 
which are taken as functions of time ¢ and distance x 
along the fetch. The energy is transmitted from wind 
to waves by the work of the normal pressure times the 
vertical water surface velocity 

aN 

: / pw dx 
r J0 

where J is the wave length and w is the vertical velocity 
of the water surface. Following Jeffreys, the out-of- 

phase component of pressure is written as 

— ¢)2dn/dx 

i, = (52) 

jo) — seuyes (0) (Dol) 

This equation indicates wave growth for U > c, and 

decay for U <c. To reconcile this with the fact that 
waves are often observed to travel faster than wind, the 
energy transfer by the frictional drag force is introduced 

1 r 

1 f TU de 
X Jo 

where w denotes the horizontal component of water- 
particle velocity (orbital and drift velocity) at the sea 
surface. 7 1s the stress which wind exerts on the sea sur- 
face, and is evaluated as 

(54) 

tT = yp'U? (55) 

where for U measured at a height of 8 to 10 m, the co- 
efficient y is taken as 0.0026. Owing to the symmetry 
of an harmonic wave the integral in (54) vanishes, but 

for Stokes’ waves of finite height, a characteristic of 

which is mass transport (see Appendix A, Section 3.3), 
the integral has a finite value. Since the water-particle 
velocity is low in comparison with wind velocity, energy 
is shown to be transmitted to water, and waves can 
grow even if U < c.” 

The energy balance equations are now written: 
Tor the transient state, 

dE Ede Ae apr. = 56 
dt cdt iP8) 

and for steady state, 

2” Tt has been found that small wave components or ripples are 
instrumental in absorbing the energy from the wind, making the 
assumption of skin friction unnecessary as has been discussed in 
previous sections. 
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c dk Ede = 

2 dx | We Be on) 

Zach of these independent equations contains two un- 
knowns, £ and c. The solution is made possible by in- 
troducing an assumed functional relationship 

H/d = f(c/U) 

Sverdrup and Munk (1947) collected many observa- 
tions and plotted 6 = H/) versus 8 = c/U. The first 
quantity was called “wave steepness” and the second 
“wave age,’ and these terms have since been adopted for 
common usage. The resultant plot is shown in Fig. 18. 
By making certain assumptions as to subdivision of 

energy in the growth of wave height and wave length, a 
curve was obtained, which fits the observed data very 
well. At the time the original plot was made, very few 
data for B < 0.4 were available. These were obtained 

later mostly by Roll (1951) and Francis (1951). Fig. 19 
shows a plot taken from Neumann (1952b). For many 
years 1n the past, attempts to relate wave height directly 
to wind velocity were unsuccessful; a wide variance 
existed in the published literature. The parameters 
H/» and c/U on the other hand, fell readily into a well- 
defined pattern for 8 > 0.4. The relationship below this 
value remains uncertain. 

Having established empirically the relationship 6 = 
f(B), equations (56) and (57) were solved and the results 

were plotted in the form of nondimensional ratios c/U 
and gH/U? versus g/L for the steady state, and versus 

(58) 

gt/U for the transient state. Fig. 20 taken from John- 

son and Rice (1952) shows the steady-state relationships 
as developed further by Bretschneider from data which 
became available subsequent to the original work of 
Sverdrup and Munk. The second plot taken from the 
latter is shown in Fig. 21. These plots are of very prac- 
tical form and have been widely used for prediction of 
wave conditions on the basis of meteorological data. 
For a discussion of wave decay outside the generating 
area the reader is referred to the original papers of 
Sverdrup and Munk (1947) and Bretschneider (1952). 

5.2. Neumann’s Work on Wave Generation. In this 
section the work of Neumann on wave generation (1948, 

1949a, b, 1950, 1952a, b) will be outlined. He has 
treated the matter in two different ways, considering the 
significant wave as did Sverdrup and Munk (1946, 1947), 
or taking the sea as composed of three predominating 
wave systems. Neumann’s formulation of the continuous 
sea spectrum (1953, 1954, and Pierson, Neumann and 

James, H) will be the subject of Section 6.2. 
Neumann’s work on wave generation is outstanding 

because: 
a) The experimental material, taken from previous ob- 

servations of other oceanographers and obtained by Neu- 
mann himself, covers a very wide range of wind and sea 
conditions and geographic locations. (All observations 
were visual.) 

b) A determined attempt was made in the analysis to 
adhere as closely as possible to rational procedure. 

c) The mathematical and statistical formulations are 
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Fig. 21 Wave height and velocity as functions of duration, using nondimensional parameters and relation 

between minimum duration, fetch, and wind velocity. Theoretical relationships shown by curves; ob- 

servations by symbols (from Sverdrup and Munk, 1947) 
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Fig. 22 Wave celerity c of characteristic waves in complex seas as function of fetch x and wind velocity U in 

nondimensional presentation (from Neumann, 19526) 
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nificant wave or of a composite of three distinct waves is 
certainly obsolete. In spite of this, the results of this 
development are currently used in the wave-forecasting 

accompanied by extensive descriptions of the physical 

sea. 
However a development based on the idea of a sig- 
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method of Pierson, Neumann and James (H). The 

large amount of supporting material and the thorough 
discussion of the tangential wind force and of energy dis- 
sipation will be of importance to any new investigator. 
Neumann’s vivid descriptions of the physical sea char- 
acteristics also will be of value to investigators who did 
not have the opportunity to gather this experience them- 
selves. To this author, the broad point of view and the 

thoroughness in considering the entire process of wave 
growth under the influence of both the energy trans- 
mitted from the wind and the energy dissipated in waves 
makes Neumann’s work unique. 

The bulkiness and complexity of Neumann’s (1948— 
1952) work do not permit inclusion in the monograph 
text. A comprehensive summary has been made in Ap- 

Wave celerity c of characteristic waves as function of wind duration ¢ (from Neumann, 19526) 

pendix B. Only the final results will be stated here. 
These are shown in Figs. 22 to 25. Fig. 22 shows the 
wave celerity ¢ (and therefore length \) versus the fetch 
F for any wind velocity in terms of nondimensional co- 

eficients c/U and gF/U?. Fig. 23 shows the wave 

height 7 versus the fetch, in terms of nondimensional 

parameters g#/U? and gF/U*. Figs. 24 and 25 give 
the wave celerity and height as a function of the wind 
duration ¢. The curves were computed by Neumann, 
and the points show various observed data. 

6 Wave Specira 

Efforts to predict surf conditions during World War II 
showed the inadequacy of visual wave observations. A 
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Fig. 25 Height H of characteristic waves as function of wind duration ¢ (from Neumann, 19526) 

number of pressure gages were installed on the sea bot- 

tom near the shores of England and continuous record- 
ings of the wave-caused pressure fluctuations were ob- 

tained. Visual examinations of these did not yield satis- 
factory results, and, therefore, a frequency analyzer was 

constructed (Barber, Ursell, Darbyshire and Tucker, 
1946). Barber and Ursell (1948) presented a theory for 

tracing various Fourier components of the recorded 
swell to their origin, often many hundreds of miles 

away. In 1952 Darbyshire used such recordings and 
analyses in formulating the shape of the spectrum and in 

estimating the wave heights caused by the wind. The 
mathematical details of the spectral analysis will be pre- 

sented in Section 8. At present, quotations from 
Darbyshire and Neumann in the next two sections will 

suffice. Several formulations of the spectra have been 
developed since 1952, and these will be described briefly 
in the following sections. 

6.1 Darbyshire’s Wave Spectra. (uoting from Dar- 
byshire (1952): “This paper describes an investigation 
of the height and length of ocean waves and swell in rela- 

tion to the strength, extent and duration of the wind in 
the generating area, and the subsequent travel of the 
swell through calm and disturbed water. The in- 

vestigation is based on records of waves made on the 
North Coast of Cornwall, in the Irish Sea, and in Lough 
Neagh. It is a practical continuation of the work of 

Barber and Ursell (1948), who showed that the waves 
leaving the generating area behave as a continuous 
spectrum of component wave trains which travel inde- 

pendently with the group velocities appropriate to their 

periods. The spectral distribution of energy in the 
storm area is considered, and the relative amplitudes of 

the different components are deduced empirically under 
various wind conditions...’ ‘A method of deriving the 

wave spectrum from a wave record is described by Bar- 
ber, Ursell, Darbyshire and Tucker (1946).” ... “The 

method of analysis... gives a Fourier analysis of a 20 to 
30-minute record; the analysis appears in the form of a 

series of peaks, each corresponding to a harmonic com- 
ponent which is an exact submultiple of the total length 

of the record. An example of such an analysis containing 
waves due to a local storm and a band of swell from a 

distant storm is shown in Fig. 26. While it cannot be 
implied that these discrete periodicities are actually pres- 

ent in the sea waves, it is possible, for the duration of the 

record, to represent the pressure variations at the point 
of measurement by a combination of independent sine 

waves with periods which are submultiples of the dura- 
tion of the record and with amplitudes proportional to 
the heights of the peaks on the spectrum. 

“The state of the sea can best be described in terms of 
the wave energy. Assuming that for the duration of the 
record, the wave pattern consists of a combination of in- 

dependent sine waves with periods and amplitudes cor- 
responding to those of the peaks on the spectrum, it is 
possible to evaluate the wave energy. Since the energy 

per unit area of a single sine wave of height H is pgH?/8, 
the total energy for all the waves in the spectrum 
= gp2H,”/8 where H,, corresponds to the height of the 



SEAWAY 31 

l fi ! i Se 

Te} 8.57 10 12 \5 20 30 
Scale of Wave Period (sec.) 

Fig. 26 Typical wave record and spectrum (from Darbyshire, 1952) 
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Fig. 27 Comparison between maximum wave 
height and equivalent wave height (from Darby- 

shire, 1952) 

nth peak in the spectrum. If H is the height of a hypo- 
thetical single sine-wave train which has the same 
energy per unit area as the complicated wave pattern, 

then gpH?/8 = gpSH,2/8 and H can be defined as the 

equivalent height of waves. To compare such equiva- 
lent height with the maximum heights measured on wave 
records, corresponding values of H and maximum height 
Hmax are plotted in Fig. 27. The graph shows that 
finer = 2H. 

“The idea of an equivalent height can be extended to 
parts of a wave spectrum as well as the whole. The 
energy /#, in a unit wave-period interval 7’ — (1/2) to 

T + (1/2) is given by 

1 T+1/2 | 

Ery==99 > HZ ==90H,? (59) 
8° rip 8 

“The information available consists mostly of synoptic 
meteorological charts and records of wave motion usually 
in the form of records of the pressure fluctuations pro- 
duced by the waves on the sea bed at a depth of about 50 
feet at one point on the coast, .’ “There are not 

usually sufficient observations of wind strength in the 
wave generating area to allow detailed comparisons be- 
tween the wave and wind characteristics, and it was made 
a general practice to compute the wind from isobaric 
charts. Six hourly charts provided by the Naval 
Weather Service were found most convenient, and gra- 
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Fig. 28 Correlation of maximum wave period with 
maximum wind strength for all storms (from Darbyshire, 

O52) 

dient wind speeds were calculated according to the instruc- 
tions in the Admiralty Weather Manual. The relation 
between surface wind and gradient wind varies with the 

atmospheric stability and other factors, but Gordon 
(1950), using observations over the sea, found that the 

ratio between the two varied between 0.60 and 0.80, the 
mean value being 0.66. The best that can be done 

at present is to assume a constant ratio of 0.66 and to 
compare wave characteristics with the gradient wind 
speeds. There is some advantage in doing this since in 
any application of this work it is more likely that weather 
charts will be available than wind observations.” 

From examination of the wave record, Darbyshire 
came to the conclusion that wave characteristics become 

practically independent of fetch after 200 to 300 miles.?! 
As the characteristic information to be abstracted from 
the records, Darbyshire chose maximum wind speed vs. 
maximum component wave period (see Fig. 28) and 
mean wind speed versus the wave component period cor- 

*1 Very much longer fetches are needed to attain steady wave 
conditions according to Sverdrup and Munk (1947) and Neumann 
(1952, 1953). The use of the chart in Fig. 20 indicates that in 
the gradient wind of 60 knots, corresponding to anemometer 
height wind of 40 knots, a fetch of about 700 nautical miles is 
required. 
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Fig. 29 Correlation of period of maximum amplitude 
with mean gradient wind speed in strongest part of storm 

(from Darbyshire, 1952) 

responding to the maximum wave component amplitude 
(see Fig. 29). Implicit in this choice of characteristics 

is the assumption (quoting from Darbyshire, 1952): 
“.. that in the development of a wave spectrum, the 
wave components all grow independently. The em- 
pirical formulae obtained for the spectral distribution of 
energy in the storm area imply that waves with periods 
covering a wide range grow together under the action of 

2999 
the wind...’’?? 

From Figs. 28 and 29 it follows that 

99 
(ma ase 18) Vinee — O33 

(60) 

(Ui tor maxi) / Vine —" Ol) 

The symbol V is used in (60) in the notation of the 
present thonograph for gradient wind, which corresponds 
to undisturbed velocity in aerodynamics. The symbol 

*2 It does not appear reasonable that the waves of longest period 
would occur immediately at the onset of a wind. Neumann 
assumed that high-frequency waves appear first, and that the 
spectrum will develop from the high-frequency end. This appears 
to be confirmed by Ijima’s observations (see section 6.4). 

0.14 0.22 

0.30 0.30 014 

T/V (sec/knots ) 
0.14 O22 0.22 

Fig. 30 Graphs of Hr/T against T/V (from Darbyshire, 
1952) 

U,was used in the previous sections for the wind velocity 
at “anemometer’ or “mast-head” height. The gra- 
dient wind velocity V is in knots throughout Darby- 
shire’s work. 

Having obtained relationships (60) Darbyshire writes 
“these two relations .. . suggest that if #7, is plotted 
against 7'/V to give the envelope of the wave spectrum, 

the envelope should always have the same shape and an 
increase in wind speed should change only the vertical 
scale of the curve. This implies that the envelope can be 
expressed in the form 

ie — Ly VA) (61) 

where V is the mean wind speed and f(7'/V) is a function 

which is maximum at 7'/V (T sec, V knots) = 0.25 and 

nearly zero when T/V = 0.33. Assuming H, = V" 

AVS) a ae (V/T)"f(T/V) and the values ob- 

tained by dividing 7; by some power of the correspond- 

ing value of 7 should lie on a curve which is a function 

T/V ....? “The values obtained by letting n = 1 

gave the most consistent results. These values of H/T 

are shown plotted in Fig. 30.” Despite a very large 

scatter, Darbyshire fits a curve of the form 

ees 

where kK = 0.44 
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a 

Sie es (62) 

0.0027 

The resultant curve is shown by the solid lines in Tig. 30. 
This relationship and the plots of Fig. 30 were obtained 
by considering wave components of the same period un- 
der the action of winds of different speeds. The maxi- 
mum value of H,/T is 0.44 and it occurs at T/V = 0.24. 

At T/V = 0.33 the value of FH, is very small, only one 
fourteenth of the maximum value of F/ >. 

The equivalent wave height H is then found by inte- 
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Fig. 32 
and Munk’s data). 

Table 6 

Hmean Mean wave height (average of all 1.0 
waves ) 

H Equivalent wave height (height of 2 El enean 
simple sine wave having same 
energy content as complicated wave 
pattern ) 

Hs Significant wave height (average of tO Elenear 
one-third highest waves ) 

Hine Maximum wave height (highest in 100 24 ivenn 
Waves ) or 1.5Hs 

erating H,? dT from 0 to © and taking the square root of 

the result, which gives 

H = 0.027 V3? (63) 

where F/ is in feet, V in knots. 

For a fetch shorter than 100 miles the correction of the 
foregoing is obtained from observations made on a lake 
and on the Irish Sea, yielding 

H = 0.027 V2/2 Co @—0- 282172) (64) 

where x is the fetch in nautical miles. In addition a 

somewhat more complicated if more accurate expression 
is given. The variation of wave period with fetch is 
shown in Fig. 31. 

On the basis of the previous work of Barber (1950), 

the relative values of H and of other forms of sea defini- 

tion are given in Table 6. 
According to Barber, approximately 13 per cent of the 

waves have heights greater than the significant height. 
Examination of wave records has shown that the signifi- 

5 10 15 
(b) Computed Height (ft) 

(2) Comparison of computed and observed wave periods (Sverdrup 
(6) Comparison of computed and observed wave heights 

(Sverdrup and Munk’s data) 
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Fig. 33 Predicted wave spectra for various wind speeds 
for open sea and western coastal region (from Darbyshire, 

19555) 

cant period corresponds very closely with the period of 
maximum amplitude of the analysis. 

To obtain an independent check, the expressions for 
significant height and period have been applied to the 
wind and wave data listed by Sverdrup and Munk 
(1947) and the predicted and observed wave heights and 
periods are compared in Fig. 32. While the mean order 
of magnitude is correct, the excessive scatter of data 
makes it questionable whether the spectrum is correctly 
expressed. 

Cox and Munk (1954) discuss the validity of Darby- 

shire’s spectrum on the basis of the spectrum of wave 
slopes which they measured by means of the sun’s 

glitter (see Section 4.3). Quoting from their work: ‘The 
spectrum was obtained by frequency analysis of pressure 
records of waves generated by local storms at Lands 
End, England. Only those storms were analyzed for 
which the fetch was sufficient to generate equilibrium 
waves. The bottom-pressure transducer was usually 
located at depth of 50 ft. This requires that for wave 
periods less than 14 sec the usual hydrodynamic relation- 
ship must be used to convert bottom pressure to surface 
elevation, as has been done by Darbyshire. But for 
periods less than 6 sec the bottom-pressure oscillations 
are reduced to such a low level that this is no longer prac- 
ticable. Apparently these short waves have been 

ignored by Darbyshire. But it will be shown that these 
waves contribute about five sixths of the total wave 
energy and that consequently Darbyshire’s spectrum is 

too narrow and the total energy too small. A pressure 
recorder at 50 ft is evidently not a suitable instrument for 
obtaining the energy spectrum.” Indeed the sample rec- 
ord in Fig. 26 shows no periods below 6 sec, in Fig. 28 
below 9 sec, and in Fig. 29 (a) and (b) below 7 and 11 

sec, respectively. 

6.11 The Darbyshire (1955) spectrum. The work de- 
scribed in the previous section was based on the records 
of a pressure gage installed at a depth of about 50 ft off 

Land’s End, England. In the subsequent period 1953— 
1955, Darbyshire collected a number of records from a 
shipborne wave recorder (Tucker, 1952b, 1956) which 

consisted of a pressure gage at a depth of about 10 ft and 
an integrating accelerometer for recording the heaving 
motions of the ship. 

Quoting Darbyshire: “It is now possible to investi- 
gate wave generation in deep water, for since February 
1953 waves have been recorded by the ocean weather 

ship Weather Explorer using shipborne wave recorder 
described by Tucker (1952). Records were taken eight 
times daily while the ship was at sea. Most of them 
when she was stationary. The ship occupied, in turn, 
the positions ‘India’ (61° 00’ N, 15° 20’W) and ‘Juliet’ 

(52° 20'N, 20° 00’ W). The sensitivity of the recorder is 

nearly constant for wave periods from 8 to 24s.” 
“The records taken by the Weather Explorer are of 7 to 

10 min duration.... To avoid uncertainties about wave 
attenuation, the study was confined to waves generated 
by winds acting within about 100 miles of the ship’s 
position, and a large number of records were analyzed to 
find forty-five which showed no evidence of extraneous 
swell from distant storms The examples chosen 
covered a fairly wide range, in which the fetch (the dis- 
tance the wind acts on waves) varied from 50 to 400 
miles. The previous paper showed that the effect of 
fetch was not very marked after 100 miles, and this ap- 
pears to be true for deep-sea storms also.” 

The same analytical method was used as before. A 
much larger content of high-frequency waves was found 
than before. This difference cannot be completely ex- 
plained by the lesser depth of the pressure pick-up. It 
was concluded that the waves in the previous investiga- 
tion were modified by the presence of the continental 
shelf. 

The spectrum is now expressed as 

H, = 0.0036(V1? — 0.437) T5/? (65) 

The corresponding period of the highest energy content 

is 

Ie = Ne Ye (66) 

“Equivalent” wave height is given as 

H = 0.0038 V? (67) 
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lig. 33 shows the spectra for four wind speeds. The 
upper spectrum in each case is the one given above for 
the open ocean, and the second for the coastal region 
(Darbyshire, 1952). The wind speeds are for “gradient 

wind,” and the “anemometer height’? wind can be taken 

on an average as 2 of it. 
6.2. Neumann’s Wave Spectrum. This section covers 

the spectrum of waves in a complex seaway as it was de- 

rived by Neumann (1953, 1954) and described by Pier- 
son, Neumann, and James (H). The material is clearly 
presented in these readily available publications. Only a 
brief outline will be given here in order to make clear 
subsequent developments. 

Quoting from Neumann (1953): ‘The wind never 
raises well defined wave trains with uniform heights, 
periods or wave lengths. When waves are being gener- 
ated by wind, the energy supplied from wind to waves is 
distributed more and more over a certain range of wave 
lengths with different heights as the sea grows. The 
spectrum of ocean waves is being formed, with wave 
components ranging from ripples to large billowing 
waves In a storm sea. Therefore, it is extremely dif- 
ficult to describe the wind-generated wave pattern by 
means of only two single parameters such as ‘wave 
height’ and ‘wave period’ of some kind of a fictitious 
single wave train. A general method of wave forecast- 
ing and describing the sea must embrace more than 
this... At the present stage of our knowledge it seems 
that further progress is only possible by taking the en- 
tire wave spectrum into account with the assumption of a 
continuous distribution of component wave trains.” 

“Since the wave energy per unit area of sea surface for 
a component wave with the period 7’ is proportional to 
the square of the wave height h,’, the spectral height 
distribution may be given by H,? as a function of 7, 
where Ah,? = H,°AT.** Fig. 34 shows such a hypotheti- 
‘al wave spectrum by the dashed curve. 
“Assume a continuous distribution of an infinite num- 

ber of wave components in the complex wind generated 
wave motion, and let all wave periods between 0 and © be 
possible in the spectrum of fully arisen sea. Like for 
spectra resulting from temperature radiation, only an 
energy interval AU’, can be specified, corresponding to a 

prescribed range of periods AJ’ around the average 
period 7. That is, only the ratio has a finite value, and 
a ‘wave’ can be defined approximately by a_ spectral 
height, H,, as related to AU, for the period interval 
AT. (For a ‘sharp wave,’ that is, for a wave with a 

‘sharp’ period 7, where AT’ — 0, also AU; => O and hp > 

0.) 
“In Fig. 34 the spectral band concentrated around the 

28 The reader is referred to Darbyshire (1952, see Section 6.1) 
for a similar definition of the ‘‘equivalent wave.’ Attention is 
called to the fact that only wave energies or the squares of wave 
heights are linearly superposable. Wave heights are nonlinearly 
connected with energies, and therefore cannot be superposed 
without violating the principle of conservation of energy. For 
example, two wave trains of amplitudes a, and a2 have total 
energy proportional to a;2 + a»”. Direct superposition of ampli- 
tudes would correspond to an amount of energy (a; + a2)? which 
exceeds the initially available energy by 2aia2. 

ee eee | 

T Tmax qT, 

Hypothetical Wave Spectrum 

Fig. 34 Hypothetical wave spectrum (from Neumann, 
1953) 

period 7, would correspond to a very young sea, whereas 
the spectral band around 7, would correspond to a swell 
if separated from the original wind generated wave 
spectrum. 

“The spectral wave energy AU, for the average period 
T in the interval AT is proportional to the square of the 
spectral wave height in the same interval. This spectral 
wave height can be defined for an infinitely small spec- 
tral band 

_ Oh*, 

oT’ 
em?’sec—! (68) 

AT—0 

where h,” is the square of the heights of individual waves 
in the spectrum. Let the spectral energy density be! 

W, = 0U,/oT, erg cm—? sec—! (69) 

With sufficient accuracy for our purposes 

: E One: 7 AU, = WrAT = 39 ih dT, ergem~2 (70) 

van be defined as the mean energy per unit area of the 
sea surface of waves whose periods lie between 7 — 
AT/2 and T + AT/2.% 

“The total energy in the wind generated wave pattern 
will be given by 

U = 1 ae | Oh? >, aT 

8 0 
71 

dT ue 

“The spectral wave height not only will be a function 
of the wave period (or wave length), but it also will de- 

*4The symbol Wy will not be used in other sections of this 
monograph outside of Section 6.2 on Neumann’s spectrum, and 
therefore is not included in the list of symbols on page 90. 

*% The reader can compare this discussion based on the assump- 
tion of a continuous spectrum with the one given by Darbyshire 
(1952, see Section 6.1) based on the summation of Fourier com- 
ponents resulting from an harmonic analysis of a record of finite 
length. 
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Fig. 35 Ratio of wave heights to square of apparent wave periods H/T?, as observed 
with different ratios of apparent wave period to wind speed v, in generating area (visual 

observations) (from Neumann, 1953) 

pend on the wind velocity. For example, a 6-second 
component wave train in a wind generated sea at 5 meters 
per second wind velocity certainly has a spectral wave 
height which is much different from that with a 6-second 
period wave at 10 meters per second... .”’ 

Equation (70) expressing the relation AU; = f(T)dT, 
is the general expression for a spectrum. The practical 
solution requires evaluation of the unknown function 
f(T) ~Oh7?/O0T. Tt has been demonstrated by Sverdrup 
and Munk, and later by Bretschneider and by Neumann 
that the relationship H/X = f(c/U) shown by Figs. 18 
and 19 represents probably the most reliable observable 
characteristic of significant waves at sea. The relation- 
ship \ = f(c), which is well defined for simple waves, is 
not known sufficiently well for the “apparent” wave 
lengths, celerities and periods in a complex seaway. 
Neumann introduces therefore a plot of the relationship 
H/T? versus (7/U), shown on Figs. 35 and 36. The 
symbol ~ (tilde) placed above a letter designates an 
“apparent” (meaning a directly observed) quantity in a 
complex seaway. The first figure is based on the visual 
observations (presumably of significant wave heights) 
collected by Sverdrup and Munk (1947) and made by 
Neumann (1952a). Here H refers to significant waves. 
The second figure contains all wave heights, as obtained 
from the records of a wave gage. In this case individual 
apparent waves were measured on records as shown in 
Fig. 37. Neumann finds that the straight line (on semi- 

log paper) 

H/T? = 0.219 exp [—2.438 (7/U)?] (72) 

well represents the envelope of all observed and recorded 
data, and accepts it as a basis for evaluation of the 
spectrum form. Here H is in meters and U in meters per 

second.” 

By putting 7? proportional to the apparent wave 
length, X, the function (72) can be made dimensionally 

correct 

H/ = (const) exp |-(£ a) | (73) 
2a U 

or 

Z ; g7? _(9 T\2 2 
H = (const) = exp | @ i) | (74) 

The numerically equivalent expression (g/27)? is sub- 
stituted in the foregoing for the (dimensional) empirical 
factor 2.438 (with g = 9.81 mps), U in meters per second 

(mps). 

The assumption is now made that the foregoing rela- 
tionship derived for the envelope of the observed ap- 
parent waves applies to the spectral wave components, 
and therefore 

% Tt is rather unfortunate that Neumann has used dimensional 
ratios so that any derived constant may be presumed a function 
of an unknown parameter. 
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Observations 
Long Branch Wave Records 

May 3, 1948 
i { May 5, 1946 

October G6, 1948 
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Fig. 36 Ratio of wave heights of square of appareat wave periods, H/T? as observed 

with different ratios of apparent wave period to wind speed v, in generating area 

(from Neumann, 1953) 

, intel 
ke?) - sf Fy == 

Fig. 37 Apparent wave periods and heights in a wave record 
(from Neumann, 1953) 

OOhrs gpl gT \? = 
= Jah — 6 xp |-—2 | —— 5 

or : : ‘4a? PoE ts we) 

(em? sec!) 

With the substitution of the above value, equation (70) 
becomes, 

3 2 
dU, = C2 p& Texp | -2 (5) jer (76) 

oy = 2Qrl 

where the constant C(sec~!) has yet to be determined. 
This is the first basic expression for the spectrum, giving 

the wave-energy distribution as a function of the wave 

period. The second form of the spectrum, the distribu- 

tion of the wave energy as a function of the czreular fre- 

quency » = 2x/T is obtained by substituting into equa- 

tion (76). 
€ 

dw = — 7 dT and W,,dw = W,dT 7 

z 

Wave spectra for fully 

arisen sea ata wind 
speed of 20, 30 and 40 
Knots, respectively 

40 Knots 

Spectral Energy in Arbitrary Units 30 Knots 

Fig. 38 (from Neumann, 1953) 

thus obtaining the second basic expression 

. Tere pe: Daye ee 
dU, = —Cpg*r*w~* exp (= oe ) dw (77) 

zw? 

The relative energy distribution (wave spectrum) 
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Fig. 39 Stairway approximation to wave spectrum. Area of a given rectangle is proportional to square of height of sine 
wave with associated frequency (from Neumann, 1953) 

OU .,/Ow for a fully arisen sea at a wind velocity of 20, 30 

and 40 knots is shown in Fig. 38 as a function of cycles per 
second f = 1/7 = w/2m. These curves are computed 
from equation (77). The ordinate,” W, OU,/0;, is 
proportional to the spectral wave height. It is given 
with an arbitrary scale, since it depends on the constant 

C. 
6.21 Total wave energy and evaluation of C. ‘The 

total wave energy in the spectrum between periods 0 and 
T or between frequencies © and w is given by 

= te) w 2q2 

U = i OU, = — Coat f w® exp iC a ) da 
eo a U*w? 

(78) 
After substitution of b = 2g?/U? 

ya == a 

and 

dw = —(b'/?/x*)dax, 

equation (78) can be evaluated as 

27 Subscript f indicates that W and U are functions of frequency 

= Cie : ee © eae es C BOER ais ; (e—*) da Vela tale 

(79) 
where the integral 

x Ki 

{ (e—™)'dx = * o(2) (80) 
0 _ 

and (x) is the error integral which can be taken from 
tables. 

The total wave energy in the case of fully arisen sea 

follows by integration between limits #@ = © and w = 0; 
ie., from x = Oto ~: 

= : 3 ll ee i (Con Jz) = u) (81) 
2/\32 92 

or 

U = (const) U5 

The constant C can now be evaluated if the relation- 
ship between the total energy U,, and the wave height is 
established. First, it is found convenient to omit the 

constant quantities .p, g and the numerical factors in the 
foregoing, and to replace the energy U by the quantity 2 



SEAWAY 39 

Table 7 

Amplitude Height 

Average Wave............-..---- 0.886./E 1.772V/E 
Mean of !/; highest waves. 1.416/E 2.832. /E 
Mean of !/1) highest waves........ 
Mean of 3/1 highest waves... ... . 

1.800.\/# 
2.359-./E 

3.600 E 
4.718/EH 

equal to the sum of squares of the amplitudes a of the in- 
dividual component wave trains which go to make up the 
actual wave motion as it is observed. It is related to the 
total wave energy by the expression 

E = 2a? = U(2/pg) (82) 
The reader’s attention is called to the fact that so far in 
the discussion wave heights were used, but now HF is de- 
fined in terms of amplitude. Darbyshire (1952) has de- 
fined an “equivalent wave” height H as that of a simple 
harmonic wave of the same energy content as the complex 

seaway. If the amplitude of this wave were designated 
by A, then A = V#H. It follows that # = 1/; of the 
area of the spectrum drawn in terms of the wave heights, 
as is shown by Fig. 34. Fig. 39, on the other hand, 
shows the spectrum drawn in terms of wave amplitudes, 
and in this case # = the area of the spectrum. 

The value of the foregoing definition les in that the 
area of the spectrum, or the quantity H, is connected 
with various statistical properties of the observed sea- 
way; 1e., with the distribution of the apparent wave 
heights. Longuet-Higgins (1952) has shown theoreti- 
cally that the statistical relationships given in Table 7 
exist 

It follows from Table 7 that theoretically 

Ay /Hiyj3 = 0.625 

Ay 10/Aiyjg = 1.27 

According to a summary by Munk (1952), the fore- 

going ratios computed from wave records are 0.65 and 
1.27. The first ratio is also confirmed by the observa- 
tions of Darlington (1954). Thus, very close agreement 

is found between the theoretical relationships of Longuet- 
Higgins and the wave relationships observed at sea. 

The foregoing relationships serve as the connecting 
link between the energy spectrum of waves (in terms of 
amplitudes) defined by its area ’, and the observable 
properties of the sea defined most frequently by the 
height of the “significant wave’’; i.e., the mean of the !/; 
highest waves. It is now possible to evaluate 7, and 

from it the constant C on the basis of available sea-wave 
observations. For this purpose, Neumann uses the re- 
sults of his own visual observations made during a voyage 
on the MS Heidberg. Fig. 40 shows the plot of wave 
heights versus wind speed. Vertical lines show the range 
of variation of the observed waves. In the earlier 
work—Neumann (1952a)—these were described as 
“characteristic”? waves, and it was mentioned that at 
15-16 mps, for instance, the heights of characteristic 
waves fluctuate between 4 and 9m. The upper limit of 
these fluctuations is now interpreted as the mean of !/1 
highest waves, and the empirical solid line 

H(m) 

| ra 3 

Ui(M/sec) > 
4 5678 10 20 

Fig. 40 Wave-height observations at different 
wind speeds (MS Heidberg) (from Neumann, 

1953) 

H,yo = 0.000009 U2 (83) 
is fitted. The broken line, representing the significant 
wave, is drawn parallel to it with the coefficient reduced 
in accordance with the Longuet-Higgins relationships. 
By the use of these relationships also the average wave 
height is expressed as 

Haye = 0.492 Aino = (0.443 X 10-5) U?-* (in egs units) 

and from this 

2 3 —5\2 ee He) _ (0443 X 10-8)? ,, 
1.772 1.772 

1 = eS 
i = pg = 3.125 & 10-9 U® (erg em) 

or 

(84) 

and by comparison with equation (81), the constant C is 
evaluated as 8.27 X 1074. 
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Fig. 41 Observed frequency distribution of apparent periods of waves at different wind speeds. T denotes 

the mean period computed from spectrum, T;, the observed mean period (from Neumann, 1954) 

Table 8 Characteristics of Fully Arisen Sea Table 9 Significant Range of Periods in Fully Arisen Sea at 
ac Different Wind Velocities, V 

V; sli; ess Have; Hi 3, Aino, ; Sohne ae eee : 
knots sec sec ft ft ft (Tr = lower limit, 7. = upper limit of significant periods) 

10 238 4.0 0.88 1.41 1.79 V, Pr, Pu, VY, Tt, Tu, 
12 24 4.8 1.39 299 2.92 knots sec sec knots sec sec 

14 4.0 5.6 2.04 3.26 4.15 10 1.0 6.0 34 Layee) 18.5 
16 4.6 6.5 2.85 4.56 5.8 12 130 Ca) 36 5.8 19.7 
18 5.1 7.2 Bits) 6.1 7.8 14 1.5 7.8 38 6.2 20.8 
20 Lyi Srl 5.0 8.0 10.2 16 2.0 8.8 40 6.5 PAT 
22 6.3 8.9 6.4 10.2 12.8 18 2.5 10.0 42 6.8 23 
24 6.8 9.7 7.9 1965 16.0 20 3.0 Lived 44 7.0 24 
26 7.4 10.5 9.6 15.4 19.6 22 3.4 12.2 46 7.2 25 
28 8.0 thn sa} 11.3 18.2 23.1 25 Sill 13.5 48 es) 26 
30 8.5 12.1 13.5 21.6 2120 26 4.1 14.5 50 Tents 27 
32 9.1 12.9 T6e 25.8 32.8 28 4.5 So) 52 8.0 28.5 
34 9.7 13.6 18.6 29.8 38.0 30 4.7 16.7 54 8.2 29.5 
36 10.2 14.5 21.6 34.5 43.8 32 p20 17.5 56 8.5 31.0 
38 10.8 15.4 24.7 39.5 50.2 
40 11.4 16.1 28.2 45.2 57.5 = ? . Q 
42 12.0 17.0 31.4 50.1 63.9 The wave heights of a fully developed sea, resulting 

af a : ae om ee ies a from the foregoing relationships for different wind 
48 13.7 19-4 44.4 71.0 et speeds, are shown in Table 8. Attention should be called 
50 14.2 20R2 48.9 78.0 99.4 to the fact that the form of the spectrum and its area, 
Pr aE oF 0 Be Bt aa the quantity /, have been derived quite independently, 
56 15.9 226 64 103 130 and therefore should be verified independently. The 

T = average ‘“‘period”’ (seconds). 

Tmax = period of most energetic wave in the spectrum. 
Haye Ai, Aino = height of average, !/; highest and !/19 highest 

waves (range of significant periods: see Table 9). 

form was based in Fig. 36, while the quantity / was 
computed from the visually observed wave heights in 
Fig. 40. The dependence of energy # on wind speed to 
the fifth power was obtained in the process of developing 



SEAWAY 4 

Duration Graph 
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Fig. 42 Duration graph co-cumulative spectra for wind speeds 
from 20 to 36 knots as a function of duration (from Neumann, 

1953) 

the form; this evidently influenced the fitting of the 
Hy) curve in Fig. 40. 

The form of the spectrum can be characterized broadly 
by the total range of periods 7, by the value of 7’ at the 
frequency of maximum energy, usually designated 

Tmax, and by the mean value of 7. In principle, all 
values of period 7 or of frequency f are possible. How- 

ever, examination of Fig. 38 shows that above and below 
a certain range of frequency, f, the energies contained in 

waves are negligibly small. Thus, at a 30-knot wind 
the significant range is between f = 0.048 and f = 0.240, 

or between periods of 7 = 21 and 4 sec, respectively. 

The frequency ranges at different wind speeds are shown 
in Table 9. 

The mean value of the frequency provides a convenient 

method of checking the form of the spectrum. In terms 
of the theoretical spectrum it is given by” 

2 1/2 
{ dE (w) 
Jo 

i) ” d{a?E(w)] 
0 

120 

110 

Fetch Graph 
100 A 2 : | Co-Cumulative Spectra for 
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90 

80 | | 
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70 | | Significant 

Wave Height 

’ Average 
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the VA 
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T 

Fig. 43 Fetch graph co-cumulative spectra for wind speeds 
from 20 to 36 knots as a function of fetch (from Neumann, 

1953) 

Here the symbol 7 is used to designate the mean value 
of “apparent” periods. This period also ean be evalu- 
ated by direct observation of periods in a seaway. Fig. 
41 shows the period distributions observed by Neumann 
(1954) over six ranges of wind velocity. The average 
periods calculated from the spectra, 7’, and resulting 

from the observed data, 7, are shown by vertical lines. 

A reasonable agreement is demonstrated. No such 
agreement is established as yet for the spectrum area HL; 

ie., for the significant wave height corresponding to a 
given wind, and practically all observers indicate wave 

heights somewhat lower than Neumann’s, particularly 
at higher wind speeds. 

6.22 Co-cumulative energy spectrum and seaway 

development for a limited fetch or wind duration. Since 

the wave height is proportional to the square root of the 
spectrum area /, plots were made of the value of 2/pg 

times the integral, equation (78), versus frequency f: 

such curves are called co-cumulative spectra, abbreviated 
as CCS curves. Figs. 42 and 43 are reproduced here as 

F *8 Neumann (1953) attributes this formula to Dr. W. J. Pierson, 
Tre 
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Fig. 44 Wave spectrum in fully arisen sea with a significant range of periods between /, and fr. 
Wave spectrum in non-fully developed state is shown schematically by dashed area, where upper 

limit of significant periods is given by f; — D; (from Neumann, 1953) 

examples. Additional figures for different ranges of 
wind velocity will be found in Neumann (1953) and in 
Pierson, Neumann and James (H). 

The value of # for the total spectrum, i.e., the value 
indicated by the intercept on the LH vertical scale of 
these figures, characterizes a fully arisen sea. In prac- 
tice it was found convenient to neglect the waves of very 

high and very low frequencies which contribute little to 
the total energy. Quoting from Neumann (1953): ‘‘As 

a rule, by empirical evidence, about 5% of the total EF 
value in the fully developed state of wind generated sea 
can be cut off at the upper part of the curves. At the 
lower part it is 8% of the total # value. For example, 
the total # value at a wind speed of 30 knots is read off 
at the ordinate in Fig. 42, # = 58.5 (feet). 

5% of H = 2.9 

thus, 55.6 on the / scale intersects the CCS curve at f = 
0.06 or T = 16.7 seconds. This is the upper limit of the 
significant range of periods in a fully developed sea with 
a 30 knot wind. If it is wanted to determine a lower 

limit of the significant range of periods, 3% of H = 1.76 
is the ordinate value which intersects the CCS curve at 

f = 0.213, or T = 4.7 seconds. Therefore, the signifi- 
cant range of periods is between 4.7 and 16.7 seconds. . .” 
Table 9 shows the range of significant periods in a fully 

arisen sea at different wind speeds. The co-cumulative 
curves in Figs. 42 and 43 are intersected by lines of wind 

duration in hours on the first and lines of fetch in nautical 
miles on the second. The position of these lines were 
derived from the data of Tigs. 22 to 25. 

Quoting Neumann (1953, p. 32): “The intersection 

points of the CCS curves with the duration or fetch lines, 
respectively, show the limit of the development of the 
composite wave motion at the given duration or fetch. 
Physically, it means that the state of development is 
limited by a certain maximum amount of total energy 

which the wave motion can absorb from the wind with 
the given conditions. The / value of the ordinate of 
each intersection point is a practical measure of the 
total energy accumulated in the wave motion of the 
no[t|-fully arisen state, limited either by the fetch or 
duration. 

“Under actual conditions, both fetch and duration 
may be limited, and the H value for any given situation in 
most cases will be different for the fetch and duration. 
It is easily seen that in such cases the smaller of the two 
E values has to be taken. 

“From the # value, the wave height characteristics 
‘an be computed, as in the case of a fully arisen sea. 
“The upper limit of significant periods in not-fully 

arisen sea is approximately determined by the ‘fre- 
quency of intersection’, f;, that is, the frequency of the 
intersection point between the CCS curve of a given 
wind speed and the given fetch or duration line, re- 
spectively. By this, theoretically, the wave spectrum is 
cut off abruptly at a given maximum period, 7; (or 
minimum frequency, f;), without considering possible 
wave components with periods a little longer than 7; = 
1/f,, which are just in the beginning stage of develop- 
ment (lig. 44). These wave components probably have 
a small amplitude, and contribute so small amount of 
energy to the total wave energy, that they may be neg- 
lected in most practical cases of wave forecasting.” 

6.23 Roll, Fischer and Walden’s modification of Neu- 

mann’s spectrum. Neumann’s spectrum has often been 
referred to as theoretical but this description has also 
often been objected to on the grounds that the spectrum 
derivation really represented an ingenious treatment of 
empirical data. In particular, two crucial steps in the 
derivation appear to be intuitive: 

a) The transition from the apparent wave steepness 
distribution to the distribution of spectral component 
waves. 
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b) Abandonment of the data on which the spectrum’s 
form was based, Fig. 36, in favor of visual observation 
data, Fig. 40, in evaluating the constant which governs 
the height of the predicted waves. 

The explanation given by Neumann for the first of 
these is not clear. In two papers, Walden and Piest 
(1957, 1958) attempted to clarify this step as well as to 
improve the precision of various details connected with 
the spectrum. They came to the conclusion that the 
validity of Neumann’s derivation can be neither proved 
nor disproved by these considerations and rests on the 
gathering of sufficient empirical data. 

The experience of Roll and Fischer’ indicates that, had 
Neumann consistently used Fig. 36 for the evaluation of 
the constant as well as the spectral form, he would have 
arrived at about double the actual wave height. Instead, 

he substituted the wave heights found by his previous 
visual observations, lig. 40, and on this basis arrived at 

an acceptable constant. 
The foregoing remarks, taken with the fact that Neu- 

mann’s constant C has the dimensions of 1/t, lead to a 

plausible hypothesis. Were Neumann’s spectral form 
accepted as invariable for all significant wave heights, 

the “constant”? C could be taken as variable and a func- 
tion of the mean period 7. For the light sea conditions 
on which Fig. 36 was based, the constant may possibly 
have double its value for the mean sea conditions shown 
in Fig. 40. This hypothesis appears to have its con- 
firmation in the trend of the observed points in Fig. 40 
toward a curved rather than a straight line. The cor- 
responding trend can also be seen in Fig. 36. A more 
exact curve-fitting would have given a concave curve, 
rather than a straight line. 

Roll and Fischer (1956) called attention to the ap- 
parent discrepancy in the mathematical form of the 
spectrum given by equations (76) and (77). Both equa- 
tions are meant to describe the same wave form, and on 

first thought one would expect that the same wave length 
or period Trax would be indicated in both as correspond- 
ing to the wave component of maximum energy. Tmax 

can be found by differentiating equations (76) and (77) 
with respect to period 7 and frequency w, respectively, 
and by equating the derivative to zero. When this is 

done, two different values of Tinax are found: 0.641 U 
and 0.785 U (with 7 in sec, U in mps). Neumann used 
the second value only, without discussing the subject. 

Such an apparent discrepancy and a method for dealing 
with it had been known previously in the theory of ther- 
mal radiation. It will be recollected that the energy can 
be defined only for an interval AT or Aw, at a certain 
value of 7 or w. The apparent discrepancy arises be- 
cause of the difference in the corresponding intervals 

dw and dT: 

(86) 

while 

W,dT = W, dw 

29 'To be discussed later. 

This apparent confusion can be avoided by defining 
the periods and frequencies in logarithmic form, d(In 7’) 
= d T/T and d(iIn w) = dw/w. Equation (76) is then 

written as 

: ale g* gl \2| dT 
AU, = NV = Cp —— T’ exp | —2(= 

“TT 327? | (5) T 

(87) 

and from 

4 1 p ] 2 iM » f 

a = — “andi ts = ee 
1 w w a 

it follows that 

. e 1 4 2) 2 

AU. = We = —Cp — w- exp (-— —& dw (gg) 
w 2 U*w?] w 

The powers of 7 and 1/w are now the same in both 
equations, and both yield 

Dee — O64 (89) 

The total energy is obtained by integration as 

= w . : gon 

l -f{ dU, = —Cp 2 

w —29° 

{ w* exp Fi ") dw (90) 
2) Uw? 

This expression is integrable, and by substitution of 

972 
2g? b e i) = =v — = x7; doa = — dv U2’ w? die 

U is evaluated as 

2 972 9 72 w 

Wa Cp ik = (a “9 \ exp (— 9 
? 16g | ( T aaa) OF Ua?) |, 

and for the fully developed sea 

peek : 
- Eas U4 (erg em~?) (92) 
l6g 

It is observed that in this case the energy is shown to 
be proportional to U*; 1.e., the wave height to U?, as 
against U?-° originally derived by Neumann in connec- 

tion with the spectrum. The dependence of the wave 
height on the square of the speed has been shown pre- 
viously by Sverdrup and Munk (1947) by the horizontal- 
ity of the H versus ¢-curve in Fig. 21. It is likewise in- 
dicated by the horizontality of the curves at the RH side 
of Figs. 22 to 25 taken from Neumann (1952b). Darby- 
shire (1952, 1955) also shows wave height as proportional 
to wind velocity squared. 

It will be recollected that Neumann used Fig. 36 in 

evaluating the form of the spectrum, but abandoned it 
without explanation in evaluating the constant C in 
favor of a plot of his own visual observations in Fig. 
40. Rolland Fischer (1956) now return for evaluation of 
the constant to the original empirical relationships (67) 

and (68) established by Neumann on the basis of Fig. 36. 
They then follow Neumann in assuming that the rela- 
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Fig. 45 Energy spectrum of waves U(T) at wind speed of 40 
knots and wind duration of 4, 8 and 18 hr. Spectrum marked 
Oh is attained within 1 hr (from Gelci, Casalé, and Vassal, 

1957) 

tionship derived for observed apparent wave heights and 
periods is applicable to the component waves forming the 
spectrum, but they take the spectrum in the logarithmic 
form shown earlier. Writing the increment of energy as 

dT _ 9p a GE 
AUp = Wer ca 8 Joly ca (93) 

and substituting H,? resulting from equation (74) they 
obtain 

7 oe eee gl Ne Ved: AUg = C*¥p —— T* exp| —2| —— — (94 
7 P 325? : l (25) | a 4) 

From a comparison of equation (94) with (87) and con- 
sideration of equation (72) it follows that 

C = C* = 1.96 X 10 
It is not possible to compare this constant with that of 

Neumann because of the difference in form of equations 
(76) and (94). It should be noted, however, that the 

constant C in equation (94) is nondimensional,* while in 

equation (76) it has the dimensions of sec~!. By using 
(82) to convert the energy into the quantity # and using 

(95) 

© The use of d7'/T and dw/w in order to avoid dimensionality 
of the constant has been discussed previously by Darbyshire 
(1952). 

Longuet-Higgins’ relationships from Table 6, the average 
wave height is obtained as 

275 ep (96) 
i] 

and the significant wave height as 

= 0.44 |, 
Ay; = 7 U, (97) 

The corresponding relationship found by Sverdrup and 
Munk (1947) for the fully developed seaway is 

9R 
Ais =a O28 U? 

g 

Walden (1956) pointed out that in using Neumann’s 
relationship Roll and Tischer evaluated the constant on 
the basis of the envelope curve of Fig. 36, which (accord- 
ing to Neumann) corresponds to the mean of 149 highest 
waves. It appears more correct to derive the constant on 

the basis of the average wave height, which is about half 
of the former. With this correction, equation (97) is re- 
written as 

(98) 

(99) 

The wave height is now indicated to be somewhat 

lower than in Sverdrup and Munk’s equation (98) but 
checks well with Walden’s (1953/54) data derived from 

a study of many reports of weather observation ships 
(see section 6.5). 

To summarize, the suggestions of Roll, Fischer and 
Walden were: 

1 To express spectra in logarithmic form so that the 
maximum of the spectral curve would occur at the same 
wave length whether plotted versus 7’ or versus w. 

2 By the foregoing action, to make the constant C' di- 
mensionless. 

3 To use Fig. 36 consistently for both spectrum form 
and evaluation of the constant. 

4 To base this derivation on the mean, rather than on 
the envelope curve of Fig. 36. 

6.3 Gelci, Cazalé and Vassal’s Spectrum. Quoting 
from Gelei, Cazalé and Vassal (1956, 1957)(in a free 
translation): ‘The following method of predicting waves 
is based on the independence of the various sinusoidal com- 

ponents. This is the hypothesis adopted by J. Darby- 
shire (1952) in a classical study. It is in reality dif- 
ficult to state the limits of validity of this hypothesis. 
Recently G. Neumann (1953) adopted implicitly a 
particular hypothesis of ¢nterdependence of various sinusot- 
dal components: the long components grow only when 
the lesser ones already exist. We have here reconciled 
the independence hypothesis of Darbyshire with the re- 
sults of G. Neumann, relating to the limiting established 
state of sea under constant wind action (fully arisen 

sea).”’ 
The foregoing reconciliation consists of the statement 

that while all wave components exist at the same time, 
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the long ones grow very slowly at the beginning. They 
are at first not visible in the same sense that tidal waves 
are not visible under wind sea. 

The reader is referred to Gelei, Casalé and Vassal’s 

1956 and 1957 papers for explanation of the energy 
spectrum properties and the appropriate methods of 
estimating the waves caused by winds of various strengths 
and directions. The spectrum of the fully arisen sea is 
finally defined as 

OU, > mm 
s+" O09 ["4 

oT 

if T < 0.315 U, and 

on = 209 7" exp | -320( 7 —0315) | 

if 0.315 U < T, 

where 0U7/O7' is the spectral-energy density of the fully 
arisen sea in ergs/em?/sec, U the wind at anemometer 

height in knots, and 7 the wave-component period in 
seconds. 

Considerable discussion of the directional variability of 
component waves is given in the referenced papers. 
This question is placed in Section 8 of this monograph. 

The spectrum for a limited wind duration is defined, 

in the words of Gelci, et al: ‘In order to define the 

ideas, let us consider a generating area with a very large 
fetch; the sea being originally calm, the wind U (in 
knots) begins to blow instantaneously. At the end of a 
relatively short time (of the order of an hour) the spectral 

energy density is expressed (in ergs per cm? per second) 

as: 

OU 

or 

(100) 

= 209 T' 

Jy — exp | -329 zh — 0.315); 
( l 

u 7 < 0.315 U 

oU,/oT = 070.315 U < T 

(101) } f(A) 

“We will designate by pp this function of T and U... 
On the scale of meteorological synoptic charts, it is even 
possible to assume that this regime establishes itself in- 
stantaneously. 

“Then, each wave component grows linearly following 
the law: 

DUA/OT Sse 5 209 

exp| —329 = 0.15)" | f(8) (102) 

t expressed in hours is below 18. 
is stationary (fully arisen sea).”’ 

The successive spectra of the developing wave in a 40- 
knot wind are shown in Fig. 45. 

For 18 < ¢ the regime 

‘| Here f(@) designates a function of the directional wave dis- 
tribution. This is not considered in this section of the mono- 
graph. 

The author has not found a discussion of the fetch in 
the papers by Gelci, Casalé, and Vassal. It should be 
emphasized that formulation of the spectra (as by Gelci, 
et al, and by Darbyshire) is only a part of the problem. 
Another important part of references cited is the detailed 
discussion of methods of evaluating effective fetch and 

wind strength. 

6.4 Spectra of Incompletely Developed and Decay- 
ing Seas. Most often in nature winds of significant 
strength do not blow long enough to develop a “fully 
arisen sea’’; 1.e. waves in which the energy intake from 

the wind is equal to the energy dissipation and for which 
the wave structure remains constant. In wave predic- 

tion it 1s necessary to treat such incompletely developed 
seas. In this connection, as indeed throughout the 

spectrum discussions, the form of spectrum and the wave 
height indicated by its area must be considered sepa- 
rately. The prespectrum methods of wave prediction of 

Sverdrup and Munk (with Bretschneider’s extension) in 
the U.S.A. and Suthon and Bracelin in England, have 
been successful in predicting the height and period of 
significant waves, but give no indication of the distribu- 

tion of the component waves in a complex sea. It will be 
shown later, in Section 2 of Chapter 8, that minor varia- 

tions of the spectral curve have little significance for the 
analysis of a ship’s motion. The position of maximum 
spectral density on the frequency or period scale is, 
however, important since it determines the conditions 
under which a ship falls into synchronism with waves. 

Neumann’s method (neluded in Pierson, Neumann, 
and James’ forecasting manual) of predicting the wave 
conditions for a limited fetch or limited wind duration 
was discussed in Section 6.22. In this method the shape 
of the spectral curve at the higher frequency end depends 
only on the wind strength. <A limited feteh or duration 
provides cut-off points beyond which longer periods 
(lower frequencies) are assumed not to exist. This 
method, therefore, determines principally the mean (or 
the significant) wave height but defines the spectrum 
shape only crudely, and in particular gives no informa- 
tion on the position of the maximum of the spectral 
curve, 

Gelci, Casalé, and Vassal’s method (designated D.S.A. 
IL), described in the foregoing section and illustrated by 

Fig. 45 defines the entire spectrum curve for any wind 
duration. Gelci, et al, agree with Neumann that the 
spectrum grows from the high-frequency (low period) 
end. 

The effect of fetch was evaluated by Darbyshire in 
connection with the coastal region speetrum (1952) but 
not with the open-sea spectrum (1955). The author 
was not able to find in Darbyshire’s references any dis- 
cussion of the wind-duration effect. Gelci, et al, how- 
ever, discuss Darbyshire’s spectra thus: ‘The behavior 

of the successive spectra corresponding to duration of 
action of 4 hours and 20 hours will be found in Fig. 
(46).°? It will be noted that the spectrum grows first 

82 Of the figures cited, one for the wind of 40 knots is reproduced 
here as Fig. 46. 
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very rapidly, and then is slowly displaced towards the 
longer periods. Strictly speaking, there is no limiting 
stationary regime, but rather a slowly variable regime 
which we will call ‘quasi fully arisen sea’, after a dozen 
hours. It is this regime which is represented by the pre- 
ceding equations.’’** 

No fetch or duration effects were discussed for Darby- 
shire’s (1955) (open-sea) spectrum but it was assumed 
to exist after a wind duration of about 10 hrs. 

Fig. 47 was prepared by Gelci, et al (1957) to show the 
mean of 149 highest waves as a function of duration of a 
40-knot wind as depicted by various forecast methods. *4 
The original report by Gelci, et al, contains similar plots 
for 30 and 50-knot winds in which the relative placement 
of the curves is in the same order. 

Each of the methods discussed so far was based on the 
investigator’s interpretation of the sea data available to 
him. Apparently the only direct measurements of the 
growth of waves with wind duration are found in the work 
of Tjima (1957) from which Figs. 48, 49 and 50 are taken. 
These figures are based on observations at the Port of 
Sakata on the west coast of Japan, where appear well- 
defined and often stationary generating areas of moder- 
ately strong wind over the Sea of Japan. Tjima’s paper 
gives data on seven summer and three winter storms. 

33 Darbyshire’s wave height spectrum transformed into energy 
spectrum in ergs/em?/sec. 

34 The author has not examined the reference to Suthon (1945), 
but believes that it is the basic material used later by Bracelin 
(1952) who is cited in Walden’s (1953-54) discussion in the next 
section. 
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Fig. 47 Growth of waves with duration of 40-knot wind according to different formulations 
(from Gelci, Casalé, and Vassal, 1957) 



SEAWAY 47 

ESE —SE SSW W NW WNW WNW NW W 

EOE SE SSW NW NW WNW WNW NW NW 

6 ESE SSW SW NNW WNW WNW NW WNW NW 

£ O——=O Observed Values | 

ns 4 *—~x Hindcast by S-M-B Method | 

i= e By Spectrum Analysis | 
D | 
2 

13 th 4th 
Sept. 

Fig. 48 Wave height and period at Port of Sakata from 
September 13-14, 1955 (from Ijima, 1957) 

Figs. 48 and 49 were chosen from this set primarily be- 
‘ause they permitted the best reproduction. 

Observations were carried out using an underwater 

pressure meter installed at about 900 ft from the end of a 
breakwater, where the depth was 31.8 ft. Recordings 
were made continuously for 20 min every 2 hr. The 

solid curves in Fig. 49 show the recorded pressure-wave 
heights and the dotted curves show the wave components 
corrected for gage-depth attenuation. The time histor- 
ies of spectrum growth and decay varied somewhat for 
different recorded cases. Average conditions are how- 
ever well represented by Fig. 50. Confirming the con- 
clusions of Neumann and Gelci, et al, the spectrum de- 
velops gradually from the high-frequency end. How- 
ever, contrary to Neumann’s assumption, considerable 

energy is contained in the spectrum at periods longer 
than Tmax. No detailed analysis was made to show the 
degree of compliance of the curves in Fig. 50 with those 
expected from the various spectrum definitions. By 
visual examination alone (remembering the opposite 
directions of the abscissas 7’ and 1/7’), [jima’s spectra 

are seen to bear a close resemblance to those of Gelci, et 

al, Fig. 45. 

The decay process appears to be the reverse of the 
growth one. The longer waves disappear first, and the 
Trax i8 gradually shortened. In addition there is a cer- 
tain attenuation of short-wave amplitudes. 

6.5 Comparison of Various Spectra and Methods of 
Wave Forecasting. In this section the results of the var- 
ious investigations will be compared under: 

a) Spectra of fully arisen sea. 
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Fig. 49 Wave-energy spectrum of waves shown in Fig. 48 
(from Ijima, 1957) 

b) Wave development with time and fetch. 
c) Overall results of wave forecasts. 

In all cases the form of the spectral curve and the pre- 
dicted mean wave characteristics will be distinguished. 
Since the practical importance of the three subjects 
grows from a) to c), it is gratifying to find (as will be 
shown in the following) that the discrepancies between 
the various methods diminish from a) to c), although 
they never vanish. 

6.51 Spectra of fully arisen sea. A comparison of 
various spectra formulations are shown in Figs. 46 and 
51. The demonstrated differences among these spectra 
formulations are appalling, and indicate to this author 
the inadequacy of an empirical approach and the press- 
ing need to pursue development of a rational theory of 
wave generation by wind. 

The observational data for direct verification of the 
spectra are extremely meager. The ideal conditions of a 
well-defined single fetch and wind duration are very sel- 
dom found in nature. In strong winds incompletely 
developed seas are usually found, and in lighter winds 

(of minor practical significance) waves are most often 
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Fig. 50 Typical change of wave energy in build-up 
and decay of waves (from Ijima, 1957) 

compounded of several generating causes. Most im- 

portant of all, however, is the fact that a sea spectrum is 
a statistical concept. Waves are expected to conform 
to the predicted spectrum on the average, and it should 
not be expected that an isolated record will conform 
exactly. Conversely, an isolated record should be con- 
sidered of little value in qualifying a spectrum formula- 
tion. The rare occurrence of the ideal conditions in na- 
ture, however, makes it very difficult to collect sufficient 
data for a statistical evaluation. Also, until recently, 
Darbyshire’s (1955) data were the only ones obtained by 
instrumental measurements in the open ocean. 

In regard to the spectrum area, 1.e., significant wave 
height prediction, the subject is further complicated by 
the indeterminateness of the wind specification. Various 
formulations indicate that spectrum area is proportional 
to either the fourth or fifth power of wind velocity. 
Small differences in measured wind velocity will, there- 
fore, strongly affect the relative position of the spectral 
curve on such plots as Figs. 46 and 51. Yet winds are 

measured indiscriminately at various ‘anemometer 
heights,” and no standard for such measurements has 
been established. Aerodynamic experience also has in- 
dicated that interference of a body with an air stream 
extends for a considerable distance. In calibrating air- 

craft speed, a “bomb” carrying the speed pick up has 
sometimes been suspended on a cable many feet below 
the aircraft. The conclusion is inevitable that wind- 
speed measurement at practical locations on a ship is 
faulty. Conceivably a kite or a small balloon could be 
used on weather ships. 

Apparently the only available data from sea recording 
and analysis for spectrum verification were obtained in 
project SWOP (Chase, et al., 1957). This project will 
be described more completely in Section 8 in connection 
with directional wave spectrum. For the present it is 
sufficient to say that two stereophotographs of an open- 
sea area were taken from two airplanes simultaneously 
within a 20-min period of wave-pole recording. Two 
spectra were computed, one from the stereophotographie 
analysis and the other from the wave-pole analysis. 
One of these is reproduced in Tig. 51 for comparison with 
other spectra. 

A discussion of the discrepancies among the spectra 

shown in Fig. 51 will be found in Neumann and Pierson 
(1957). 

6.52 Wave development with time. Some of the ap- 
palling differences among the spectra shown in Figs. 46 
and 51 are compensated by the differences in their rates of 
growth. An abnormally high Neumann spectrum is de- 
veloping so slowly that its full wave height is hardly ever 
reached in practice in strong winds. The much lower 
wave height indicated by Darbyshire’s (1955) spectrum, 
on the other hand, is quickly attained. The differences 
among the different formulations are therefore much re- 
duced for the wind durations most frequently found in 
practice. 

The mean of 149 highest waves in a 40-knot wind is 
shown in Fig. 47 as a function of wind duration. This 
figure shows the wave heights expected in idealized condi- 
tions of uniform wind over unlimited fetch. Walden 
(1953/54) collected the material to show what was ac- 
tually observed. Weather and visual wave-observation 

data had been radioed at regular intervals by ten 
weather-observation ships in the Atlantic Ocean. This in- 
formation was systematically collected at the sea- 

weather bureau (Seewetteramt) in Hamburg, Germany. 

These records, covering the period from February to 
December 1953, were examined in conjunction with 
working weather maps. 

Out of a very large number of records, 515 suitable for 
wind-duration effects, and 264 suitable for fetch-effect 
evaluation were chosen. In these records the wind 
started suddenly, reached full force in a short time and 
then blew for a long time with approximately uniform 
velocity. In addition, in the records chosen, the sea was 

‘alm before the wind started. The conditions were suf- 
ficiently close to the ideal ones implied in spectrum 
formulations so that only minor computational correc- 
tions were necessary. The results of these investigations 
(for winds of 26 and 30 knots) are shown in T'igs. 52 

and 53 for the effect of wind duration and Tigs. 54 and 55 
for the effect of the fetch. Of the wave-forecasting 
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Fig. 56 Apparent wave periods plotted versus 24-knot wind duration (abscissa scale in hours). Dots indicate weather 
ship reports made in intervals of 2 sec (from Walden, 1953/54) 

methods, Bracelin’s (prespectrum) one gives results in 
best agreement with Waldens’ analysis of weather-ship 
observations for wind duration up to 30 hr. Por longer 
duration it somewhat exaggerates the wave heights. 

Neumann’s method gives a too slow wave rise during the 

first 5 hr of wind action, but strongly exaggerates waves 

after that. 
Tig. 56 compares the apparent wave periods computed 

by Neumann’s method with those reported by weather 
ships. The apparent periods are reported by ships in 
2-sec intervals, and the resultant series of points is seen 
to straddle Neumann’s period when wind duration ex- 
ceeds 15 hr for a 24-knot wind. This finding is in agree- 

ment with results demonstrated by Neumann in Fig. 
41. It can be considered as partial confirmation of the 
shape of the Neumann spectrum. The prediction of the 
wave height, indicated by this spectrum, can be im- 
proved following suggestions by Walden. On the basis of 
his data Walden (1953/54) recommended reduction of the 
constant in Neumann’s spectrum expression. Later, 
Walden (1956) recommended a reduction of this constant 

on the basis of a reinterpretation of Neumann’s Tig. 36. 
The apparently too slow initial rise of waves shown by 
Neumann’s method remains uncorrected. 

6.53 Practical wave prediction. In the cases chosen 
by Walden in the preceding section, weather conditions 

had to correspond to the assumptions made for the 

spectrum formulations. In normal wave forecasting, 

however, the effects of fetches with different wind 

velocities, of moving fetches,* of several fetches together, 

% References, Walden (1956b), Wilson (1955). 

of swells from distant storms, and so on, must be con- 
sidered. It almost appears that the initial spectrum 

formulation becomes subordinate to the forecaster’s 
reading and interpretation of weather maps. Neverthe- 
less, the particular formulation is important since a 
forecaster will get different results followime different 
forecasting methods. Comparisons of the results of dif- 
ferent methods by Rattray and Burt (1956) and by 
Walden and Farmer (1957) will be cited here. 

(a) Rattray and Burt (1956). Rattray and Burt pre- 
sented a hindeast of an abnormally severe storm in the 
North Pacific Ocean. The forecasting methods of 
Sverdrup and Munk (1947), of Bretschneider (1952) and 
of Pierson, Neumann and James (H) were used, and the 
results of each were compared with observations of the 
weather ship which was in the storm area. Fig. 57 

shows the wind condition and the results of the compari- 
son in the form of significant wave heights and significant 

periods. These are defined as the average height and 
period of one-third highest waves. 

The highest significant waves were apparently cor- 
rectly computed by all methods. Hindcast time histor- 
ies of wave development and decay deviate considerably 
from the observed ones. The wave-period hindcast 
following Sverdrup and Munk is best. 

The word “apparently”? was used advisedly in the 
first sentence of the foregoing paragraph. In formulat- 
ing the spectra and forecasting methods the air-water 

temperature differences are averaged out and usually are 

not considered specifically. In the application of a 
forecasting method to an individual case, however, it is 

advisable to consider the temperature difference since it 
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may make considerable difference in wave height. Cold 
air over warm water is unstable and more turbulent. 
It has, therefore, greater capacity for exciting waves. 
There is no generally agreed method of allowing for this 
effect, and it appears that Bracelin (1952) is the only one 
to have included it in his forecasting instructions. Fig. 
58 shows the relationship between the wave height and 
sea-air temperature difference according to Roll (1952). 
In the case illustrated here the air was 12 deg cooler than 
the water, and (by extrapolation) a factor of possibly 1.3 
should have been applied to the average predicted wave 
heights. Good agreement without this factor indicates 
that the ‘averaging’ methods of prediction exaggerate 
the wave height by possibly 30 per cent. 

(b) Walden and Farmer (1957). Walden and Farmer 
made 47 wave recordings on the MV Atlantis of Woods 
Hole Oceanographic Institute in November and Decem- 
ber 1947, on a cruise along the 50.5° W meridian from 
Newfoundland Banks to the South American Conti- 
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Fig. 58 Increase of wave height and steepness plotted 
versus air-water temperature difference. Air temperature 
is designated T1, water temperature Tw. Numbers above 
diagram indicate number of individual observations included 

in each plotted point (from Roll, 1952) 

Table 10 Data Corresponding to Walden and Farmer's 
Fig. 59 

Lati- = 
Figure Date, Hours- —_ tude* Ayy:, Ty 
Code November Minutes N ft sec 

a 14 08-55 40.9 11.5-11.7 7.9-7.5 
b 14 11-00 40.8 13 .0-13.2 8.3-8.1 
c 14 17-30 40.5 9.0-9.3 7.1-6.9 
d 16 14-15 38.6 4.6-4.9 6.3-6.1 
e 18 12-32 35.6 8.7-8.8 7.7-7.5 
if 22 01-37 27.9 17.0-17.0 9.1-8.9 

¢ Longitude uniformly 50.5° W. 
» Determined from spectra using Longuet-Higgins’ (1952) rela- 

tionships for a narrow spectrum. 

Table 11 

Pierson, Bret- 
Neumann, schneider Darby- 
James and Wilson Walden? shire 

+19.6 +52.0 ered =7,50 
(10)? (14) (17) (5) 

@ Walden (1953/54, 1954, 1955, 1955/56a, 1955/56b). 
» Figures in parentheses indicate the number of analyzed cases. 

nental Shelf. Fifteen of these were analyzed by the 
Hydrographic Office, Washington, D.C., and representa- 
tive wave spectra for six records are shown in Fig. 59. 
The wind and wave conditions corresponding to these 
spectra are given in Table 10. 

The wave records were taken with Tucker’s (1956) 

ship-borne wave recorder. The dotted lines in Fig. 59 
show the spectra corrected for the pressure-gage depth. 
Recordings were of 20-min duration, and were taken 
mostly with the ship drifting and in a few cases at very 
low speed in head seas. The local wind was measured 
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Fig. 60 Deviations of hindcast wave heights from observed 
ones in per cent for different methods of hindcasting (from 

Walden and Farmer, 1957) 

with an anemometer on the ship’s mast at the height of 
30 ft. Hindeasts were made on the basis of weather 

maps. The percentage deviations of the hindeasts from 

the observed significant waves are shown in Iig. 60, 

and the average deviations in Table 11. 
It will be observed that although there is a hopeless dis- 

parity between Neumann’s and Darbyshire’s spectra 
shown in Figs. 45 and 51, the disparity in the results of 

practical applications of their methods to normal sea 
conditions is much less. 

6.6 Descriptive Spectrum of Voznessensky and 
Firsoff (1957). The spectra outlined in the foregoing sec- 
tion describe an irregular sea as a function of wind 
speed, duration and fetch. They have been developed 
for the purpose of forecasting sea conditions and usually 
require the perusal of weather maps for their evaluation. 
There is, however, another problem, that of describing 
an observed sea regardless of the wind and fetch condi- 

tions which caused it. Such a description is needed, for 
instance, when a comparison of a ship’s motions and 
stresses with wave conditions is called for. 

The foregoing parts of Section 6 have dealt with pre- 

diction of wave spectra. The last section (8) of the 
monograph will be concerned with the analysis of a wave 
record which will give a description of a sea state without 

resort to its previous history. However, everything per- 

taining to the irregular sea must be handled by statistical 
methods, and a standardized (but flexible) sea descrip- 
tion is desirable in this connection. Voznessensky and 
Firsoff developed one such form of wave-energy spectrum 
in connection with their study of a ship’s rolling. 

It will be shown later in Section 8 that the first result 
of a digital analysis of a wave record is the “auto-co- 
variance function,” the plot of which is called a ‘cor- 
relogram.”’ Fig. 65 shows nine correlograms obtained 
by the analysis of instrumental wave records. All cor- 
relograms are similar in three aspects: the maximum 
ordinate is at zero on the abscissa scale, there are peri- 
odic oscillations and a decay in the amplitudes of oscilla- 
tion. Such functions are approximately expressible by 

an equation of the form 

R(r) = R(O)e—* cos Br (103) 

where, for the time being, 7 can be considered simply as a 
number (designating time) on the abscissa scale of a cor- 
relogram. It will be shown in Section 8 that at 7 = 0, 
the function R(O) represents the area of a spectrum, and 
is therefore a measure of the wave height. The symbol 
E will therefore be substituted for R(O). The parameter 
ais a measure of wave irregularity. The autocovariance 
or correlation function of a regular sinusoidal wave is also 

a sinusoidal wave, and therefore a = 0 in this case. 
The rate of attenuation of oscillations increases with 
broadness of spectrum; i.e., when the distribution of the 
spectral energy of the irregular sea is over a wider band of 

frequencies. This is indicated by increasing values of a. 
The parameter @ is the circular frequency of oscillations. 
In the limiting case of a sinusoidal wave, @ is the fre- 
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Fig. 61 Definitions of apparent wave heights and periods in measurements from a wave record (from Neumann, 1954) 
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Fig. 62 Waves at different wind speeds. Frequency distribu- 
tion of ten weather-ships’ observations in Atlantic Ocean 

(from Roll, 1955) 

quency w of this wave. In the case of an irregular sea it 
appears to bear a relationship to the mean wave fre- 
quency. 

The spectrum obtained from equation (103) by a 
Fourier transform (see Section 8) is 

2h Sp ae : 
7 (w? — a? — 6?) 

E(w) = (104) 

The parameters a and 8 were evaluated on the basis of 

analyses of numerous records made in 1951-1952 in the 
Barrents Sea using a wave-measuring buoy. Individual 
records contained on the average 400 waves. The 
parameters were found to be functions JO 24} wave height. 
They are shown in I'ig. 66 plotted agattjs average wave 
height. 

Voznessensky and Virsoff have thus defined a sea 

spectrum in terms of the parameters 1, 8, and a. These 

parameters correspond to the spectrum characteristics 
most important in defining ship motions; namely, wave 
height, frequency at the maximum of the spectral 

density curve, and degree of sea irregularity respectively. 
The spectrum was derived on the basis of instrumentally 
measured and analyzed waves but the definitions can be 
useful in connection with visual observations or (pref- 

erably) visual inspection of wave records. The mean 

apparent period 7 of the waves can be estimated either 
by visual observations or by inspection of wave records. 

A small amount of additional research may establish the 
quantitative connection between the observed frequen- 
cies and the parameter 8. Likewise, a measure of the sea 

irregularity can be devised on the basis of which the pa- 
rameter a can be evaluated. Thus a three-parameter de- 
scription of an observed sea spectrum can be developed 
for use by ships’ personnel, particularly aboard weather 
ships. 

The above remarks should not be construed as recom- 
mending visual observations. It is highly desirable that 
ship-borne wave recorders be used on all weather ships. 
It is also desirable that shipboard analyzing equipment be 
provided. However, with Voznessensky and Firsoff’s 
method there is a possibility that, after a small amount 
of additional research, results of visual wave observa- 
tions, of visual examination of wave records, and of 

spectral analysis of wave records can be presented in the 
same spectral form. The method provides therefore the 
possibility of collecting spectral sea data on a broader 
scale than heretofore. 

7 Statistics of Directly Observable Sea Waves 

Three stages are discernible in the observation and 
study of sea waves, the first, visual observation with a 
stop watch as the only instrument, the second, instru- 

mental recording of wave elevations, and the third, the 
development of spectral analysis techniques. The con- 
cept of a wave spectrum and the formulations of various 
spectra were discussed in Section 6. | Methods of evaluat- 
ing spectra from wave records and various mathematical 
problems arising in this process will be discussed in See- 
tion 8. The present section will be concerned with the 
handling of data obtained in the first two stages prior to 
the emergence of the third. The older methods are by no 
means superseded by the spectral techniques; all are be- 
ing currently used for different purposes. 

The great bulk of past wave data has been obtained by 
visual observation. Instrumental recordings until re- 
cently were obtained from pressure recorders located at 
appreciable depth near shore. The only instrumental 
wave recordings in the open sea available at present are 

those of Darbyshire (1956) and of Walden and Farmer 

(1957). The same form of simple statistical analysis has 
been used for the visual observations as for the instru- 
mental recordings. Tig. 61 shows a section of a long 
record of irregular sea waves. The record is clearly not 
sinusoidal, but one can nevertheless speak of the time in- 

tervals between successive crests as ‘apparent periods,” 
designated as 7 in order to distinguish them from the 
true period 7 of a sinusoidal wave. Likewise, the verti- 
cal distance from a trough to the neighboring peak is 
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Fig. 63 Monthly distribution of wave heights (from Darby- 
shire, 1952a) 

called “apparent height,” or H. While described thus 
with respect to a record, the apparent amplitudes can be 
judged by direct visual observations, and the periods 
measured with a stop watch. 

Both 7 and A are highly variable. A number, say 
200, of consecutive apparent periods can be measured 
and collected in a table. The entire content of this 
table is then divided into classes of equal intervals, for 
instance 0.5 sec, so that the classes are from 2 to 2.5 sec, 

2.5 to 3 see, 3 to 3.5 sec, and so on. The number of ob- 

servations falling into each class is plotted as ordinate 

versus 7 as abscissa. The actual frequency of occurrence 

of each class may be plotted, but it is preferable to plot 

the ratios of these numbers to the total number of read- 

ings. These percentages are usually referred to as the 

“frequency distribution.”” Examples of such diagrams 

which are often called “histograms,” are shown in Fig. 

Experimental Histogram 

Per Cent Theoretical Rayleigh 
Distribution 

) 1.4 2.8 4.2 5.6 7.0 
Double Wave ‘Amplitude), In. 

Fig. 64 (From Lewis, 3-1956) 

41. Similar diagrams are prepared to show the fre- 
quency distribution of wave heights. Fig. 62 shows the 
wave height distribution in the Atlantic Ocean based on 
visual observations reported by ten weather ships and 
subdivided according to wind speed ranges on Beaufort 
scale. The last number in the legend of each subdivision 
indicates the number of wave reports used in making the 
plot. Fig. 63 shows the comparative distribution of 
wave heights as measured by Darbyshire with a ship- 
borne wave recorder in the open ocean and with a pres- 
sure instrument off the coast of England. Frequency 
distributions of apparent wave periods and heights in a 
wind flume test are shown in Fig. 12. 

Consider a histogram of the wave height and designate 
by N the total number of heights recorded, by H; the 
heights of individual waves, and by AN/N the percent- 
age of points in a class of interval AH. If the intervals 
are sufficiently small and a smooth curve is drawn to re- 
place the stepped histogram, the “probability density” of 
H, can be defined as 

p(H;) = lim (AN/N)/AH (105) 
AHi—0 

The integral of this curve 
Hi 

PH) = [ pHl) alt (106) 
0 

is known as the probability of H;. It defines the per- 
centage of the total number of observations NV (assumed 
to be very large) which will have values below a specified 
wave height H;. 

The histograms shown in the figures have an ap- 
parently wide range of shapes and appearances. How- 
ever, there is cogent reason for believing that the fre- 
quency distribution of a large number of individual meas- 
urements of periods or amplitudes of waves follows a 
well-defined law developed in the statistical theory. 

The following parameters are first defined: 

N 
Mean amplitude 7 = - SD, 1ah (107) 

AY 9 =] 

1 N = 

Variance o? = ee >> i; -— #)? (108) 
oa -— 1 
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Fig. 65 Sample autocovariance diagrams obtained from an analysis of waves recorded at sea (from 
Voznessensky and Firsoff, 1957) 

where H, — HZ is the deviation of an individual wave 

height from the mean value. 

] 
: Jalen 
N » 

Three frequency distribution laws have been formu- 
lated: 

(109) Mean square 4 = 

1 The ‘normal distribution” 

p(H;) = aoe: exp [—(H; — H)?/207] (110) 

2 The “log-normal distribution,” a normal distribu- 

tion of the logarithm of H;: 

exp [— (log H, — log H,)?/2c7] 

(111) 
TV au 

where log H, denotes the mean value of the logarithms of 

H,. 
3 The “Rayleigh distribution” defined as 

oF. 

p(H;) = = exp (—AH,?/E) (112) 

where 

H,>0 

Fig. 64 shows the histograms of the wave heights in an 
irregular sea test in a towing tank and the corresponding 
Rayleigh distribution. A simple derivation of this dis- 
tribution, equation (112), will be found 1 in the Appendix 

to Williams’ (S-1962) » General ussion of the 

foregoing and numerous , samples of sea and ship motions 
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Fig. 66 Values of parameters a and 8 which define shape of autocovariance function (from Voznessensky and Firsoff, 1957) 

were presented by Jasper (3-1956). Reference was 
made to H. Cramer, ‘‘Mathematical Methods of Statis- 
ties,’ Princeton University Press, Princeton, N.J., 1946. 

The histograms describe an observed sea without dis- 
closing functional or causal relationships. By plotting a 
series of histograms (as for instance in Fig. 62 for a series 
of wind speeds), an idea of the functional relationship 
may be achieved, but not a mathematically defined 
quantitative relationship. Since the plan of this mono- 

graph is to trace the quantitative effect of waves on ship 
motions and on ship stresses, the histogrammatic ap- 
proach will not be discussed further. Attention will be 
concentrated on spectral analysis, which permits the 
formulation of functional relationships. 

8 Mathematical Representation of the Sea Surface 

8.1 Probabilistic Versus Deterministic Representa- 

tion. In the first five sections of this chapter, the reader is 
acquainted with the great amount of time and effort that 
has been expended in the development of the various 
theories relating the generation and growth of ocean 
waves to the winds blowing over the sea surface. It is 
quite natural that the reader should come to expect at 
least some attempt at a partial unification of all this 
work with perhaps a view toward formulation of a deter- 

surface. Unfortu- 

Notwith- 

standing the wealth of ideas and material revealed in 

these five sections, a champion is yet to appear on the 

oceanographic scene who can specify the precise behavior 

of the sea surface for all time and/or space simply on the 

ministic representation of the sez 

nately, and regrettably, this is yet to be done. 

basis of a set of initial conditions. The fact is, we Just 
don’t know enough about the interaction of the wind 
with the sea surface to do this. 

This is not difficult to understand if one but looks at a 
time history of the waves passing a fixed point, Fig. 61. 
Even this simplified description of the seaway illustrates 
quite clearly the absence of any regularity; high waves 

follow low waves in no set pattern and even ‘‘period”’ 
measurements fail to demonstrate any regularity. To 
make matters worse, the appearance of extra small wig- 
gles in the record defies classification and many high- 
frequency wavelets are not even sensed by most trans- 

ducers. Examination of very long records (1 hr dura- 
tion) reveals that no portion of the record repeats itself 
throughout. It is natural therefore to assign a property 
of “randomness” to ocean waves. On the basis of this 
assumption and fortified with ignorance of any deter- 

ministic method for representation of the sea surface, the 
appeal of a probabilistic definition could hardly be re- 
sisted. 

The suggestion of probabilistic methods was not im- 
mediately embraced because there was a natural suspi- 
cion (by those not well grounded in this branch of mathe- 

matics) of the implication of qualified statistical aver- 
ages. However, when the virtues of probability theory 

are examined, in terms of defining the state of the sea, 

the matter takes on a positive hue. Consider again, the 

random (stochastic) process in Fig. 61. One fact be- 

comes strikingly clear. This precise event, recorded in 

the open sea, may be expected never to occur again. 

Consequently, any description of this event as a particu- 

lar realization of the seaway is only useful in a very 
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limited way. The basic problem is to define that particu- 
lar seaway from which this ‘sample’? record was ob- 
tained. 

This record is only one of many samples which might 

have been taken from the population which is that par- 
ticular seaway. Other records of the same length, taken 
at other times and other places, will in general yield, if 

long enough, the same information on the state of the sea, 
provided the seaway retains its statistical homogeneity 
throughout the sample space and time; that is, remains 
stationary. 

The sample record is then seen to be one member of a 
large family of possible sample records. It may be 
thought of as a single function in an ensemble of func- 
tions. If in addition to being stationary and random 
(stochastic), the sea surface 1s Gaussian as well (that is, 
points read at random from the sample record are dis- 
tributed according to the normal probability law), then 
the sample record lends itself to computation of certain 
statistical quantities. An important property of such 
ensemble functions is given by the Ergodic theorem, for 
stationary Gaussian processes, which states that time 

and space analyses yield the same statistical properties as 
an ensemble analysis. In other words, z7f the seaway is 
stationary and random and Gaussian then analysis of a 

long enough sample record from this sea surface may de- 

fine (statistically) the seaway for all time and space where 

these assumptions apply. This is what is desired in most 
expositions relating to the seaway. One sacrifices de- 
terminism for the statistical properties of one member 
(record) of an ensemble of functions which, if it describes 
the average statistical properties of that ensemble, is a 
good description of the parent population (seaway) from 
which the original sample was drawn. 

Ocean waves are observed to be random in that they 
are, in general, unpredictable space and/or time-wise. 
Analysis of wave elevations chosen at random from many 
different wave records has shown a high percentage of 
frequency distributions which conform well to the normal 
probability (Gaussian) law. This permits the computa- 
tion of certain statistical quantities which describe the 
distribution of wave heights in the seaway from which 
the particular sample (record) was taken. (See Section 
8.6). Stationariness is somewhat arbitrary and usually 
is based on the appearance of the record. If the waves 
are not obviously growing or decaying during the record- 
ing period, the seaway is considered to be stationary for 
that interval of time. 

The treatment of wave data is independent of the con- 
ditions just mentioned. However, interpretation of the 
results depends very much on the assumptions that the 
data are stationary, Gaussian, and that only a relatively 
narrow range of wave frequencies is involved.  Justifi- 
‘ation for results of wave analysis is on the user of the re- 
sults and not on the experimental data or on the meth- 
ods of analysis. The fact that the complexity of waves 
forces statistical treatment does not, however, relieve 

one of the responsibility of exercising good judgment in 
the experimental design of wave analysis. 

The tool most applicable to realization of a probabilis- 

tic definition of waves is the energy spectrum of the sea 
surface. This is essentially an analysis of the* variance, 
or second moment property of the record of the seaway. 
Some of the seaway statistics derivable from such an 
analysis were given in Section 7; more will be discussed 
in this section. 

At this stage then, determinism has been abandoned 

(at least temporarily) for probability methods, and the 
key to a statistical description of ocean waves is found to 
be the energy spectrum, because it may yield the kind of 
information desired of this stationary, random process. 

As has been noted, the qualifications pertaining to the 
process have no bearing on computation of the spectrum 
but relate only to the statistics derivable from the spec- 
trum. In this connection, the applicability of such 
terms as stationary and Gaussian are somewhat arbitrary. 
It is generally agreed that ‘nearly stationary’ and 
“nearly Gaussian” conditions are acceptable assump- 
tions, but these again are somewhat arbitrary and will 
bear further discussion later on. 

Section 6 has already introduced the reader to various 

attempts at an analytical formulation of a one-parameter 
family of spectra that is representative of the sea surface, 
under any conditions. Which particular formulation is 
the best is still open to question. The problem however 
is being investigated vigorously by a number of ocean- 
ographers and although some of these are quite adamant 
in their particular beliefs, at this time, basic differences 

in their spectrum formulations are not so great that a 
mutually acceptable and reasonably reliable spectrum 
may not be realized at some future time. 

The “empirical-theoretical’” spectra discussed in See- 

tion 6 are useful in that they may describe the state of the 
sea, if once the time-space variation in the wind field is 

determined. If the point of wave observation and the 
date and time are specified, then weather maps are con- 
sulted for resolution of the wind field and by the care- 
fully documented work of, for example, Pierson, Neu- 
mann and James (/7),*° the state of the sea may be de- 

fined. The importance of this work lies in the fact that 

it enables prediction treatment of partially developed 
seas, (slowly) changing seas, and swell originating from 
distant storms. If the spectrum formulation of Pierson, 
Neumann, and James is unacceptable to an investigator, 
their work still permits the adaptation of any other 
spectrum form given in Section 6. 

The use of weather maps (spaced 6 hr apart) is still 
somewhat subjective and it is desirable, for the time be- 

ing, to be able to estimate the energy spectrum of the 
seaway from wave records or other suitable measure- 

ments. This is especially true for full-scale seakeeping 
trials where the results always relate to the state of the 
sea. A mechanically observed, computer-derived state 
of sea is the only accurate description available. Assuch, 

it is also used in wave research in attempts to verify the 

«6 Other sea-state determinations have been given by Bracelin 
(1952); Bretschneider (1959)(see ref. p. 105); Gelei, Cazalé, and 
Vassal (1957), and Walden (1958). 
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spectrum formulations of Section 6. In fact, it is very 
likely that a great many wave spectra of different sea 
conditions will need to be measured and interpreted be- 
fore a particular equation will be settled upon as ade- 
quately descriptive of all possible wave conditions. — It 
should be mentioned that some oceanographers are at 
present engaged in collection of wave data on a large 
scale for the primary purpose of settling the wave- 
spectrum formulation question. A symposium dedicated 
to the wave spectrum will be held in 1961, and perhaps 
some unification of wave theories will result. 

The intent of this section is to quit the realm of ques- 
tionable sea spectrum prediction and to acquaint the 
reader with this alternative formulation of the spectrum 
of the seaway; namely, that derivable from direct ob- 
servation of waves and analysis via the concepts of ran- 
dom process theory. Naval architecture is indebted to 
Prof. W. J. Pierson, Jr. for recognition of the applicabil- 
ity of random-process theory (well known in the field of 
communications), to ocean waves and ship motions, and 
for making these methods available to naval architects 
for practical use (Pierson, 1952a; St. Denis and Pierson, 

1953). 
Several quotations from Press and Tukey ( 1956) will 

partially summarize what has been discussed in these in- 
troductory remarks and will suggest what is to follow: 

“Wourier methods in particular have found wide re- 

gions of application in aeronautics and have provided 
many useful results. ... The introduction of a chance 
or random element leads naturally to the application of 
probability and statistical notions which in combination 
with classical Fourier techniques have in recent years 
evolved into a general technique for the analysis of prob- 
lems of this type. These techniques stem from the field 
of random-process theory and from generalized harmonic 
analysis. Of particular appropriateness for present 
purposes are the methods centered around the use of 
power spectra .... Fourier techniques are described, as 
those techniques, which when fused with statistical 
theory, form the basic mathematical structure for spec- 

tral methods.” 
8.2 Evolution of the Description of the Seaway from 

Wave Measurements. Most of the discussion in Section 8 
will be devoted to the formal reduction of wave data to 
energy spectra and the problems which arise from the 
nature of the data and from the various means of data 
handling. In order to provide the reader with a suitable 
perspective that will prepare him for exposure to some of 
the subtleties of random-process theory, it will be worth 
while to discuss the various paths which may be taken, 
in proceeding from the observation stage to the final form 
of sea-state representation. 

There are five basic steps involved in the realization of 
statistical information from the energy spectrum of 
waves: 1) Observation, 2) recording, 3) preparation, 
4) reduction, 5) presentation. It is not necessarily the 
case that all five steps must apply (for example, one may 
go directly from the transducer to the analyzer), but 

these exceptions will be rare occurrences pertaining to 

operational use of the energy spectrum rather than to 
the energy spectrum as a descriptive tool in a particular 
investigation. 

8.21 Observation. ‘Transducers used in wave ob- 
servation are more varied than those for any other event 
related to seakeeping. The reason is that waves are 
harder to measure than ship motions. One can find in 
the literature such waves sensors as: graduated staffs 
fixed to piers, pressure transducers on the bottom, float- 
ing (capacitance, resistance, inductance) poles, floating 
accelerometers, stereo-photography, combinations of ac- 
celerometer and pressure transducer (shipboard), ete. 
None of these is without error due to distortion and 
noise, of some magnitude, but most are fairly reliable 
and find application in different investigations. It is in- 
cumbent upon the user to ascertain that the error in sens- 
ing, of his “wave observer,” is either sufficiently small to 
neglect or to qualify his results in terms of that error. 

8.22 Recording. Almost always, the raw wave data 
will be analyzed in the laboratory, rather than at the 
transducer, hence the necessity for a memory or storage 
system. The information observed and interpreted by 
the transducer is delivered to the memory, the recorder; 
that is, the sensor observes the event and may reproduce 
the observation as a continuously fluctuating voltage. 
This voltage is transmitted to a recorder which may re- 
convert the data to a trace on paper, modulated electro- 
magnetic signal (tape recorder), trace on film (camera 
recording output of oscilloscope), sequence of numbers, 
or any one of a number of other memory media. Chart 
paper and magnetic tape are the two most popular wave- 
recording methods in use. 

Like the wave-sensing equipment, recorders are not 
without some error owing to distortion and noise; for 

after all, a recorder is first a transducer and second a 
memory. The qualification of results due to recording 
error apply in the same way as to the wave observing 

transducer. 
8.23 Preparation. The data, at this point, are still 

in their original form and must be prepared for input to 
an analyzer, either digital or analog. The digital input 
will usually be in the form of equally spaced measure- 
ments of deviations from the mean of the wave record, 

recorded on punch cards or tape. The analog input is 
usually the fluctuating voltage presentation on magnetic 
tape, sped up many times, so that the frequency range 
of the input signal is amenable to survey by filters of 

practical bandwidth. 

8.24 Reduction. The data are now ready for spectrum 

analysis. Analog computers are usually required to 
perform the operations of filtering, squaring and smooth- 
ing, while digital computers perform calculations for the 
autocovariance function, Fourier cosine transform and 

smoothing. Both techniques are compatible and will 
produce the same results, if properly treated. In fact, 

the two techniques may successfully be switched, (that is, 

digital filters versus electronic autocorrelators), though 

this is not particularly convenient. 

8.25 Presentation. The output of the analyzer is 
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either a graphical presentation of relative spectral density 
versus frequency (usual output of analog computers) or a 

set of numbers representing relative spectral density 
(usual output of digital computers). Such a spectrum 
determination provides information on the general dis- 
tribution of energy. Further statistics are derived from 
the total energy in the spectrum as well as from the var- 

ious even moments of the spectral-density function. 
This review of data collection and data reduction il- 

lustrates that a variety of errors may be introduced into 
the signal long before it is analyzed. It is generally 
agreed however, that if the precautions discussed are 
taken, the net error in the signal, at the time of analysis, 
may be neglected when compared to the computational 
errors and the more serious error due to sampling vari- 
ability. These last two errors will be discussed in detail 
in subsequent sections. 

8.3 Scalar Sea Spectrum—tTheoretical Determination. 

Wave records, of finite length, can be analyzed by famil- 
iar Fourier-series methods. This however is found to be 
impractical, at least by numerical methods. Complete 
analysis of a record may require a computation of as 
many as 300 harmonics with little contribution to the 
total energy in the spectrum in the first hundred har- 
monics. Using analog-filter techniques, such an analy- 
sis is not nearly so cumbersome. Blackman and Tukey 
(1958) point out that such elementary (Fourier series) 
methods frequently fail because indefinitely long rec- 
ords may not be available. The high-precision, high- 
resolution analysis of such short records results in 
spectra which may be quite misleading because they 
represent very well the fluctuations of the particular rec- 
ord being analyzed rather than the ensemble of functions 
it is desired to represent. A quote from Lee and Wiesner 
(1950) will illustrate further the shortcomings of Fourier 

techniques: 
“|. we wish to know the spectrum of the fluctuating 

voltage. If only Fourier series and Fourier integral 
theories for periodic functions and transients are at our 

disposal we are not sufficiently equipped to solve a prob- 
lem of this sort. The reason is simply that these theo- 
ries, as they stand, are not applicable to functions which 
are specified in terms of statistics and probability and 
which are not representable by specific analytic expres- 
sions giving their precise values for all values of the in- 
dependent variable. However, the extension of the 
Fourier theorems to the harmonic analysis of random 
processes through the medium of correlation functions 
has enabled us to obtain a solution to our problem with 
surprising ease.” 

Since we are dealing with a single function y(t), we 
shall speak of the autocovariance (autocorrelation) func- 
tion as the descriptive property of such a record. How- 
ever, Wiener (1930) showed that the autocovariance 

function and the energy spectrum are Fourier trans- 
forms of each other. This being the case, both must 
yield the same information, in principle. In practice, 
confidence criteria derived for the autocovariance func- 
tion are very complicated and difficult to apply, while 

the work of Tukey (1949), on sampling effects, finite 
length of record and computational procedure, is easily 
applied to the energy spectrum. In addition, the energy 
spectrum, being in the frequency domain (rather than 
the time domain), appeals to the naval architect who 

deals with transfer functions and ship responses. The 
energy spectrum has gained wide use and acceptance in 
such fields as meteorology, oceanography, seismology, 
and aerodynamics. 

The application of harmonic analysis to random 
stationary processes appears in many places in the litera- 
ture. A particularly clear development is given by 
Rice (IX), who extended the ideas of Wiener (1930) 

to obtain derivations of certain important. statistical 
properties of Gaussian random processes. The pro- 
cedure of Rice in defining the energy spectrum, via the 
covariance function, will be paraphrased here to apply to 
ocean-wave records. 

Let a sample wave record, 7 seconds long, such as is 
shown in Fig. 67, be considered periodic,*’ with period 7’, 

Fig. 67 

and absolutely integrable in that period, i.e. 

rn 

it y(t)dt< @ 
0 

then y(¢) can be represented by a Fourier series 

? 

Qo ss FH é 
y= 3+ >> (a, cos wt + b, sin wt) (113) 

“ n=1 

where w, = 27n/T and vn is an integer. The coefficients 
a, and 6, are the amplitudes of the nth cosine and sine 

waves. These amplitudes are evaluated in the theory of 
Fourier series by the integrals 

9 L 

a, = al y(t) Cos w,t dt 
T Jo 

(114) 

9 SR 

b, = al y(t) sin w,t dt 

Let the record now be shifted by an amount of time r. 
Then for the interval -7 <t <T— +7 

yt +r = 24+ Dd 
2 n=1 

fa, cos w, (t+ 7) +b, sin w, (f+ 7)} (115) 

37 The condition of periodicity will not disturb us, because we 
are interested only in the properties of y(¢) in any interval exactly 
T seconds long. 
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The coefficients a, and ), remain unaffected by the 

shift 7, provided that 7 is sufficiently long. However, a 
new relationship now appears—that of the dependence 
of the measured y(t + 7) on the record shift 7. In order 

to find the characteristics of this dependence, series 
(113) and (115) are multiplied and integrated with re- 
spect to ¢ and taken in the limit as 7’ goes to infinity. 
This defines the autocovariance (autocorrelation) func- 
tion which by the ergodic theorem completely describes 

the process. 

ney Bed ing 
R(r) = lim = / y(t) y (t + 7) dt 

T—o J0 

a + ¥ (a2 4+ 8,2) cosa, 7+ C (116) 
n=1 

where C stands for correction terms which must be added 
because series (115) does not represent y(t + 7) in the 
interval (7 — 7, T) when 7 > O, or in the interval (0, 

—r)if7 <0. The integral expression for R(7) in equa- 
tion (116) is commonly known as the “autocovariance 

function”’. 
On the extreme right-hand side of equation (116), the 

sum of the amplitudes a,” + b,? is the square of the total 
amplitude of the wave for each harmonic component 
w,. The amplitude squared, multiplied by a suitable 
constant, represents the energy which is contained in the 
nth wave component. An interval of frequency Aw can 
be visualized as containing a number of harmonics so 

that the average energy density in the frequency inter- 

val Aw is proportional to 

(117) 

The limit of this ratio as Aw > 0 was variously designated 

as w(f) by Rice (Is, p. 167), @(w) by Tukey and Press 
(1956), 0.5 [A(w)]? by Pierson (1952), and H(w) by 
Longuet-Higgins (1955) and is seen to be a measure of 
the total energy in the wave system. In Rice’s defini- 
tion, the frequency f = w/27 is used instead of the 

angular frequency w. On the basis of the foregoing, 
equation (116) also can be written® 

R(r) = I E(w) cos wr dw (118) 
( D 

The corrective coefficient C of equation (116) vanishes 

because of the assumption that 7— «©. The coefficient 
ad is eliminated by measuring the record ordinates, y, 

from the mean level of the record. 
The value of (+) can be estimated from wave-record 

measurements and the integral equation (118) can be 
solved for E(w) by using a Fourier transform, yielding 

the spectral density, 

9 2 

Ee) = = { R(r) cos wr dr (119) 
' 0 Tv 

8 For a more rigorous transition from summation to integration, 
the reader is referred to Rice (Ix, p. 167). 

R(O) designates the 
(118) for 7 = 0: 
become 

th ) 

&(0) = hm at [y(t) |-dt = i E(w)dw (120) 
I Oy 0 To 

value of equations (116) and 
In this case equations (116) and (118) 

This is a manifestation of the important theorem of 
Parseval which states that the average energy in the sig- 
nal is equal to the sum of the average energies in each 
frequency component. 

Equation (120) is proportional to the mean energy of 
the wave system, or to the variance of y(t). Because of 
this relationship to the energy, the function E(w) is 
known as the “power spectrum” or “energy spectrum.” 
The first term is universally used in electronics and the 
second has been recommended for use in oceanography 
and naval architecture. Both of these refer to the dis- 
tribution function which is /(w) versus frequencies w or 
f. E(w) is defined more correctly as the spectral density 
function. 

In application to the wave spectrum, Pierson, (J, 
1952) introduced the symbol [A (w) |? in place of 24 (a). 

In this form, the proportionality of the energy to the 
square of the component wave amplitude is used to em- 
phasize that the spectrum is everywhere positive. He 
also introduced the symbol / = 2R(0) as the measure 
of the total energy contained in the spectrum. Since 

Pierson’s definition of / has been widely used in char- 
acterizing the wave heights, the factor 2 will be hereafter 
incorporated in definitions of covariance functions. The 
reason will be given in the next section. 

Lucid and authoritative expositions of the spectral 
analysis of stationary randon processes are given by 
Press and Tukey (1956) and by Blackman and Tukey 
(1958). 

8.4 Scalar Sea Spectrum—Calculation by Numerical 

Method: 8.41 Formulation for computing procedure. 
The continuous time history which is the wave recording 
may, in theory, be operated upon by equations (116) 
and (119) in order to obtain the wave spectrum. In 
practical application, the continuous wave record is re- 
placed by a sequence of equally spaced readings of y(t); 
the approximation can be made as close as desired, by 
judicious choice of sampling interval. This sequence of 
numbers is then converted to a new sequence composed of 
numbers denoting deviation from the mean of the wave 
record. This new sequence of numbers is then operated 
upon by a discrete approximation to (116) of the form 

9 N-p 

eo Wan Yo Voto (p = 0, 1,..., m) (121) 
RE 

where 

R, = autocovariance estimate for lag 7 = pAt 
At = time interval between values of y(¢) read from 

original record 
y, = value of y(t) at time gAt read from ¥ as origin 
mn = number of data points available in sample y(t) 
p = number of intervals defining lag 7 = pAt 
m = maximum number of lags 
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Fig. 68 Non-normalized autocorrelation function reduced to unit amplitude by division by FE, ,,,< for pressure record 
of 10-18-51 from 2258 to 2323 EST at a depth of 32.5 ft MS off Long Branch, N. J. (from Pierson and Marks, 1952) 

The number 2 is inserted in (121) to account for the 
symmetry of the autocovariance function. It accounts 
for the products y,y,—, In computing the total variance 

in the record. The autocovariance function of a wave 
record appears in lig. 68. The energy spectrum of the 

finite sample, y(t), may be estimated from the discrete 
values of the autocovariance function through a discrete 

Fourier cosine transform which is the same as using the 
trapezoidal rule for integration to approximate equation 

(119). The result is 

m—1 

bp = Ms | + 2 3 R,cos rph/m + R,, cos rh | 
m p=l 

(he Oe) 22) 

where the L, are estimates of the spectral densities at 
frequencies 

(123) 

The quantity 7/mAt in (123) is the interval between 
spectral estimates computed in (122) and is bound up in 
that equation as the frequency bandwidth. Therefore, 
if the L, are summed, the result is an estimate of the 

total energy of the spectrum computed from the sample. 
This important property will be used in Section 8.6 when 
statistics are obtained from the computed spectrum. 

The process of discrete cosine transformation can be 

thought of as a weighting or filtering process of the form 

= | E@)G (o— @,)de (124) 

The filter operator, G(w — w,), on the true spectrum of 

the sample, H(w), has the form 

sin [2rmAt(w — «,) | 

tan[rAt(w — w,)] 

In the ideal case, it is desired that G(w — w,) be constant 

in the interval w, — Aw/2 < w, + Aw/2 and zero else- 
where. Then, L, would be an accurate estimate of the 

energy density in each frequency band. Actually, the 
function G(w — w,) has the form shown in lig. 69 and is 

a poor approximation to the ideal filter. Because of the 
high-amplitude side lobes, it is expected that spectral- 

G(w Wp) ie 

Relative Magnitude 

= Ue 

L | 

0) 2 4 6 8 10 12 14 
Deviation from Center Frequency 

Cin Units of Aw) 

Fig. 69 Filter response (M = 20) (from Fleck, 1957) 

energy estimates at any frequency will be affected by 
energy in neighboring frequencies. Also, the negative 

lobes yield “negative” quantities of energy. The work 
of Pierson and Marks (1952) and Fig. 70 show the com- 

putation of “negative” energy at certain frequencies. 

A simple smoothing operation on equation (122) will 
improve the shape of the filter, Fig. 69, and results in bet- 
ter estimates of the spectral density. The smoothed 
spectral estimates take the form 

Ey = 0.5L of 0.5L, 

B, = 0.25 Ly. +-+ 0.50, + 0.25L,4; 
Be 6r 0s, 

he= 1, 2526 

This form of smoothing (0.25, 0.5, 0.25) is called Han- 
ning (after van Hann). Another form, used extensively 

(125) 

,m— 1) 
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Fig. 70 ‘‘Raw” or unfiltered power spectrum (from Pierson and Marks, 1952) 
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Fig. 71 Best estimate of pressure-power spectrum of autocorrelation function plotted in terms of | Api(u)? 
yersus yz]. True spectrum lies between dashed boundaries 90 per cent of time (from Pierson and Marks, 

1952) 

in the literature involves weighting coefficients of 0.23, 
0.54, 0.23 and is called Hamming (after Hamming). 
There are any number of other smoothing functions that 
can be used and some are listed by Fleck (1957). 

The procedure for numerical computation of spectral 
density given here is thoroughly discussed by Blackman 
and Tukey (1958) and clearly outlined by Fleck (1957). 

Fig. 68 shows a normalized autocovariance function, 

R(r)/R(O) computed from wave records obtained by a 
pressure transducer. The ‘raw’ spectrum, appropriate 
to this function is shown in Fig. 70 and the ‘“‘smoothed” 
spectrum obtained by equation (125) is shown by the 
solid line in Fig. 71. These graphs are from Pierson and 
Marks (1952). This paper also contains an important 
section dealing with the extrapolation of the subsurface 

pressure-wave record to the free surface. These two 
spectra, superimposed, are shown in Fig. 72. 

8.42 Choice of computational parameters—inter- 
pretation of spectrum. The discussions on measurement 
of the seaway so far given in Section 8 would ordinarily 
suffice for the purposes of this monograph on seaworthi- 
ness and we would be tempted to go on with a brief de- 
scription of the statistics derivable from the sea spec- 
trum plus some qualifying remarks on the statistics and 
then close the issue. It turns out however (as will be 
seen in Chapter 3, Section 3) that wave records and ship 
motion records have the same basic property of random- 
ness. This suggests that the same treatment given wave 
data, to extract certain information, will apply in the 
same way to ship motion data obtained at sea or in the 
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Fig. 72. Comparison of pressure-power spectrum with free-surface power spectrum. Note the much greater 
amplification of the low-frequency components (from Pierson and Marks, 1952) 

towing tank (in irregular-wave tests). Since motion 
measurement is a vital part of seaworthiness studies, it 
will be worth while to study in detail the nature of the 
statistics derivable from a sample record and hence from 
the parent population from which the sample was drawn. 
In this connection, all that has preceded in this section 
and all that will follow applies equally well to ship-mo- 
tions records as to wave records. 

At this stage of discussion, there is available a wave re- 
cord and a means (theoretical and numerical) of reduc- 

ing this wave record to an energy spectrum of the sea- 
way. The question arises: What is the best way of 
utilizing the means available for going from the record to 
the spectrum, in order to obtain the most reliable re- 
sults? This is not easy to answer and is, in fact, com- 
plicated by our failure to specify a particular problem, 
which in turn implies something of the nature of the re- 
sults we are seeking. As will be seen, the specification of 

the problem plays an important part in the choice of 
computational parameters. However, it will be most 
profitable to keep the discussion as general as it will per- 
mit. 

Three questions may be posed at the outset that will 
have profound effects on the ultimate estimate of the 
energy spectrum. They are: 

1 How long a record shall be taken? 
2 How large shall the sampling interval (At) be? 
3 How many lags shall be computed? 
The last two questions relate directly to the accuracy of 

the spectral-density estimates; the first question relates to 
the sampling variability; i.e., it determines whether 
the sample, from which the spectrum is determined, 
truly represents the population from which it was drawn. 

Table 12 Reliability of Power Spectrum Estimates” 

Possible error in observed value———. 
255 5 50 95 97.5 

f pet pet pet pet pet 

1 1000 250 ol 0.26 0.2 
2 40 20 16 0.33 0.21 
g 14 8.5 L483 0.36 0.32 
4 8.3 5.63 12 0.42 0.36 
5 6.0 4.37 115, 0.46 0.39 
6 4.8 3.6 1a) 0.48 0.42 
8 3.8 2.8 1.10 0.51 0.46 

10 Bee! 2.6 1.07 0.55 0.49 
15 2.4 2.1 1.05 0.60 0.55 
20 Zoi 1.8 1.02 0.63 0.59 
50 1.55 1.45 1.02 0.74 0.69 

100 LBs 1.29 1.00 0.79 0.78 

Large 10-04, 42 10-"s'7 

* From Tukey (1949). 

It turns out however, that these three questions cannot 
be treated independently; they must be considered to- 
gether in order to design the analysis procedure properly. 
As was stated in Section 8.3, the work of Tukey (1949) 
combined the effects of finite-record length and com- 
putational procedure into a compact expression that de- 
fines the confidence criteria which may be applied to the 
estimated spectral densities. A quote from Pierson and 
Marks (1952) will introduce the expression for the con- 
fidence bands on the spectrum: ‘The final results are 
estimates. Estimates can be in error, and the important 
part of this method of analysis is that it also yields a 
statistical analysis of how much in error the estimates can 
be. Tukey (1949) and Tukey and Hamming (1949)* 
have shown that the errors are distributed according to a 
chi-squared distribution with f degrees of freedom where 
f is given by 

*See reference p. 105. 
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Fig. 73 Aliasing a short wave record (from Press and Tukey, 1956) 

f= n — m/4 2n 

m/2 m 
(126) 

Given f, then the use of Table 12 yields information on 
the reliability of the estimate for each frequency band ob- 

tained by the analysis of one record. 
“Tf a given analysis has, say, ten degrees of freedom, 

then the number obtained from (125) can be multiplied 
by 2.6 and by 0.55. The true value of the power in the 
band under analysis will lie between these extremes 90 
pet. of the time. Stated another way, given a great 
many analyses of different short samples from a long run 
of time series, then the set of bands given above will en- 

close the true power in the band 90 times out of 100 if the 
sample length is such that ten degrees of freedom are ob- 

tained and if a very large number of samples are evalu- 

ated. 
“Tn this analysis, n = 750 and m = 30. The result 

from (126) is approximately 50 degrees of freedom. 
Therefore, if each ordinate of the smoothed spectrum is 
multiplied by 1.45 and by 0.74, it can be said that the 
true pressure power spectrum lies between these bounds 

(dotted lines in Fig. 71) 90 pet. of the time.” 
Equation (126) was first introduced by Pierson 

(1952a) as a deduction from the work of Tukey (1949), 
and Tukey and Hamming (1949). A paper by Black- 
man and Tukey (1958, Section B.9) leads to the expres- 

sion 

s n— m/6 
ij a 

m/2 

The difference is insignificant. Both equations tend to 
2n/m as n becomes large and any small differences in f 
would hardly be noticed in Table 12 where the confidence 
bands vary slowly above f = 10. 

It is clear that the confidence limits obtained through 
equation (126) and Table 12 define the probable ensemble 
spread and consequently qualify the usefulness of the 
spectrum as a descriptive tool. The narrower the con- 

fidence limits, the more reliable the spectrum. ‘This im- 
plies the desirability of a large number of degrees of free- 
dom (f) in (126). We are now in a position to evaluate 
the three basic questions in terms of the desired proper- 

ties of the spectrum. 
On the question of record length, one extreme rules out 

very short records. It is clear that one or two wave os- 
cillations can hardly serve our needs for description of 
the seaway. The other extreme, that of an infinitely 
long record, is ideal, in principle, since it can completely 

and accurately describe the sea surface, yet 1s equally 
ridiculous in that such a record cannot be recorded and if 
it could it cannot be analyzed. Compromise requires 
the convergence of these two sampling concepts to an 
optimum record length that embodies sufficient length 
for an adequate description of the seaway yet not so long 
that the additional length, beyond a time 7’, returns lit- 
tle, in minimizing sampling variability, for a great deal of 
computational effort. Tinally, the record, however 
long, must be stationary (or nearly so) throughout. 

The seaway is usually stationary for hours at a time and 
in this respect wave analysis is more fortunate than ship 
motions analysis where many different samples must be 

taken in the same interval of time. Nevertheless, it has 

been shown in the example of Pierson and Marks that a 
25-min record yields 50 degrees of freedom, a worth- 
while mark at which to aim. Since there is some free- 

dom in the recording time of waves (unless the sea state 

changes rapidly), one should aim for a minimum of 20 
min and maximum of | hr of wave-recording time. 

Once the record is obtained, its length is fixed, but the 
number of discrete points in the sample is not determined 
until the sampling interval At is specified, because there 

are 

(asp etoal 

sample points, where 7’ is the record length. It is ob- 

vious that a At which is small, compared with the short- 
est period that contributes energy to the spectrum, will 

have misleading effects on equation (126). In fact, f 

can be made as large as desired, by letting At become suf- 
ficiently small. This is contrary to the intent of (126) 

which implies some measure of independence between 
the n-discrete values taken from the original record. 
The ‘“‘small’’ At does, in fact, provide a better approxi- 
mation to the record compared to an optimum At (which 
will be defined) but adds little to the energy spectrum of 
that record, for large additional computational effort. 

The net effect is the computation of more spectral es- 
timates of zero value for the higher frequencies and no 

improvement in resolution. 
On the other hand, if A¢ is large, compared with the 

shortest period that contributes energy to the spectrum, 
the n-discrete values do not adequately represent the 
higher frequencies in the record (see Fig. 73) and the 
energy in harmonic components above f,, where f. = 
1/2At is the Nyquist frequency (Shannon, 1949), is 
aliased (transposed) into the energy content of the lower 

(: 
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Fig. 74 Example of aliasing a wave spectrum. Hatched area 
shows erroneous energy contribution 

frequencies. Information at f. + f cannot be resolved 

because of the discrete sampling and the energy spectrum 
is “folded” about f.. The Nyquist frequency is often 
called the folding frequency or cut-off frequency. Fig. 
74 illustrates the erroneous distortion in the wave 

spectrum due to a large Af. 

“Selection of an optimum At depends on the highest 
frequency in the wave spectrum above which no ap- 
preciable wave energy can be aliased back into the spec- 
trum.” This glib statement, which appears often in 
the literature, is predicated on the assumption that there 
is a priori knowledge of the shape of the spectrum. Most 
often this is not the case and a simple rule of thumb, 

commonly used, suggests the selection of that A¢ which is 
one half the smallest “apparent”? period in the wave 
record. This is still somewhat subjective in that it in- 

volves a definition of what is a cycle of wave motion. In 
the illustration of the wave-record analysis of Pierson 
and Marks, the pressure transducer had a natural cut- 
off at 0.25 eps because of the attenuation of wave energy 
with depth. This only obtains with pressure trans- 
ducers. It is however possible to prefilter either at the 
transducer or recorder and this is often worth while in 
eliminating spurious noise. It also affords a natural 
choice for the Nyquist frequency. An example of elec- 
tronic prefiltering will be given in Section 8.43. 

The number of lags to be computed, equation (126), 
for the autocovariance function determines the number of 
estimates of spectral density (actually m + 1) that will 
be made in accordance with equation eo These 
spectral densities will be spaced at distances of f = f./7 
[see equation (123), for the equivalent expression]. Ac- 
cording to Fleck (1957) Since the effective width 
of the filter corresponding to the numerical procedure for 
computing the spectrum is 2A/, the value of m must be 

0.14 0.16 
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Fig. 75 Spectra of a seakeeping event computed from the same, 
record for 30 and 60 lags (courtesy David Taylor Model Basin)* 

chosen so that 24f is the minimum resolution interval 
desired or some smaller interval. Then m = 1/2AfAt. 
It is recommended that m be at least twice this minimum 
value to insure adequate resolution.” 

From equation (126) it is seen that the greater the 
resolution (greater m) the smaller the number of de- 

grees of freedom (f) and consequently the less confidence. 
That is, the more nearly we represent the sample record 
through high resolution of its spectrum the greater is the 

probability that we deviate from the true spectrum of the 
parent population. Compromise must be made between 
resolution and confidence. In most wide-band spectra it 
has been found that 60 lags is more than adequate for a 
good description of the record and 30 lags is usually 

ample. In the case of a swell spectrum, adequate resolu- 
tion of the steep sides will require somewhat more lags; 
twice the number needed for a wide band spectrum may 
be a good rule of thumb. Fig. 75 shows a wide-band 
spectrum (not waves) computed for 30 and 60 a 

The 90 per cent confidence limits, Table 12, for each 

these spectra will contain the other spectrum ee 
No significant peaks have been masked in going from 60 

to 30 lags and it is seen that it would be worth while to 

use 30 lags and improved confidence, for this spectrum 

anyway. 
The purpose of the foregoing was to acquaint the reader 

with some of the subtle aspects of spectrum analysis. 
One cannot rush headlong into the computations with- 
out consideration of what is desired and of the penalties 

that must be paid to achieve the desired spectrum. 
8.43 Additional sources of error. ‘There are some 

additional sources of difficulty connected with arriving 
at the correct wave spectrum of the sample. These are 
involved with the collection and preparation of data dis- 
cussed in Section 8.2 rather than with the computational 

procedure discussed in Section 8.42. 
Very often, spurious information appears in the 

spectrum due to d-c drift in the recording electronics. In 

this case the wave record drifts away from the preset zero 
of the recorder and the spectrum manifestation of this 
event is a spike, at or near zero frequency, corresponding 



68 THEORY OF SEAKEEPING 

E(w) [in?-sec] 

0) 0.20 0.40 
t=\/T 

0.60 0.80 1.00 1,20 
[sec] 

Fig. 76 Wave spectrum of irregular waves measured in 
model tank. Dashed curve indicates distortion in true 
wave spectrum due to introduction of artificial linear drift 

in wave record (courtesy David Taylor Model Basin) 
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Fig. 77 Wave spectrum of irregular waves measured in 
model tank. Dashed curve indicates distortion in true 
wave spectrum due to introduction of artificial sinusoidal 
drift in wave record (courtesy David Taylor Model 

Basin) 

0.80 1.0 

to the apparent infinite period generated by the drift. 
In order to determine the nature of this misinformation a 
record of irregular waves, recorded in the Taylor Model 
Basin tenth-scale model of their Seakeeping Facility, was 
distorted to simulate the type of drift just defined. The 
effects on the computed spectra are shown in Fig. 76. 
Except for the huge spike near zero frequency, due to 
linear drift, there is essentially no change in the spectrum 
derived from the uncontaminated wave record. There- 
fore, a spectrum with a spike at zero frequency may be 
considered not to actually have that spike and it should 
be ignored. There is one exception to this rule. A 
shipborne wave recorder which acts as a moving-point 
source of wave observation may record energy at zero 
frequency of encounter, for certain wave components, 
whose speed is equal to the component of ship speed in 

10 Seconds 

ae i 

Fig. 78 Filtering a pure tone to eliminate noise: (a) 
No filter; (6) 10-cps filter; (c) 1-cps filter; (¢) 0.1-cps 

filter (from Campbell, 1959) 

that direction when both waves and ship travel in the 
same general direction. Here, the true wave energy is 
mixed with the energy due to the linear drift of the elec- 
tronics and separation is a serious problem. 

The linear-drift problem is not serious. A sinusoidal 
drift is another matter. Such difficulties may arise 
from use of an airborne radar altimeter or from the 
depth-keeping problems of a moving submarine or from 
an unstable power supply. The problem was investi- 
gated in the same way as for the linear drift; this time a 
low-frequency sinusoidal signal was artificially intro- 
duced into the same Taylor Model Basin wave record. 
The resultant spectra, Fig. 77, show a distortion not 
only at the frequency of the intruding signal (0.2 eps) 
but at higher harmonics which are integral multiples of 
the fundamental. It is clear that the additional energy 
applied to the main portion of the spectrum is not easily 
separable. In addition, the main spike may easily be 
mistaken for a band of swell. Consequently, a wave 
spectrum, with a spike outside the main energy band, 
but not at zero frequency, should be treated with great 
caution. 

A source of error commonly encountered is the intro- 
duction of “noise” into the system as stated in Section 
8.2. This may occur either in the transducer or in the 
recorder or both. It may be an inherent property of the 
electronics or an artificially induced vibration in the 
sensing element. Such noise is usually of much higher 
frequency than is measured in most seakeeping pa- 
rameters. This noise can be eliminated by passing the 
signal through a low-pass filter (Campbell, 1959). An 
example of this appears in Fig. 78 where noise is intro- 
duced into the circuitry which generated a nearly pure 
0.07-cps sine wave. The noise is sufficient to mask com- 
pletely the signal (a), and even with the 10 eps cut-off 
filter (b), the nature of the intended signal is not clear. 
However, proper filtration does finally produce the de- 
sired pure tone. Proper filtering should be a key element 
in any wave and seakeeping instrumentation. In addi- 
tion to eliminating unwanted elements in the signal, it 
supplies the cut-off frequency and thereby automatically 
defines At. 

8.44 Sampling variability. The subject of sampling 
variability is relegated to a subsection not because of its 
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order of importance but because of the particular se- 
quence of discussion in Section 8. The importance of 
sampling variability was hinted at earlier by the oft-re- 

peated qualifying statement, ‘“. . ., if the record is long 
enough.” Simply, this means that no matter how care- 
fully the spectrum analysis is carried out and how sin- 
cerely it is qualified, the results will only define the state 
of the sea within the limitations of the length of the 
sample. The length of sample has been discussed in 
Section 8.43 but it will be worth while to illustrate the 
effects of variable sampling length and at the same time 
to review the consequences of choice of computational 

parameters. 

Consider the record of a particular seakeeping event 
(not waves) which was originally 30 min. long. Ten dif- 
ferent spectrum analyses of this basic record were made 
(Marks, 1959). The results appear in Fig. 79. Five 
analyses were made with m = 30 lags and five with m = 
60 lags. The five analyses in each set were made for dif- 
ferent lengths of the record as specified in the figure. 
Since the problem of aliasing is straightforward, a good 
choice of At eliminates consideration of this aspect here. 
It is obvious that the more detailed spectra, computed for 
60 lags, Fig. 79(4), have much more variability than the 
spectra computed for 30 lags, Fig. 79(B).» This is to be 
expected, in view of equation (126) and Table 12 which 

predict wider confidence bands (less degrees of freedom) 
for the spectra associated with 60 lags. 

It should be pointed out here that the entire discussion 
relating to degrees of freedom and confidence bands 
always refers to sampling from a population in which the 
sample is one member of an ensemble that might have 
been taken from the population. Description of the 
population is derived through estimation, from the 
sample, of the average statistical properties of the en- 
semble. Care must be exercised in analyzing such a 
sample to be certain that the results reflect the char- 
acteristics of the ensemble rather than those of the par- 
ticular sample. Longer records and less resolution tend 
to give results in this direction. However, if the wave 

record 2s the population, such as is often the case when 
generating the same irregular waves in the towing tank 
for successive tests, then the foregoing discussion does not 
apply. The ‘sample’ record completely represents the 
waves and its energy spectrum will describe the process; 

the greater the resolution (more lags), the better the de- 
scription. 

Examination of the individual sets of spectra reveals 
that the shortest records result in highly variable esti- 
mates of spectral density while the longer ones tend to- 
ward stability, with the spectrum of the 30-min record 
appearing to give a good approximation of the averages 
of the other records, and which may now be considered to 
be a good estimate of the population from which the 
sample record was taken. Comparison of the spectra of 
the longest records for 30 and 60 lags, Fig. 75, shows little 
variability as a function of the number of lags, a further 
indication of stability, in this case. 

Blackman and Tukey point up the difficulties of using 

1-First ten minutes 
2-last ten minutes ! 

3-First twenty minutes 

4-Last twenty minutes 

5- All thirty minutes 

0.12 0.14 0.16 0.18 

Fig. 79 Spectra computed from yarious lengths of same sea- 
keeping record (courtesy David Taylor Model Basin) 

theoretical methods to estimate variability and end in 
saying: ‘“. .. The precision of final over-all values is 
ordinarily far more wisely judged from the observed con- 
sistency of repeated measurements than from any theo- 
retical variability based on a Gaussian assumption.” 

This is sound advice, for towing tank work, where 
short samples demonstrate high variability and where re- 
peated tests in different waves reveal a safe number of 
such tests to provide a stable ensemble average. For 
full-scale trials (wave measurements at sea), it is hardly 
possible to repeat tests and so experience gained by the 
type of experiment discussed in this section is used in the 
design of criteria for sampling at sea. 

The work of Tucker (1957) lends itself well as an 
example in the study of sampling variability. Two con- 
tinuous records, each of about 10 hr duration were made 
and the mean-squared wave height for consecutive 10- 
min intervals was computed and the results plotted in 
Fig. 80. The means for groups of 20 of these estimates 
are drawn in as reference levels. The upper figure dem- 
onstrates nearly stationary conditions over the 10-hr 
recording period yet the mean-squared values for 10-min 
samples, which may be taken as a measure of the total 
energy in the related spectra, demonstrate large varia- 
bility. Averages of pairs of 10-min squared means of 
the wave height are seen to reduce the variability 
bounds. Averages of trios decrease the variability even 
more. It is clear then that in conditions which are 
known to be stationary for 10 hr, a 10-min sample will 
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22 May 1955 

Fig. 80 Values of mean square wave-height averaged 
over 10-min intervals. Mean value of each group of 

twenty is shown (from Tucker, 1957) 

have a low probability of describing the seaway, a 20-min 
sample will be a better estimate, and a 30-min sample is 
bound to be very good. 

The lower graph in Tig. 80 is essentially the same, ex- 

cept that the waves are somewhat higher and the state of 
the sea not nearly so stationary over the 10-hr recording 
period. The 10-min samples are even more inadequate 
in this case. An extension of the experiment of Tucker is 

suggested to provide more information on sampling vari- 
ability versus sea state. This will lend itself to intelli- 
gent planning of any seakeeping measurement. 

8.5 Scalar Sea Spectrum—Calculation by Electronic 

Analog Filter Method. Section 8.4 discussed a computa- 
tional procedure for obtaining the energy spectrum by 
numerical methods. The particular method, that of 
calculating the autocovariance function and Fourier co- 

sine transform, is not exclusive to digital computation 
but may be done electronically as well (Brooks and Smith, 
1956). A more direct electronic method for obtaining 
the energy spectrum is the use of filter techniques. Of 
course, the filter method may be adapted for numerical 

use as well. 

This introductory comment is meant to point up the 

possibility of confusion among naval architects (and 
others) on the notion of which kinds of equipment and 
which methods may most efficiently be used to compute 
spectra. In principle, whatever can be done electronic- 
ally (analog) can be done numerically (digital). -urther, 
there are general and special purpose digital computers 
as well as general and special purpose analog computers 
so that no distinction can be made on that account. 
Still further, there is little to choose in speed and accuracy 
in so far as the requirements of the spectrum are con- 
cerned. It is possible to produce a spectrum almost as 
soon as the data are collected by either analog or digital 

means. If accuracy implies high resolution, then there is 
still little difference considering that ‘‘ultra-high”’ resolu- 
tion of a finite sample defeats the purpose of describing 
the ensemble average or population. Certainly, large 
masses of data can be handled both ways, and again 

there is a practical upper bound beyond which additional 
data add little to the description of a stationary process. 

The fact is that choice of analog or digital methods de- 
pends largely on what is available to the investigator. 
The choice of either autocovariance-transform or filter- 
squaring is dependent on what is convenient for the 
machine. Most investigators involved with relatively 
few spectra are content to use available general purpose 
digital computers, because it only involves supplying a 
list of numbers and a decision on the number of lags. 
The computational equations are available and program- 

ming is done by the custodians of the equipment. Also, 

there is no capital investment. General purpose analog 
computers are not as readily available. When the num- 
ber of spectra is large so that computing time is involved 

and the program desires frequent changes for special 
treatment of each record to be analyzed, a special pur- 
pose computer may be a worth-while investment. The 
analog computer lends itself well to specialization be- 
cause the components necessary for amplification, filter- 
ing, and squaring are commercially available. A special 
purpose digital computer would have to be built from the 
ground up. 

For the reasons given here, there have developed 
lately in seakeeping analysis, two primary techniques for 
spectrum analysis: a) Autocovariance-Fourier trans- 
form-digital, and 6) filter-square-analog. The first of 
these has been treated thoroughly in Section 8.4; the 
second will be discussed here. 

Unlike the digital input of equally spaced ordinate 
values, the input to the analog computer is a continuously 
varying signal either recorded on film (or paper) and 
scanned by a photocell or recorded on magnetic tape and 
fed into the analyzer as a variable voltage. 

The theory and practical operation of photocell-type 
analyzers have been described by the following authors: 
Barber, Ursell, Darbyshire, and Tucker (1946); Tucker 

and Collins (1947) (see ref. p. 105); Barber and Ursell 

(1948b); Barber (1949); Tucker, Pierce, and Smith 

(1950); Tucker (1955); Klebba (1949); Rudnick (1949). 

The principles of the analog-filter type analyzer have 
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been reported variously by: Chang (1954, 1955a, b); 
Pierson and Chang (1954); Smith (1 ae Marks and 

Strausser (1959); Chadwick and Chang (1957) 
The first successful analog ocean-wave analyzer was 

developed at the National Institute of Oceanography 
(Barber, 1949). Narrow filters were used to approxi- 
mate a Fourier-series analysis of the record (rather than 
an energy-spectrum analysis). The amplitudes of sev- 
eral adjacent harmonies in a band are averaged in the ana- 
log computer and the display, I"ig. 81, is one of average 
amplitude (for 0.05 rad/see band) against circular fre- 
quency. Strictly speaking, this type of analysis will ob- 
tain spectral estimates, with two degrees of freedom, 

which are additive with the number of such estimates. 
The same process obtains from modern wave analyzers 
only the weighting and averaging is done continuously 

over the frequency band and is consequently not so ob- 
vious. 

There are numerous ways of performing the random- 
signal filtering process. The most efficient method is a 
bank of filters, each filter centered at a different fre- 

quency and with a prescribed width (not necessarily the 
same for all filters). The bank covers the entire fre- 

quency range of the signal being analyzed and the analy- 
sis is completed with one passage of the record. Single- 
filter techniques require many passages of the input sig- 
nal (spliced into a loop) as the filter continuously looks at 
different bands in the frequency content of the signal. 
Such an analysis may be performed by holding the center 
frequency of the filter constant and then varying the fre- 
quencies it looks at by varying the speed of passage of 
the input signal. In this way, the filter always sees a 
different range of apparent frequencies. Still another 
method, the one employed in the SEADAC (Marks and 
Strausser, 1959) involves the modulation (mixing) of a 
local oscillator wave with the random signal being ana- 
lyzed. The oscillator emits a continually varying signal 
which is the carrier frequency (say 97,000 cps), plus the 
frequency that is being examined (say 100 eps). The 

0.8 1.0 [Fe 

Wave-amplituce spectrum measured by Cartwright and Rydill (1957) ona ship at sea 

20.0 

IRAN. Seadac 

—— Smooth 
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Fig. 82 Energy spectrum of a seakeeping record calculated by 
digital computer and SEADAC (from Marks and Strausser, 

1959) 

1.230 1.470 

modulation process results in a new signal which has as 
its components the two signals being mixed (97,100 eps 

and 100 cps from the random signal), as well as their 
sum (97,200 eps) and difference (97,000 cps). One of 
these frequencies must be the standard carrier (97,000 
cps) and this is the only component the narrow-band 
filter permits to pass. This standard carrier has an am- 
plitude proportional to the amplitude of the frequency 
that is being examined and it is this quantity which is 
squared and reproduced in graphical form. 

Since digital procedures are well established, the bur- 
den of proof of equality or superiority is on the analog 
computer. An early experiment in the SEADAC in- 
volved the comparison of spectra made by analog and 
digital computations. One result is shown in Fig. 82 
where the analog spectrum (oscillatory curve) is superim- 
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Fig. 83 Spectra of same seakeeping event resulting from 
analysis by different filters (from Marks and Strausser, 1959) 

posed on the smooth and rough digital spectra. The fit is 
excellent, as the graph shows. The SEADAC analysis 
took 5 min. The record was 20 min long and the spec- 
trum was first computed for 60 lags numerically and then 
analyzed by a 5-cps filter in the SEADAC. The areas, 
as tabulated, are in good agreement. 

Subsequent tests, for the purpose of studying resolu- 
tion, resulted in Fig. 83 where the same record was sub- 
jected to analysis by filters of different width (corre- 
sponding to different lags numerically). The 5-cps 
analysis corresponds, of course, to the 60-lag analysis 
shown in Fig. 82. The 2-cps analysis shows more resolu- 
tion than is probably required to define the ensemble 
properties, since the 60-lag analysis has about 50 degrees 
of freedom. The 10-cps analysis has lost most of the de- 
tail in the spectrum and the use of still broader filters 
will result in complete loss of detail as the filter’s charac- 
teristics become apparent in the spectrum. 

Choice of filter bandwidth is subjective in the same 
way as is choice of lags in the numerical process. By 
and large, the problems of experimental design are the 
same as for numerical computation. Pierson (1954a) 

discusses at length the mathematical theory of analog- 
spectrum computers and Spetner (1954) treats the errors 
resulting from analysis of a finite length of data spliced in 
a loop. 

8.6 Information Derivable From the Wave Spectrum. 
The wave spectrum, once it is computed, may be an end 

in itself or a means to an end, depending on the problem 
associated with it. Visual examination reveals certain 
useful information, such as: 

1 Significant range of frequencies outside of which 
there is no appreciable energy contribution to the seaway. 

2 Frequency of maximum energy. 
3 Existence of low-frequency swell. 

4 Energy content in different frequency bands. 
Beyond these directly observable ‘statistics,’ in- 

formation obtained from the wave spectrum requires ad- 
ditional calculations, some simple, some lengthy. Chief 
among the easily obtainable and most desired informa- 
tion is the wave-height distribution. Since energy and 
wave height (squared) are related, it is natural that aver- 
ages of wave height should relate to the total energy in 
the spectrum. The first computational step then is an 
area measurement to determine the total energy; that is, 

ees ; S yt = f E(w)do (127) 
0 

Jasper (1956) found that wave and seakeeping data 
(in the form of peak-to-peak measurements) behaved ac- 

cording to the Rayleigh distribution, equation (112). 
Longuet-Higgins (1952) assumed a Rayleigh distribution 
and a narrow frequency spectrum to derive the following 
statistical relationships: 

PLY aH 
H(1/8) = 2.832./E 
H(1/10) = 3.600./E 

already given in Table 7. The work of Longuet-Higgins 
lends itself to extraction of a number of presentations of 
wave height such as the percentage of waves between 
height strata and the average height of the highest wave 
out of a total of N-waves. This information is conven- 
iently tabulated in Pierson, Neumann and James (H). 

The symbol # was introduced by Pierson (1952) to 
designate the double mean square of the water-surface 
elevations in waves. The integral in equation (127) 
represents the total area under the curve of spectral 
densities. The use of the integral expression is permis- 
sible because the smoothed spectrum is assumed to rep- 
resent the true continuous spectrum of waves (or of the 
ship’s motion) under consideration. A summation is 
used when the true spectrum is approximated by the 
average energies in a series of frequency bands. The 
“root-mean-square” (abbreviated rms) wave amplitude 
is now defined simply as VF. It is the amplitude of an 
imaginary simple harmonic wave which has the same 
mean energy per unit of sea surface as the complex wave 
system represented by the spectrum. 

Cartwright and Longuet-Higgins investigated a cor- 
rection factor to take into account the broadness of the 
spectrum. This factor 

dd = en) H2 

multiplies the quantities in (128). The broadness pa- 
rameter, e, depends on the even moments of the spectrum 
and is given by 

(128) 

moms, — M2” — 
Moms 

where (128a) 

My -{ w"E(w)dw 
0 
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The constant by which /Z is to be multiplied in order 

to obtain the average of 1/n highest waves (or ampli- 
tudes) is shown in Fig. 84 as a function of e. Cartwright 

and Longuet-Higgins applied their calculations to five 
sample records; a pressure record of swell, two records of 
waves measured by a ship-borne wave recorder, a re- 
cord of a ship’s pitching, and a record of a ship’s rolling. 
The values of ¢ in these five examples were found to be: 

Swelll pressure. gcd. sf ecg eee cee es we oe sme 0.41 
Wave-height records................... 0.57 and 0.67 
Ship’s pitching record........................0.. 0.48 
Ship’s rolling record.....................-.0005- 0.20 

It is seen that in all of these cases the narrow-spectrum 
calculations are severely reduced by the broad-spectrum 
corrections. This is strange, in view of the fact that 
Jasper (1956) found excellent agreement between height 
distributions of spectra of all shapes (and different pa- 
rameters) and the Rayleigh distribution, without any cor- 
rective measures. This may be explained by consider- 
ing that, in the case of swell, where high frequencies are 
not prominent, the height distribution approaches the 
Rayleigh law. While in wind-generated sea (wide band 
spectra), high frequencies are very prominent and the 
distribution approaches the Gaussian law. If the high 
frequencies are ignored, the Rayleigh law will apply. 

Since my grows faster than mp and ms, as higher fre- 
quencies are added, and since e > 0 as my — m2?/mo, it 
is seen that the correction factor for an ideally narrow 
spectrum will not be unity unless all the high frequencies 
in the spectrum are resolved. The correction term of 
Cartwright and Longuet-Higgins is well defined; aliasing 
of energy and filtering of the signal seem to defeat its 

purpose. 
Rice (Ix), derived the expression for the average 

number No of zero up-crosses per second. In terms of 
moments of the spectrum function 

| ae - 
No = aa (m2/ mo) !/? (129) 

a7 

and by definition the average apparent period 

ee 2 2 T = — = 2x(m/m)'? (130) 
No 

The total number of maxima Nyx is expected to be 

e 1 ; . ‘ 
Nmax = — (ms/me)/? (ale) 

20 

The proportion, 7, of negative maxima to the total 
number of maxima (from Cartwright and Longuet-Hig- 

gins, 1956) is 

Mea 
_ 1 

ae 

l! 7 
| 

= 5) {1 = 
al ae 

1/2] 

For a narrow spectrum, r > 0 as « > 0; ie., all the 
maxima occur above the mean level. The sea surface is 
represented in this case by a uniform, regular swell with 
gradually varying amplitude and length. For a broad 

(132) 
bNole 

(1/n) 

ie} 0.2 0.4 0.6 0.8 1.0 
= 

Fig. 84 Graphs of n(1/), the mean height of the 1/nth 
highest maxima as a function of «, and 7 = 1,2,3,5 and 10 

spectrum r > 0.5 as e > 1.0. In this case, ripples ride 
crests and troughs of larger waves so that there are equal 
numbers of maxima above and below the mean level. 

Pierson (1954b) applied Equation (130) to Neumann’s 

spectrum and expressed 7’ as a function of wind speed, 
U, appropriate to the fully developed sea state 

T = 0.866(27rU/g) (Neumann) (133) 

and 

a OT 

where Jnax denotes the period at which the spectral 
density is a maximum. 

Pierson (19546) also considered the case of a sea de- 
fined by a Neumann scalar spectrum modified by inclu- 
sion of the factor cos?0, an estimate of angular dispersion 
of wave energy which is assumed to be bounded by 
(—27/2<0 < 7/2). For this case, Pierson derived the 
expression 

(Neumann) (134) 

9) —= 29 : 
Lo — Se fi2 (1385) 

o Qa 

which states that the average distance between the suc- 
cessive dominant crests of the sea surface, when observed 
at a fixed time as a function of space, is equal to two 
thirds of the value computed from the classical formula 

for the harmonic wave period T = T. 
Some of the statistics just given are only of general in- 

terest and others may be computed directly from the 
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wave record. The strongest justification for computing 
wave spectra however lies in the description of the ship 
motions induced by the waves. This subject will be dis- 

cussed in detail in Chapter 3, Section 3. 
Before the subject of wave (and seakeeping) statistics 

is closed, some qualifying remarks on their validity, in 
view of the confidence bounds discussed in Section 8.42 
should be made. The height statistics given in (128) 
depend only on £ as given in (127). The record from 
which J is computed may be regarded as a sum of sinu- 
soids whose amplitudes and phases are unrelated. Each 
sinusoid may be in turn considered as a chance sample 
from a population whose variance depends on the true 
energy density at that particular frequency. The total 
energy, 1, is the sum of the energies in all of the com- 
ponent sinusoids in the spectrum. The deviation of the 
measured spectral densities from the true spectral 
densities is given by the degrees of freedom (126) and by 
Table 12. Since the spectral densities are independent 
estimates, their deviations from the true estimates are 
random and their addition is a much better estimate of 
the total energy than the error associated with the in- 
dividual spectral densities. Consequently, confidence 
bands resulting from say 50 degrees of freedom which 
may appear to exhibit wide variation in the estimate of 

the true spectrum, Fig. 71, actually give a very good 
estimate of the total energy in the population from which 
the sample was drawn. The remaining statistics, (129) 
to (132), depend on moments associated with # and ac- 
curacies should be of the same order of magnitude as for 

E. 
The proportional standard error (see the example, 

Tucker, 1957) of the variance (total energy) of a record in 
terms of the squares of the amplitudes in the harmonic 

components (S,”) 1s given by 

See 

From this, it is seen that the proportional standard error 
is inversely proportional to the square root of the length 

of the record. 
8.7. The Directional Sea Spectrum. In the words of 

Marks (1954): ‘The sea surface is believed to be made 

up of a sum of an infinite number of infinitesimally high 
sine waves traveling in different directions with different 
frequencies added together in random phase (Pierson 
1952). This surface, at any point, has a certain amount 
of energy associated with it, and this energy is distributed 
among the component waves according to frequency and 
direction. It is this distribution of energy and the par- 
ticular direction of travel of each of the component waves 
which defines the two-dimensional energy spectrum 
E(w, 0) where w» = 27/T is the spectral frequency and 6 
is the direction of propagation. This is the property of 

the ocean surface which must be measured.” 
As in the case of the one-dimensional or scalar spec- 

trum, it is desired to find an analytical representation 
that will best define the directional qualities of waves. 
The most profitable way, at this time, appears to be the 

brute-force method; that is, the directional spectrum 1s 
measured at sea enough times to provide an empirical 
evaluation of the general angular spreading characteris- 
tics of ocean waves and this information is used to deter- 
mine an empirical operator which may then be applied 
to one of the spectrum formulations in Section 6. A 
substantial amount of research has been done on the 
method of collecting and reducing wave data to direc- 
tional spectra and some of this work will be reported 
here. 

Pierson (1952) was the first to try to show theoretically 
how wave records could be used to obtain information on 
the directional properties of waves. As a simple case, 
he suggested that a plane carrying a radar altimeter could 
make a variety of passes over the sea surface such that 
the record showing the shortest waves would be indica- 
tive of the mean wave travel. Flying very slowly and ob- 
serving the waves visually would resolve the problem, 

through the Doppler effect, of estimating wrong by 
180 deg. Cartwright (1956) used this principle on a 
ship to determine mean wave direction; more will be 
said on this later. Pierson extended his idea of an air- 
plane collecting wave data, by flying rapidly over the 
surface (tf ~ 0), to give a spatial definition of the sea 
surface. He derived an elaborate transformation and 
inverse transformation between the frequency and wave- 
number domains to show that it was possible to compute 
the directional spectrum if one could evaluate 77 linear 
inhomogeneous simultaneous equations with 77 un- 
knowns. It is believed that no attempt has been made 
to apply any data to the matrix of this set of equations. 

Pierson (1952) further suggested (after a conference 

with Tukey) that aerial-stereophotography would yield a 
grid of points that might lend itself to determination of 
the directional spectrum. The possible methodology 
was not discussed, but it did materialize a few vears later 
in the work of Longuet-Higgins (1957) and in Project 
SWOP (1957). Both of these treatments will be dis- 
cussed. 

One final method suggested by Pierson involved the re- 
cording of waves from distant storms at shore stations 
spaced several hundred miles apart. With knowledge of 
the dispersive properties of waves and the geometry of 
the originating storm, one conceivably could extrapolate 
back from the measured swell spectra to the two-dimen- 
sional spectrum at the edge of the wave-generating area. 
An investigation not unlike the one suggested by Pierson 
here is being undertaken at the Scripps Institution of 
Oceanography where attention is being paid to the fric- 
tional dissipative processes in wave dispersion with dis- 
tance, which was considered by Pierson to be negligible. 

This work will also be discussed later in this section. 
The embryo ideas set forth by Pierson have since been 

prosecuted by other investigators (independently), but 
aside from these, no novel contributions have been made 
in measuring the directional spectrum except by N. F. 
Barber (1957) who proposed no less than eleven methods 
for such measurement. These methods, through the 
mechanics of measurement, lend themselves best to ir- 
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regular waves in model tanks and indeed are so specified. 
Barber’s work also will be reviewed here. 

Once there developed an appreciation for the energy- 
spectrum description of waves, theoreticians found it 
difficult to wait for a definite analytical formulation of 

the directional parameter. St. Denis and Pierson (1953) 
concluded from the work of Arthur (1949), on variability 

of direction of wave travel, that the energy in a wave 
spectrum travels directionwise according to a cos’@ law 
where 6 is the deviation from the dominant direction of 
travel of wave energy. This angular-dispersion factor 
coupled with Neumann’s version of the wave spectrum 
resulted in an expression for the directional-energy 
spectrum of the form 

— (227/U “C0876, E(w,6) = (— 1/2 <8 < 2/2) w8 
This expression was used as the excitation in a statistical 
approach to solution of the equations of ship motions 
(see Chapter 8, Section 3). Subsequently, there was 
some belief that the angular spreading of wave energy 
was not so great and the factor cos?@ in (136) was re- 

placed by cos*@é. This was accepted tentatively until 
actual measurements suggested directional measurements 

which are not so universal but which depend on the wave 
frequency (w). The matter is by no means settled. 

8.71 Extension of the covariance transform method. 

Section 8.3 discussed a formulation of the wave spectrum 

through the autocovariance and Fourier transform con- 
cept. Longuet-Higgins (1957) treated the extension of 

this method for the case of a short-crested Gaussian sea 
surface as a function of time and space. In particular, 
he showed that the Wiener-IXhintchine relations, estab- 
lished for a time base, could be transformed to a spatial 
co-ordinate system without loss of generality. This is 
to be expected, in view of the ergodic theorem. 

Consider the Iourier-series representation of the sea 
surface as a function of time, given in (133). If this is 

written in the general form 

N= (Cy COS (UE iste Vanya nb aie en) (187) 

where c¢,? = a,” + b,? and e = tan—!b,/a,, and then ex- 

tended to a spatial cartesian co-ordinate system, the re- 
sulting expression given by Longuet-Higgins for a con- 
tinuous two-dimensional spectrum is 

n(z, y, t) = d<e, cos (ux + vy +ot+te) (1 
n 

where 

38 ) 39 

u = w* cos 6/g and v = w sin 6/g 

are the projections of the wave number (k = 27/X) on 
the x and y-axes, respectively, and w, is a function of both 
u, and v,. The amplitudes c, are random variables such 

that, in any element du dv it is assumed that 

39 This is an abbreviated notation for the equivalent expression 

n (2, y, 2) = DTD emn Cos(ttm © + Vn Y + Omnt + emn) (1380) 
mon 

used by some investigators. The formulation in (138) is that of 
Longuet-Higgins and is retained in this discussion of his work. 

> =¢,2 = E(uv)du dv 

The quantity (uw, v) is the two-dimensional or directional 

spectrum of the waves. 
According to Longuet-Higgins: ‘the mean square 

value of 7 per unit area of the sea surface per unit time is 

given by 

i sv aS. - Jr dx dy dt 
X,Y,T+oe 8. 

lim 

= ee = 
n = 

(139) 

- ff E(u,v)dudv (140) 

Thus the contribution to the mean energy from an ele- 
ment du dv is proportional to H du do. 

We shall write 

[ E(u, v) du dv = mo (141) 

and in general for the (p, gjth moment of H(u, v) about 
the origin we write 

{f uv E(u, v) du dv = my (142) 

These quantities will occur repeatedly throughout the 
following analysis. It is assumed that they exist up to 
all orders required. 

“The function (uw, v) is closely related to the correla- 
tion function y (x, y, t) defined by 

Hom) = tim sepp J Lf. me, y,t lim 

Xn (ve +a, y’ + y, + dda’ dy’ dt’ 
On substituting from (138) in the foregoing we find 

I 
¥(z,y, 1) = 5 

n = 

(14:3) 

¢,2 Cos (Ut + ry + o,f) 

which can be written 

via, y, t) = ff B06 v) cos (ux + vy + owt) du dv 

(144) 

so that wis the cosine transform of L.”” 
If y = t = O, the result is the spectrum of a record ob- 

tained as a line drawn on the stereophotograph of the 
sea surface. When the wave record is obtained from a 

pair of stereophotographs, the elevations 7 = n(v,y) are 

for a fixed instant of time (¢ = 0) and the spectrum can 

be expressed as 
Co) 

= If vie, 
—o 

E (u,v) = cos (we + vy) dx dy 

(145) 

In the foregoing exposition taken from Longuet-Hig- 
gins (1957), the directional spectrum was represented in 

terms of projections of wave numbers on the x and y- 
axes. The presentation was oriented to show oan the 
measurement of the directional spectrum L(u, lends 
itself to determination from a rectangular gr ‘d cores 
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Fig. 85. Energy spectrum for a sea (idealized) (from 
St. Denis and Pierson, 1953) 

of,lines parallel to the x and y-axes of a spatial picture of 
the ocean. This method is essentially that derived 
earlier and used in the observed sea spectrum determina- 
tion by Chase, et al (1957) which will now be discussed. 

The first attempt to measure directional spectra at 
sea 1s known as project SWOP, the complete designation 

of which is Stereo Wave Observation Project (Chase, et 
al, 1957). 

Several pairs of aerial stereophotographs of an open- 
sea surface, were made from two airplanes flying upwind 
in tandem 2000 ft apart at an altitude of 3000 ft. The 
cameras in the two airplanes were simultaneously trig- 
gered by a radio link. In all, each camera had taken 100 
pictures. The scale of distances was provided by the 
RV Atlantis, which towed a raft at a distance of 500 ft 

from it, approximately in the middle of the photographed 
area. RV Atlantis also took wave records by means of a 
wave pole. 

After examining all photographs, two overlapping pairs 
were chosen for analysis with rectangular usable areas of 
1800 X 2700 ft. This area was subdivided into inter- 
vals of 30 ft, giving a 60 X 90 grid. The grid intersec- 
tion points were used both for stereophotogrammetric 
measurements and for subsequent spectral analyses. 
The use of the same points for both purposes was 1mpor- 
tant since the point height accuracy was estimated at 
+0.5 ft while the contours drawn at the 3-ft intervals 
were accurate to +2.0 ft. 

The spectral analyses were made in terms of wave- 
number projections w, v, on the x and y-axes, as shown by 

equations (144) and (145). These equations represent, 
of course, only the mathematical foundation and were 
converted to summations of finite intervals for actual 
use. Twenty lags were used in the analysis for each of 
two stereo-pairs. 

A good deal of difficulty was experienced, because the 
first analysis indicated a tilted sea surface. A large 
amount of corrective calculations was thereby made 
necessary. The warpage of the negatives also caused 
difficulties. The completed spectrum, H(u, v), was con- 
verted to an E(w, 6)-spectrum and was integrated with 
respect to 6 in order to obtain a scalar spectrum for com- 
parison with the wave-pole data and with the corre- 
sponding Neumann spectrum. The final expression for 
the directional operator is given by 

0.25(1 — y) + (0.50 — 0.46 y) cos? 6 + 1.288 cos! 4 
(146) 

where 

v = exp[— (wU/9)*/2] 
Quoting from Pierson (Chase, et al, 1957, p. 240): 

“Tf w is small, the angular term in (146) becomes 

0.04 cos? @ + 1.28 cos? 6 (147) 

which shows that the spectrum is more peaked at low 
frequencies than has been assumed in (136). Con- 
versely if w is large, the angular term in (146) becomes 

0.25 + 0.50 cos? (148) 

which shows that the spectrum is more evenly spread out 
at high frequencies than has been assumed previously.” 
Fig. 85 shows an idealized directional spectrum. Fig. 86 
shows the actual directional spectrum obtained by the 
SWOP measurements. 

The SWOP report gives valuable data on one particu- 
lar set of sea measurements. It is the only instance to 
date in which the directional spectrum was measured in 
an open sea. The organization of the measuring expedi- 
tion involved a ship and two airplanes; joint efforts of 
several organizations and of many persons were involved. 
Up to the time of writing the final report, 33 months’ 
time was spent in planning, data collecting and data re- 
duction, and presumably, the enterprise was very ex- 
pensive. There is little question that the methods of 
SWOP leave much to be desired from the economics 
(time, effort, money) point of view. It is hoped that 
the methods of Cartwright and of Barber, which are far 
simpler in nature, can be made to yield more information 
on the directional parameter of a wind-generated sea. 

8.72 Miscellaneous investigations of the directional 

spectrum. Marks (1954) outlined a mathematical 
method for evaluating the directional spectrum from 
stereo-movies of the sea surface. A fast, low-flying air- 
craft, photographs the sea surface with a stereophoto- 
graphic movie camera which effectively records the three- 
dimensional wave form of a narrow path through the 
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waves. Equispaced lines are drawn parallel to the direc- 
tion of travel and points are read on these lines as if they 
were wave records made as a function of time at a fixed 
point. These records are averaged and a mathematical 
filter is constructed which depends on the number of 
original space records, the distance between them, and 
the point reading interval. The filter is then tuned 
angularly through the averaged space record represented 
by the original component space records. This method 
has never been put into practice. 

Cartwright (1956) attempted to measure the direc- 
tional distribution of waves in the open sea using a ship- 
borne wave recorder on the RRS Discovery IT. The in- 
strument gave a wave record which could be analyzed to 
obtain a scalar spectrum. Directional sensitivity was 
obtained by operating the ship so that each wave com- 
ponent (w, @) was subjected to a “Doppler shift.” The 
ship was steered round a regular dodecagonal circuit at a 
constant speed of 7 knots and waves were recorded for 
about 12 min on each of the 12 courses. Cartwright 
presented his analytical theory and samples of two sets 
of observations. Theoretically, a complete evaluation of 

the directional spectrum L(w, 8) is possible, but actually 

the statistical variability in the spectrum estimates is too 

great. (12-min records are too short) to make such an 
evaluation practical. The situation is simplified if the 
spectrum contains some isolated peaks at well-separated 
values of w and @ which are not lost in the short samples. 
Then the mean directions of the dominant wave systems 
ean be determined. 

St. Denis (1957) proposed another method, based on 
records to be obtained from several probes arranged along 
a straight line. The row of probes is to be oriented alter- 
nately in several directions. St. Denis’ analysis leads 
to the suggested solution of a 48th-order matrix which 
can be solved on a large electronic computing machine. 
The proposed method has not yet been tried experi- 
mentally. 

N. F. Barber (1954) measured the directional wave 

spectrum by means of a row of detectors, in connection 
with a mechanical frequency filter (a resonant pendu- 

lum). Quoting Barber: “In the experiment, each de- 
tector was a pair of parallel vertical copper strips, partly 
immersed in the sea and fed with 2 volts (mains fre- 
quency) from a transformer. The current that passed 
was proportional to the depth of immersion, varying 
with the waves, and a corresponding voltage signal was 
conveyed to the analyzer. Two such instruments were 
hung from a pile wharf at separation of 2, 9, 18 and 27 
feet in succession.” 

The theory of the analysis was based on the correlation 

coefficient © 

R,, = [ee v) exp [i(ux + vy)|] dud» (149) 

where x, y are the components of the distance between 

two points at which water-surface elevations are meas- 
ured and wu, v are the projections of the wave number k 
on the x and y-axes. The average of expression (149) 

was to be taken over a long period of time. In the ex- 
periment a 15-min record was taken for each pair of de- 
tectors in succession. Since a very narrow frequency 
filter was used, equation (149) applies to a single wave 
number, k = kp. 

Quoting further from Barber (1954): “It was desired 
to restrict the wave measurements to discrete points 
upon a line taken as the x-axis. Such results can give 
so long as attention is restricted to waves very near some 
frequency wo with corresponding wave length 27/ko. It 
then appears, to a sufficient approximation, that equa- 
tion (149) inverts to a Fourier series: 

E(ko, 0) = Ey sin 0 E + SOc, cos (unD — | (150) 
a n=1 

where 6 = cos~!u/ko, the direction of wave progress rela- 
tive to the line of recorders, E'(ko, 0)60 is the energy of 
waves with number /y and direction between @ and 6 + 
60, and ¢,, ¢, are the modulus and phase of the complex 

correlation coefficient between wave elevations at points 
separated by distance 7D. The distance D should not 
exceed /ky or half a wave-length. The expression is 
valid so long as no waves have directions outside the 
range 0°-180°. The factor sin @ is an approximation the 
error of which causes an underestimate of the wave 
energy in directions near 0° and 180°.” 

“A pendulum of period near 2 sec was used to select a 
narrow frequency-band and to produce the pictures in 
Fig. 87. Its free motions in all azimuths had equal 
period and damping, and it was electrically driven 
through amplifiers fed with the wave signals. The 
motion of the pendulum was recorded optically as a spot 
of light moving over a photographic plate, an exposure of 
15 min being required for each of the pictures in Fig. 87.” 

The electrical connections were such that combined 
signals from two wave detectors caused a spot of light to 
move on a straight line. Variations of the amplitude 
and direction of irregular waves of the filtered frequency 
w) caused the exposure of an approximately elliptical 
area. The major axis of this area was inclined at an 
angle e/2, and the modulus C was given in terms of the 
principal diameters A and B, 

GC Ae Ba) (151) 

The theory leading to these results, the design of the 
analyzer-pendulum, and the electrical network were de- 
scribed more completely in later papers by Barber and 
Doyle (1956) and Barber (1957). 

The foregoing outline can be completed by two addi- 
tional quotations from Barber (1954): ‘Some prelimi- 
nary experiments have been made in the Waitemata Har- 
bor, Auckland, measuring wave direction by the correlo- 
gram. The photographs in Fig. 87 show statistical rela- 
tions between wind waves of period near 2 sec at points 
separated by distances of 2, 9, 18 and 27 ft along a fixed 
line. From them may be obtained the curve in Fig. 88 
showing how the energy is distributed among the various 
directions of travel. The wind was about 15 knots and 
2-see waves were dominant; but because the fetch in the 
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Fig. 87 Photographs showing statistical phase 
relations between waves at points separated by 
2,9, 18 and 27 ft along a fixed line. Attention is 
confined to waves of period near 2 sec (from 

Barber, 1954) 

e 

wind direction was much greater than elsewhere, it 1s not 

expected that the curve in Fig. 88 will apply to open 
water.” “The (ko, 8) curve in Fig. 88 was computed 

from the last three photographs in Fig. 87. It shows that 
the highest waves are traveling in the direction 120° to 

the positive sense of the line joining the instruments. 
This was, in fact, the direction of the wind at the time of 
the measurements, so the method has given reasonable 

results.” 
It appears that Barber developed the first simple and 

practical method for measuring the directional wave 

spectrum. By the nature of a mechanical pendulum, he 
was limited to measuring the directional characteristics 

of waves near a single frequency w. Simultaneous meas- 

urements at several frequencies would be possible, how- 
ever, by using several electronic filters. 

Barber is also the originator of eleven methods for 
measuring the directional spectrum in the modei tank. 
Since these methods speak of specifically spaced detectors 
making time histories, certain complications in applica- 
tion to open-sea work arise. Certain of the methods may 
conveniently be transformed to spatial systems which 
suggests the use of aerial stereophotography at sea. It 
is also possible that a fixed network of probes at sea can 

be arranged. 
The first four methods deal with line arrays of de- 

tectors. They are, in the different methods: a) Ro- 
tated; 6) remain fixed but treated with time delays; 
c) remain fixed but modulated by cosine operators; 
d) remain fixed and modulated, but measure horizontal 

water motions as well. 
Each method results in a set of records which is then 

averaged and filtered. The first method is in fact the 

temporal analogy of the method of Marks (1954). Only 

E(kg,9@) Arbitrary Units 

160 150 120 90 60 30 0 
Direction of Travel(@)-Degrees 

Fig. 88 Distribution of wave energy with respect to 
direction of travel relative to line of instruments. 
Curve is deduced from records in Fig. 87 (from 

Barber, 1954) 

the fourth method distinguishes the proper directions of 
the waves; the others cannot judge whether the waves 

are coming or going, so to speak. The fourth method 

uses as few as six double detectors placed in a straight 

line. 
The remaining seven methods are correlation tech- 

niques which depend on the geometrical orientation of the 
probes. They require fewer detectors and considerably 
less computational effort; the results suffer, as a conse- 

quence. In the words of Barber: ‘In my opinion, cor- 
relation methods are likely to be most useful where they 
aim to use comparatively few measurements to find the 
outline or general character of the spectrum. Here, they 

are more powerful than in the case of more orthodox 
“array’’ methods. 

“For routine analysis in the Model Basin, an ‘array’ 
method would be best. It could be almost automatic. 
If the wave directions le within an are of 150°, then 
Methods 2 or 3 would serve to give an analysis in about 
40 minutes. Method 1 would serve if the waves were in 
an are of 170° and if a long sample were not necessary. 

If random waves may come from any direction, Method 
{is necessary, but it calls for a detector both for the ver- 

tical and the horizontal water motion. 
“Tt may be worth using a correlation method while the 

apparatus for a more routine method is being built.”’ 
Gelci, Cazalé, and Vassal (1957) evaluated an energy 

spectrum by an analysis of ocean swells. These arrived 

at Dakar and Casablanca from many generating areas 
with wind velocities at various angles to the direction of 
the swell propagation. The spectrum, /#(7’,, 6), in terms 
of wave period, 7’, and direction 6, was presented in the 
form 

E(T, 0) = f(T) ¢(@) (149) 

where 

II (0) 9/4a = 0.72 if Ol 6< 20° 

36 Te 20) 10 << 60 

if 6 > 60° 
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For a fully arisen sea 

; = 209 T4 i <= O31 
f(P) = 209 T4 exp [—329(T/U —0.315)?] 

2 O31a U (150) 

where the component wave period, 7’, is in seconds, and 

the ground wind velocity U is in knots. The spectral 
density #(7, 6) is in ergs per cm? per sec. 

8.73 Present work. There are, at present, two known 

attempts to provide further information on the direc- 
tional-wave spectrum. The Woods Hole Oceanographic 
Institution is using Barber’s method 1, that of a rotating- 
line array, affixed to a tower in Buzzards Bay. The ob- 
ject is to learn more of the characteristics of the direc- 
tional operator. In addition similar measurements are 
planned for a fixed tower offshore in relatively deep 
water. Here, open-sea waves are available, and in addi- 
tion to measuring the direction of wave propagation, it 
is hoped to learn something of the scaling properties be- 
tween small and large waves in order to determine 
whether sheltered waterways, generating relatively small 
seas, are natural test facilities for ship models. 

At the Scripps Institution of Oceanography, swell 
waves are measured at two points near the California 
coast. The swell spectra result from waves traveling 
several thousand miles from the generating areas in the 
South Pacific. Additional detectors are planned for in- 
stallation along the route of wave propagation to study 
further the angular decomposition of waves and their dis- 
persive characteristics as well. Trade-wind effects on 
wave attenuation are of special interest in this work. 

8.74 Summary of directional spectrum. Only three 
estimates of the directional distribution of open sea 
waves are available to date: 

1 Arthur’s (1949) derivation and measurements, in- 

terpreted by St. Denis and Pierson as the cos6 law. 
2 Gelci, Cazalé, and Vassal’s (1957) evaluation from 

swell observations. The rough estimate of the direc- 
tional energy distribution is given by equation (149). 

3 SWOP project’s (Chase, et al, 1957); a directional 
function is given by equation (146). 

Gelci, Cazalé, and Vassal’s evaluation appears to be 
the only one based on statistics of many observations 
over a period of several years. Since it is based on 
swells arriving from a distance, it can be expected to be 
deficient in high-frequency components. 

There is no reason to expect a uniform directional 
spread of wave energies in different conditions at sea. 
Eckart (see Section 4.1) indicates that directional spread 

depends on the observer’s position in the generating area. 
Project SWOP indicated a broader spread for high fre- 
quencies and a narrower one for low frequencies. On 
this basis a plausible hypothesis can be made that a 
“young sea” with large ratio of wind speed to wave 

celerity, U/c, will have a broad directional spread and 

that as U/ec ratio decreases, the directional spread will 
become narrow. 

9 Research Suggestions 

It is hoped that ideas for further research will stem 
primarily from exposition of the shortcomings of the 
existing knowledge which were emphasized throughout 
the previous text. Generally speaking, two parallel 
directions of research must be pursued: 

(a) Development of semi-empirical methods. 

(b) A long-range development of rational methods. 
A large amount of observations of natural phenomena 

and simulative experimentation is needed to form the 
basis for the first, and to give orientation to the second, 
as well as to provide the data for verification of theo- 
retical methods. 

The description of a sea surface by a spectrum has been 
the most valuable practical achievement of the last 
decade. Through its use great steps have been made in 
understanding a ship’s behavior in the natural (always 
irregular) seaway. The discussion of energy balance in 
Section 3, and the work of Munk, Section 4.4, and Phil- 
lips, Section 4.2, have also indicated that a spectral con- 
cept of the seaway is necessary in developing a rational 
theory of wave growth. 

In discussing spectra a distinction should be made be- 
tween 

A Spectra defining waves as a function of meteorologi- 
cal conditions. 

B Spectra defining the sea state at a given time and 
place, regardless of its causes. 

Descriptive spectra B are needed because an observer 
on board a ship rarely has the information to determine 
spectra A. Usually, rather tedious work is required of a 
meteorologist before the waves can be forecast and there 
is considerable uncertainty in this process. Although 
spectra A are needed for forecasting waves, they are not 
suitable for describing an observed seaway because a sea 
state is seldom defined by the simple wind conditions as- 
sumed in deriving these spectra. 

9.1 Development of Semi-Empirical Methods. At the 
time of this writing there are four spectra formulations of 
Type A based on independent observations. They dif- 
fer widely both in the indicated rate of wave growth and 
in the ultimate spectrum of fully arisen sea. Each spec- 
trum is an empirical evaluation of the observed data 
available to the particular researchers. Often extrap- 
olation is resorted to, to eke out insufficient data. The 
demonstrated discrepancies between the different spec- 
tra are evidence that a large amount of additional ob- 
servations is needed. 

The magnitude of the discrepancies, however, make it 
improbable that a universally valid spectrum formula- 
tion can be arrived at by the purely data-fitting tech- 
nique which has been used heretofore. The various con- 
ditions under which the wave data were measured must 
be given more consideration, and, inasmuch as possible, 

quantitatively appraised. The three separate param- 
eters used now, wind velocity, fetch, and duration, do 
not appear to be adequate for unequivocal spectrum 
definition. A search must be made for other possible 
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factors. The reasonably indicated effect of air-water 

temperature difference should be included in the basic 
data, rather than left to be averaged out. The effect of 
limited water depth on long wave components may have 
to be considered. Instrumental corrections may have 
to be given more attention. 

The author doubts, however, whether a simple empiri- 
cal data-fitting technique can be successful even with the 
increased care suggested in the foregoing paragraph. A 
semi-empirical approach based on the rational concept of 
energy transfer from wind and dissipation of it in waves 
may well give more nearly universally valid relationships. 
The prespectrum work of Sverdrup and Munk, Section 
5.1, was of this type and was outstandingly successful. 
So also was the prespectrum work of Neumann, Section 
5.2. Reasonable energy-balance equations can be set 
up, leaving the values of certain coefficients and param- 
eters to be derived from the observed sea data. Often 
the expedient of grouping certain parameters permits a 
better defined arrangement of observed material. 

While spectral definitions are a great advance in sea- 
way description, they tend to concentrate attention on a 

static concept of energy per unit area. The dynamic 
(energy-flow) concept of the prespectrum work of Sver- 
drup and Munk, and of Neumann should be blended 
with the contemporary spectral-seaway concept. 

The semi-empirical approach suggested in the forego- 
ing requires data gathering in a suitable form. Wave 
spectra determined simultaneously for several positions 
along the fetch will be needed. Jt will be difficult to 
arrange such observations in the open ocean, and the 

development of suitable spectrum formulations may de- 
pend on small-scale experiments in limited water areas. 
A method of scaling to larger ocean waves may be formu- 
lated on a semi-rational, semi-empirical basis. The 
necessarily more limited observations in the open sea 
may then be used either for verification or for evaluation 
of isolated crucial parameters. 

9.2 Rational Approach. The word “rational”’ is rel- 
ative. Essentially all research has to start from a cer- 
tain empirical basis. There is, however, a rather defi- 
nite distinction between semi-empirical and_ rational 
approaches in their objectives. The semi-empirical ap- 
proach can be thought of as a stop-gap; the objective is 
to arrive at a workable solution as quickly as possible, 
aiming at the best available approximation to the na- 
tural events but not necessarily seeking a profound 
understanding of these events.” 

In the rational methods, on the other hand, a sub- 

stantial understanding of wave generation and wave be- 

havior is sought. There is no desire to arrive at a solu- 
tion quickly at any cost, rather, emphasis is put on a 
thorough investigation of the phenomena involved and 
on steadfast adherence to the principles of hydromechan- 
ics. The results of such investigations are freer of un- 
certainties of empirical observations. 

40 The very useful pragmatic activity in spectral representation 
of the sea surface has been a regression in this respect from the pre- 
spectrum work of Sverdrup and Munk and of Neumann. 

The phenomenon of wave growth under wind action is 
a complicated one and research must be directed to un- 
covering its many facets before the whole solution can be 
formulated. Bowden’s work cited in Section 3.1 and the 
work outlined in several subsections of Section 4 are on 
isolated facets. The evident weakness of the current ac- 

tivity is the lack of a comprehensive guide which would 
indicate the proper place for all facets. While the valid- 
ity of the results would still depend on improved knowl- 
edge of individual facets, such a guide would be of great 
value in organizing and channeling miscellaneous ac- 
tivities. Apparently the only attempt in this direction 
was made by Neumann in his prespectrum work, Section 
5.2 and Appendix B. Despite the fact that his study has 
for its prime objective arrival at a directly usable semi- 

empirical solution, it could serve well as a guide for the 
new rational exposition. Its drawbacks are that it has 
not been translated into English and that it is over- 
burdened with detail considerations. 

One difficulty in developing a rational wave-growth 
theory is described by the following free translation from 
Neumann (1954) attributed to A. Defant: ‘‘the unsatis- 
factory condition appears here in that theoreticians apply 
themselves to the advancement of theories, and with 

completion of these their interest fades; investigators 
working on the observational material, on the other 
hand, have mostly too little theoretical training to apply 
achievements of theory to particular cases. Close co- 
operative developments of observations and theory would 
here, as everywhere, be very beneficial.”” Since it is ex- 
tremely difficult to find an individual possessing all re- 
quired qualities, it appears that best progress can be 
achieved by well-matched pairs or groups of investigators. 

It should not be assumed that “rational” research is 
wholly theoretical, nor that it is limited to the use of 
high-level mathematics. The multiplicity of the facets 
of the problem permits utilizing theoretical work of all 
degrees of complexity, and calls for a wide variety of ex- 
periments and observations. 

Only one thing is universally required; namely, to be 

at all times conscious of the ultimate use of the results of 
a particular research, and to visualize how a particular 
facet fits into the whole. This appears to have been 
disregarded often in wind-flume experiments. The pri- 
mary objective there has usually been to evaluate the tan- 

gential drag force of a wavy water surface, but this sur- 
face has been only crudely described by an average wave 
height, ignoring other wave-surface characteristics of the 

wide variety which exists. In particular, in these experi- 
ments the wind speed-to-wave celerity ratio, U/c, is 
usually too high and the experimental wave steepness 
H/) is also too high in comparison with the natural large- 
scale phenomena. 

The empirically obtained spectra formulations, the 

theoretical work on spectrum properties by Pierson, 
Longuet-Higgins and Cartwright, and the theoretical 
work on wave generation by Munk, Miles, and Phillips 
indicate that the results of past work in wind flumes and 
in limited water areas are of little usefulness. Essentially 
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all of this work should now be repeated with proper re- 
gard for the new theoretical requirements. As a mini- 
mum requirement, the observed waves must be pre- 
sented in spectral form. Consideration must be given 
to short-crestedness; 1.e., to the directional spectrum of 

waves. There are indications that this may strongly 
differ in a wind flume from that of the larger natural 
waves; a too high U/c ratio and wall reflections appear to 
exaggerate the short-crestedness of the flume waves. 
The surface-drag characteristics may be strongly af- 
fected by the degree of short-crestedness. 

Velocity-gradient measurements in the air flow should 
be made simultaneously with drag measurements by 

means of water-surface inclination. Although the use 
of such measurements as an alternative method of wave- 
drag determination has been known for long, the recent 
work of Miles and Phillips has intensified interest in 

them for a more complete investigation of air-flow prop- 
erties, including the evaluation of air turbulence. 

Corresponding measurements of water turbulence also 
may be useful in evaluating the transfer of energy from 
wind and its dissipation in waves. Presumably, Miles’ 

theory pertaining to the air flow can be applied also to 
the conditions existing in the upper layers of water. A 
distinction must be made between the potential air-flow 
energy transmitted to the potential wave energy and the 

turbulent energies of air and water which are caused by 
viscosities. 

Comprehensive measurements in large sea waves are 
difficult to make and are expensive. Wind-flume ex- 
periments have the wall effects on water waves and on 
air flow which are difficult to evaluate with certainty. 
While both of these activities should be continued, it ap- 
pears to the author that the most rapid progress can be 
made by observations in moderately large but limited 
water areas and in predominating waves of, say, 10 to 30 
ft long. The geography of the United States offers many 
opportunities of locating and utilizing such areas. The 
water must be sufficiently deep to avoid wave distortion, 
yet shallow enough to permit installations of poles or 
towers carrying measuring instruments. Measurements 
should be made simultaneously at several stations along 
the wind direction, and the simultaneous recording tech- 
nique must permit correlation analyses. This is particu- 
larly important for the eventual separation of the energy- 
transfer problems from those of energy dissipation. 
Care should be taken in choosing a site so as to assure 
freedom from swells arriving from elsewhere and from 
wave reflections. The results of observations should be 
used in development of semi-empirical and rational rela- 
tionships, but 7 should not be assumed that small-scale 
seas are directly equivalent to ocean waves. The U/e 
ratio appears here to be the prime controlling factor, 

together with the fact that surface tension and viscosity 
makes it impractical to conduct model observations at 
sufficiently low U/ce ratios. 

Condensed List of Suggested Research Topics‘! 

1 Wind-Flume Experiments, as described in Section 
2.3 should be repeated and more comprehensive measure- 
ments taken as outlined in Section 9.2. As a minimum, 
measurements at three stations along the flume are 
needed to provide a possible means of separating analyti- 
cally the simultaneous transmission of energy from the 
wind and dissipation of energy in waves. Particular 
care is needed to prevent wave contamination by waves 

reflected from the leeward beach. If an artificial wave 
generator is used to increase the effective fetch (as by 
Francis, 1951), the generator should be adjusted to pro- 
vide initial waves identical with the wind waves pre- 
viously found at the leeward beach without generator ac- 
tion. Sufficient flume height is needed to assure a nor- 

mal wind-velocity gradient near the water surface. 

2 Wind-Tunnel Experiments should be made on wave 
surface drag, similar to Motzfeld’s, Section 2.3, but with 

short-crested waves and oblique long-crested waves. 

3 Co-ordinated Wind-Tunnel and Wind-Flume Ex- 
periments. It would be desirable to have correlated 
wind-tunnel and wind-flume experiments, where tbe 
wind-tunnel model corresponds to the wave structure 
instantaneously recorded in the flume (refer to Sections 
2.3 and 2.4). Particular care must be taken to repro- 

‘1 Approximately in the order of presentation in the body of the 
monograph. 

duce sharp-crested wavelets. The measurements made 

for model reproduction will also serve to estimate the 
percentage of the water surface covered by such wavelets. 
Proper attention to short-crestedness is important. be- 
cause the drag of a sharp-crested wavelet can be ex- 
pected to diminish rapidly with obliqueness of the crest 
to the normal to wind direction. 

4 Observations on Limited Natural Bodies of Water 
(such as Van Dorn’s, Section 2.5), but with a complete 

record of wave and air conditions, Section 9.2, are 

recommended. These can also, with advantage, be 

made on larger water areas than were used by Van Dorn 
and in larger waves. The limit here is set only by the 
feasibility and convenience of instrument installation. 
Larger waves are suggested in the hope of obtaining 
c/U values more nearly corresponding to ocean-wave 
conditions than is practicable with small waves. It is 

suggested that two intermediate observation stations be 
used in addition to the two at the beginning and the end 
of a fetch. The end stations must be located at reason- 

able distances from the shore in order to record suf- 
ficiently developed waves at the beginning,’ and to avoid 

“” The author can see little practical usefulness in the study of 
wave initiation. In his opinion, Roll’s (1951) observations of 
waves, which were irregular from the beginning and traveled in 
oblique directions to the wind, exhaust the usefulness of initial 
wave study. The author realizes, however, that many oceanog- 
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contamination by reflections and by water shallowness at 

the end of the fetch. The need for a complete air-flow 
description (velocity gradient and turbulence) at each 
station must again be emphasized. Measurements of 

water turbulence and mean drift velocities are also de- 
sirable. 

5 Manual of Applied Boundary Layer and Turbulence 
Theories. It is unlikely that either practical oceanog- 

raphers or naval architects will become fully conversant 
with all aspects of turbulence or boundary-layer theory. 
It is desirable that a brief and simple exposition of these 
theories be prepared. The primary objectives of such 

exposition are to further intelligent planning of wave- 
propagation experiments and to guide the analysis of 
observed results (not the development of advanced 
theories). Only relevant sections of the basic theories 
needed in handling practical problems are to be discussed. 

6 Boundary Layer Over Waves. [‘ffort should be 
applied to establish air boundary-layer characteristics 
over sea waves of different types. The sea types can 
probably be roughly characterized by H/\ and ¢/U ra- 
tios, more completely by Voznessensky and_ Firsoff’s 
spectrum and most completely by the actual spectrum of 
the measured waves. The project may consist of a sur- 

vey of published data (further expanding the work of 
Ellison, 1956) as well as analyses of the data of projects 
suggested under 3) and 4) (refer to sections 2.7, 4.2 and 
4.5). 

7 Energy Dissipation in Waves. <A poor understand- 
ing of the mechanism of energy dissipation in waves is an 
outstanding obstacle to development of the theory of 
wave growth under action of the wind. Two basic parts 
of this mechanism appear to be: (a) Energy dissipation 
by internal friction, and (b) energy dissipation in wave- 
breaking. The first was quantitatively, although quite 
inadequately, investigated in the classical theory (Ap- 
pendix A, Section 4.4 and as described in Sections 3 and 
3.1). The second appears to exist now merely as an 

idea. The whole subject is complicated and_ several 
separate facets probably could be investigated in dif- 
ferent projects. Some of these will be listed in the fol- 
lowing. The author believes that an evaluation of the 
energy transmitted by wind and the energy dissipated in 
water may be obtained by analysis of the data obtained 
from projects 3) and 4) for several sections of the fetch. 
This belief is based on the apparently different rates of 
growth of the two energies with wave steepness and with 
absolute wave size. The effects of the two different 
functions in the algebraic summation may be estimated if 
their sum is evaluated at several fetch values. This 
empirical separation of the two functions will be greatly 
facilitated and made more certain by prior development 
of theoretically established forms of these functions. 

8 Energy Dissipation Based on von Karman. It is 
advisable to investigate use of von Karman’s (1930) 

raphers hold different views on the subject. At any rate, the 
problems of initiation and of development of waves must be 
separated. 

relationships in a turbulent fluid flow in evaluating the 
energy dissipation in waves by internal (turbulent) fric- 
tion, verifying and extending the work of Bowden, Sec- 
tion 3.1. The objective is to derive functional rela- 
tionships between energy dissipated by waves and the 
size and proportions of waves and then to generalize the 
relationships found for harmonic waves to a wave spec- 

trum. 

9 Effect of Water Viscosity in Waves. It is generally 
known that the importance of the fluid viscosity increases 
with increase of the velocity gradient in a fluid flow. 
The viscosity is significant only when the velocity gradi- 
ent is large, usually in limited regions. A project can 
be formulated in which the velecity gradient, known for 
the orbital water-particle velocity in harmonic waves, is 

generalized by statistical methods to apply to wave 
spectra. Both long-crested and short-crested waves must 
be considered. The results of this evaluation can be 
applied to the problem of energy dissipation in two ways: 

(a) Expression for the probability of exceeding ar- 
bitrary levels of water-velocity gradient can be estab- 
lished. The energy dissipation by viscous forces can be 

expressed in terms of velocity gradient by an assumed 
(sufficiently broad) functional relationship with unde- 
termined parameters. The parameters are to be deter- 
mined later by analysis of the empirical data obtained in 
project 7). 

(b) In the narrow regions of high-velocity gradient the 
Navier-Stokes’ equation can be applied neglecting iner- 

tial forces and solving for the pure viscous flow. This 
may permit quantitative evaluation of the relationship 
between velocity gradient and the work of viscous forces. 
The project is to be completed as under a) by estimating 
the probability of various levels of velocity gradient, and 
by applying the resultant functional relationships to the 
empirical data of 7). 

10 Viscous Conditions at Wave Crests. The proj- 
ects outlined under 9 can be carried out with particular 
emphasis on the conditions at the crests of waves (in- 
cluding wavelets) of maximum steepness. 

11 Energy Dissipation by Breaking Wave Crests. A 
rough approximation of energy losses by the breaking of 

wave crests may be possible by the following method: 
First compute the wave energy in a wave spectrum by 
a conventional linear superposition theory. By the use 
of spectral relationships for the root-mean-square of this 

energy, determine the height of waves exceeding the 
theoretical maximum steepness corresponding to an 
included angle of 120 deg at the crest (this is charac- 
terized by a water acceleration of —g). Evaluate the 
excess of energy resulting from linear superposition over 

the energy corresponding to limiting wave steepness and 
assume this to represent the energy lost in breaking 
waves. Cox and Munk’s observations, Section 4.3, may 
be used as empirical information on the increased steep- 
ness of the leeward slopes of the wind-driven waves. 

12 Towing-Tank Measurements of Wave-Energy 

Dissipation as a function of wave steepness are recom- 
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mended. The tank should be of rectangular cross sec- 
tion with a good wave generator, so that regular waves 
of low steepness progress without appreciable change of 

form and amplitude. <A good absorbing beach must be 
provided so that progressive waves are not contaminated 
by beach reflection. The wave generator should be pro- 
grammed to make irregular waves with a spectrum not 

too different from a typical sea spectrum. The wave- 
energy spectrum is to be measured at two or more sta- 

tions in the part of the tank where the good conditions 
called for above obtain. It can be expected that the 
difference in the spectral energy at the different stations 

will grow as the steepness of the generated waves is in- 
creased and as an increasing number of breaking crests 
appears. It will be remembered that the rate of energy 
dissipation in waves is low, and therefore high accuracy is 
necessary in the experiments. These towing-tank experi- 
ments, in which no transfer of energy from wind is 
present, will provide valuable data for separation of the 
wind-transferred and wave-dissipated energies in the 
master project 7). 

13. Energy Dissipation in Irregular Waves. ‘The re- 
sults of project 12) obtained in long-crested waves 
should be generalized to short-crested waves by means 
of the data of project 9). 

14 Energy Transmission from Wind to Waves. None 
of the heretofore published work on the transmission of 
energy from wind to water has presented a complete 
solution but each has been an advance in a certain direc- 
tion. All of these can be listed, therefore, as good 
directions of further research: The work of 

(a) Eckart, Section 4.1, and Phillips, Section 4.2, 

based on the random fluctuations of air pressures in a 
gusty wind. More observations on air turbulence are 
needed and can be obtained from project 4). 

(b) Munk, Section 4.4, based on the air pressure as a 

function of wave form and the wind velocity at anemom- 
eter height. Improvement of the pressure-distribution 
function and introduction of wave-facet velocity are sug- 
gested. Longuet-Higgins’ (1956, 1957) work will be 
valuable in defining the facet velocity. 

(c) Miles, Section 4.5, based on the air pressure as a 

function of wave form, but evaluated by the potential 
solution for air flow possessing a velocity gradient. 
Consideration should be given to variation of the veloc- 
ity-gradient profile with location along the wave contour 
in order to make the solution applicable to waves of sig- 
nificant steepness. The shape of small, usually sharp- 
crested, wavelets carried by larger waves is governed by 
the algebraic difference between the gravity acceleration 
and the acceleration of the large-wave motions. This 
leads to expectation of steeper wavelets at the crests and 
less steep ones in the hollows of the larger carrier waves. 
This difference can be expected to be aggravated further 
by the higher ambient air velocity over wave crests and 
the reduced one over troughs. These changes of local 
water-surface characteristics can be expected to affect the 
roughness parameter and the velocity-gradient profile. 

These should be measured on rigid models in wind tunnels 
and also in observations of large natural waves. 

15 Air-Velocity Profile Measurements. More meas- 
urements of the air-velocity profiles over waves are 
needed for practical implementation of Miles-based proj- 
ects. 

General Remarks on the Problem of Wave-Energy Trans- 
mission. It should not be assumed that only mathema- 
tically complicated work such as Phillips’ and Miles’ is 
valuable. Useful results can be expected at all levels of 
simplicity or sophistication. Generally speaking, com- 

plex solutions have to be limited to a narrow facet of the 
broad problem. Simpler and cruder solutions, on the 
other hand, can usually be expected to cover wider 
ground and to lead sooner to usable (if less refined) results 
because they are not overburdened by details regarding 
any one aspect of the problem. Although work on re- 
fined and sophisticated solutions must be pursued in or- 
der to gain a more complete understanding of the phe- 
nomena, a researcher (and his sponsor) must realize that 
refinement in an isolated facet of a problem does not 
necessarily lead to improvement in the over-all result. 
Quite the contrary, it often upsets the balance obtained 
in a cruder approach. Refined solutions of individual 
aspects of a problem are expected to produce improved 
results only after several aspects are cleared and the 
broader problem is covered. Meantime, sufficient re- 
search effort should also be appled to simpler and 
broader approaches. 

16 Combined Theory of Wave Generation by Ran- 
dom and Wave-Correlated Pressures. The three re- 
search projects covered under 14) apply to several indi- 

vidual aspects of the problem. Effort should be made 
to formulate a theory of the energy transfer from wind 
to water in which both the random atmospheric tur- 
bulence and the effect of the wave shape on the air- 
pressure distribution are considered. 

17 Simple Evaluation of the Wind-Energy Transfer. 
A relatively simple evaluation of the energy transfer from 
wind to waves can probably be obtained by neglecting 
the drag of waves of low steepness and considering only 
the high drag coefficient of sharp-crested waves (Motz- 
feld, Section 2.3; Johnson and Rice, Section 2.4) to- 

gether with the distribution probability of these waves 
and a suitable statistical definition of the mean facet 
velocity. It should not be forgotten that Motzfeld’s 
data apply to long-crested waves, (project 2). Caleula- 
tions can be made for typical wave spectra. 

18 Directional Spectrum of Wind-Generated Waves. 
The work of Phillips, Section 4.2, should be extended to 
provide a clear statement of the directional spectrum of 
generated waves. Certain information on the direc- 
tional distribution ‘of waves was given in the work of 
Kekart. 

19 A Combined Hydromechanic and Statistical In- 
vestigation is needed to clarify the generalization to 
short-crested waves of the energy transfer from wind 
initially formulated for long-crested waves. Mathe- 
matically, short-crested waves are described by super- 



SEAWAY 85 

position of long crested ones. In making this super- 
position, the air-pressure coefficient cannot be assumed 
to remain constant. A short-crested wave form is ex- 
pected to have a lower pressure coefficient than the long- 

erested one. Jeffreys indicated a ratio of 1:2. This 

feature appears to have been neglected by Miles, Section 
4.5. The usual spectral definition of the energy per unit 
sea area does not appear to be sufficient in questions of 
energy transfer from wind. It appears to be necessary 
to consider the flow of energy, 1.e., energy transport, 

which occurs not only in down-wind but in oblique di- 
rections as well. The mean transverse-energy flow can 
be neglected in an infinitely wide fetch and uniform wind, 
but becomes important in narrow fetches and in fetches 
with wind-velocity gradient in the lateral direction. 

20 Wave Growth in Cyclonic Wind. In the projects 
on energy transfer suggested in the foregoing, rectilinear 
wind and predominating waves traveling in wind direc- 
tion were considered. The action of a cyclonic wind 
should also be investigated. In this case, at each incre- 
ment of the fetch, new wind-generated waves appear 
with dominating direction at an angle to the previously 
generated waves. Also there is a lateral wind-velocity 
gradient. The problem of the total wave-energy growth 
and the wave-directional spectrum must be established 
for this condition. The problem presumably can be 
approached by a suitable extension of any of the methods 
listed under project 14). 

Wind-tunnel tests on pressure distributions on wave 
models with oblique crest directions (both long and 
short), needed to implement this project, were listed 
under project 2). 

21 Experiments on Wave Growth in Cyclonic Wind. 
Experiments with model-tank wave geveration by 

cyclonic wind are desirable in connection with project 
20). The scale of experiments should be sufficiently 
large so that gravity waves can be generated and capil- 
lary waves could be neglected. Cyclonic wind can be 
provided by an upward suction through a bell-mouthed 
duct placed at a suitable distance above water. This is 
to be supplemented by a few guide vanes or jets at the 
outer periphery in order to initiate the spiral air flow. 
This project can be considered as an extension of Wiegel, 
Snyder and Williams’ (1958) work. 

22 Additional Wave-Spectra Measurements. There 
is a wide disparity among the various spectra discussed 
in Section 6, both in regard to the indicated rates of wave 

growth and in the ultimate wave characteristies. Addi- 
tional ocean-wave measurements and analyses are recom- 
mended, under ideal conditions corresponding closely to 
the conditions of spectrum formulation. The visual 
observation-data analysis of Walden, Section 6.52 
should be repeated using new wave data, instrumentally 
measured and spectrally analyzed. This large project 
requires, of course, prior completion of several lesser 
projects to be outlined. 

23 Theory of Shipborne Wave Gage. At the time 
of writing, Tucker’s (1952b, 1956) shipborne wave gage 
appears to be the most suitable for ocean-wave recording 

on weather-observation ships. A theoretical analysis of 
its performance was given by Pierson (3-1957), and it 
appears to the author that such errors as are unavoidable 
are not important in the case of a small ship on large 
waves. On the other hand, a theory of the relationship 
between the water pressure at a submerged gage and the 
wave height has heretofore been used only in a crude form 
with a rule-of-thumb correction for hull interference. 
Development of this theory to include a more accurate 
evaluation of the hull-wave interference is recommended. 
It is particularly important for the measurement of the 
high-frequency wave components. 

At the same time, the choice of the most favorable 
position for the gage installation may be investigated. 
In particular, proximity of the gage to bilge keels should 
be guarded against. 

24 Calibration of Tucker’s Gage installation on each 

ship against an independent standard appears to be an 

evident requirement. It has not heretofore been prac- 
tical because of the lack of such a standard. The 
problem may be solved by installing wave gages on 
suitable off-shore structures (Texas Towers) against 

which a ship’s gage can be calibrated. 
25 Installation and Routine Use of Tucker’s Gages 

on all weather-observation ships is recommended. 
26 Shipborne Analyzing Equipment. In _ observa- 

tions made heretofore with Tucker’s gage, analysis of 
the records was subsequently made on shore. The col- 
lection of a large amount of wave data (and ultimately 
synoptic observations) requires that analyses be made 
aboard ships and the spectral wave description be radioed 
inacompact form. The development of suitable, simple, 
compact and rugged analyzing equipment for routine 
shipborne use is therefore needed. Application of the 
rapidly developing transistor techniques appears to be 
indicated. 

27 Use of Wave-Measuring Buoys (Dorrestein, 1957; 
Voznessensky and Firsoff, 1957) appears to be practical 
on a sampling basis in a not-too-rough sea. With addi- 
tional development, such buoys may be adapted to 
measuring the directional-wave spectrum. Develop- 
ments in this direction are recommended. They can 
take the form of simple and cheap disposable devices, 
or the more elaborate ones which will have to be set out 
and subsequently retrieved. 

28 Installation and Use of Wave-Measuring Devices 
on Off-Shore Structures (Texas Towers) is recom- 
mended. By extending the techniques developed by 
Barber (Section 8.72), the determination of a large 
number of directional wave spectra is feasible and should 
be made. Again, it is recommended that the analyzing 
equipment outlined in project 26) be used on the same 
structure and that accumulation of a great mass of data 
for later analysis be avoided. However, the practice of 
accumulating measurements for data analysis on shore 

may be resorted to temporarily pending the availability 
of the analyzing equipment. The nature of the record- 
ing must be matched, however, to the analyzing equip- 
ment to be used. Data are needed on a statistical basis 
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and must be of the type permitting mass analysis with 

the minimum of labor. The variability of sea conditions 

indicates that simplicity of data collecting and analyzing 
far outweighs the desire for extreme accuracy. In par- 
ticular, the wave-energy distribution can be measured in 

only a few discrete directions. Gelci, Casalé, and Vassal 

expressed the mean directional spectrum by only two 

bands, Section 8.72. 
29 Pending the collection of a sufficient amount of 

new wave measurements, the Material Used for Spec- 
trum Formulation in the Past Should be Re-examined. 
In particular the following two projects can be suggested: 

(a) The shape of Neumann’s, Section 6.2, spectrum 
was obtained by intuitive analysis of a few wave records 
(see legend in Fig. 36). A formal spectral analysis of 
these records is recommended. In particular, this would 
help to clarify the evaluation of the constant C in 
Neumann’s spectrum formulation, Section 6.25. 

(b) Darbyshire’s (1955), Section 6.11, wave data 

represent the only large collection of open-ocean instru- 
mental wave measurements available to date. Re- 
examination of this material is recommended with par- 
ticular regard to (i) verifying wind velocity over relevant 
fetches by re-examining meteorological conditions; (11) 
including the necessary (theoretical) corrections of 
Tucker’s gage indications, particularly for high-frequency 
waves; (iii) making independent spectral analyses, and 
(iv) experimenting with replacement of Darbyshire’s 
empirical formula by alternate, possibly more sophisti- 
cated, formulations. In particular it is desired to bring 
out more clearly the effects of fetch length and of wind 
duration. Also, it is desirable to establish the spectrum 
form for a sea in the development stage, following the 
example of Gelci, Casalé, and Vassal (Sections 6.3 and 

6.4; Fig. 45). 
30 The collection and analysis of open-ocean data 

suggested in project 22) probably will take considerable 
time. Meantime appreciable progress can be made by 
Spectral Analysis of Observations in Restricted Water 
Areas of various sizes and at various wind velocities, 
project 14). A particular objective of this analysis 
would be to find out if the constant defining the spectrum 
area is truly a constant or whether it depends on other 
factors, particularly on “wave age” (i.e., the ratio of 
predominating wave celerity to wind velocity), verifying 
the conjecture made by the author in the fourth para- 
graph of Section 6.23. 

31 Development of Descriptive Wave Spectra, Sec- 
tion 6.6 The development of a compact description of a 
sea surface is recommended. This should be suitable for 
ship-motion analysis or prediction. It appears that a 
three-parameter definition indicative of the wave height, 
wave period, and sea irregularity can be useful. Such 
a definition was given by Voznessensky and _ Firsoff’s 
spectrum, Section 6.6. Additional work connected with 
it may consist of 

(a) Evaluation of the three parameters for certain 
spectra of measured waves at sea, such as, for instance, 
Walden and Farmer’s, Section 6.53(b). Attention 

should be called to the fact that the spectrum in this 
case describes an observed sea which is usually generated 
by many separate causes. This spectrum therefore is 
basically different from the spectra based on wind veloc- 
ity and a specified simple fetch and duration. In 
particular, the descriptive spectrum must have flexibility 
in specifying the dominant wave period. 

(b) Preparation of a photographie album of various 
spectrally analyzed sea conditions for guidance in visual 
sea observations.‘? The photographs can be labeled 
and classified by the three Voznessensky and _ Firsoff 
parameters. 

(c) Establishing relationships among the actual spec- 
trum of waves, the Voznessensky and Firsoff three-pa- 
rameter spectrum, simple measurements of wave heights 
and periods on a wave record, and the visually observed 
significant wave height and period. This can be ac- 
complished by theoretical considerations based on 
mathematical statistics, in conjunction with the spectral 
evaluation of wave records (in subprojects a and 6b). 
The primary objective of this project is to enlarge the 
collection of wave data reducible to spectral presenta- 
tion, which is needed in the prediction of ship motions. 

(d) A special study to bring out the physical signifi- 
cance of the sea irregularity parameter a in Voznessen- 

sky and Firsoff’s formulation. There is some evidence 
that in a “young sea” (large U/c) both the scalar spec- 
trum and the directional energy distribution are broader 
than in the case of a fully developed sea. This observa- 
tion apparently permits the grouping of period irregular- 
ity and of short-crestedness under one parameter. The 
foregoing is a conjecture, however, and the subject must 
be investigated. 

32 Synoptic Wave Data. Collection of ocean-wave 
data on a synoptic basis is needed and is sure to come 
with time. A compact (and at the same time significant) 
method of reporting the wave data must be developed. 
To describe a complete spectrum a large number of 
ordinates must be reported. Any number of discrete 
ordinates will create uncertainty because the spectral 
form resulting from a computational procedure is usually 
irregular. Furthermore classifying a large number of 

reported spectra presents a problem. It does not ap- 
pear to the author that it will be practical to report the 
complete spectra. The spectrum forms most often ob- 
served may be reported with sufficient accuracy by the 
three Voznessensky and Firsoff parameters which also 
provide a simple means of wave classification. The less 
frequent two-maxima spectra can be approximated by 
superposition of two simple spectra; i.e., by a total of six 
numbers. This demonstrates a possible approach. 
A broad study of the problem is recommended. 

33 Spectra of Very High-Frequency Wave Com- 
ponents. The spectra discussed in Section 6 are macro- 
scopic descriptions of sea waves. They give information 
on waves sufficiently long to be significant for ship 

48 This idea of a photographic album was advanced at the 
August 6 and 7, 1958 meeting of the Seakeeping Characteristics 
Panel of SNAME. 
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motions and for swell forecasting. The resolution power 
of the instrumentation used in their measurement and of 
their spectral analysis is not sufficient to describe small 
wavelets by which the surface of the larger waves is 
covered. These spectra, therefore, appear to be of 
doubtful value in problems of energy transfer from wind 

to waves. This transfer appears to be primarily de- 

pendent on the small sharp-crested waves. Projects on 
the measurement and analysis of these small waves are 
therefore recommended as a prerequisite to understand- 
ing the wave growth under wind action. 
How small is ‘‘small” in this connection is not known 

now, and it is probable that it is defined not by absolute 
value but in relation to the total spectrum energy. It 
appears to the author, however, that waves in the gravity 
range are involved here, and one should not arbitrarily 

identify ‘small’ waves with capillary waves. 
A study of properties of the high-frequency end of the 

wave spectrum by Phillips (1958) can be mentioned as 
an example. The prospective investigator should be 
warned that the facet velocity of small waves depends 
not on their properties alone, but on the whole wave 
spectrum. Longuet-Higgins’ (1956, 1957) papers can be 
used for defining the facet velocity in any spectrum. 
It also should be remembered that the very high-fre- 
quency ends of all of the spectra listed in Section 6 
represent an extrapolation of the empirical data, and 
are therefore not reliable. Pending actual measurement 

of very high-frequency components of moderate and 
high seas, it is suggested that hypothetical spectra be 
used in theoretical studies. These would be composed of 
the spectra listed in Section 6 with the high-frequency 
ends replaced by Phillips’ (1958) formulation. As sub- 
projects under the foregoing, the following can be 

listed : 
(a) Measurements of the very high-frequency end of 

the spectra by auxiliary instrumentation at the time the 
usual wave measurements are made. In particular, the 
small wavelets can be measured with respect to a fairly 
large buoy riding on larger sea waves which in turn are 
recorded by accelerometers. 

(b) Verification of Phillips’ (1958) formulation by ap- 
plication to Cox and Munk’s, Section 4.3, and Schooley’s 
(1958) wave slope spectra. 

(c) Carrying out preliminary work on the wind-energy 
transfer to waves using spectra as indicated in project 
(14-b) but with a hypothetical spectrum possessing 
Phillips’ high-frequency extension. 

34 Transformation of Small Waves into Large Ones. 
In the development of waves under the action of the 
wind there appears to exist a perpetual change from 
small waves to large ones. Sverdrup and Munk and 
Neumann (prespectrum) have shown that waves must 
grow in length in absorbing the wind energy since they 
cannot grow indefinitely in height. The detail mecha- 
nism by which the small waves are transformed into large 
ones is, however, not known. Efforts to formulate and 
to demonstrate a suitable theory are recommended. 

The energy transfer from wind appears to depend on 

the action of small waves. In comparison with these, 

the long waves of moderate sharpness and approximately 
trochoidal form have very small ability to absorb wind 
energy. The theory of large-wave growth must ap- 
parently depend on understanding the processes by 
which the wind energy absorbed by small sharp-crested 
waves is transformed into the energy finally appearing in 

large waves. 
The reverse problem also has been observed in towing 

tanks. Sometimes an apparently regular wave train, 
after running through a certain distance, is transformed 

into an irregular wave pattern containing components of 
much higher frequency than the original waves. 

35 Manuals of Applied Mathematical Statistics. The 
introduction of spectral descriptions of waves and ship 

motions brings about the need for knowledge of mathe- 
matical statistics. It can hardly be expected that prac- 
tical oceanographers, ships’ officers, and naval architects 
will have the time and preparation for a profound study 
of this subject. It is recommended, therefore, that 
short and simple texts on the relevant aspects of mathe- 
matical statistics be prepared. The text should have 
direct practical use as an objective, and should avoid 
theoretical discussions beyond those immediately needed 
for understanding the practical procedures. Those en- 
gaged in research requiring a deeper theoretical insight 
would be directed to the many existing textbooks and 
articles on a higher mathematical level. The notation 
and expressions familiar to oceanographers and naval 
architects should be used as far as possible, and the un- 
familiar terminology of the specialized statistical texts 
should be avoided. The text should preferably be ar- 
ranged in a graded form, starting with the simplest pos- 

sible use of mathematical statistics in oceanographers’ 
and naval architects’ problems, and progressing to the 

more elaborate ones. 
36 Provision of Recording and Analyzing Facilities. 

The practical application of the spectral concepts of the 
sea surface requires widespread use of suitable recording 
and analyzing equipment. Heretofore, the work in this 
field has been carried out only on a pilot-research basis, 
making use of the few available computing centers and 
often resorting to tedious manual measurements of 
various records. Significant progress in practical utiliza- 
tion of the modern irregular-sea concepts depends to a 
large extent on widespread availability of suitable re- 
cording and analyzing equipment. The need for ship- 
borne equipment has already been mentioned under 
project (26). Suitable equipment also must be made 
available to experimenters in wind flumes, towing tanks, 
and oceanographic institutions. It is often impractical 
to develop the necessary instrumentation at each in- 
dividual establishment because of the lack of specialized 
knowledge and because of the cost involved. There is 
also the danger that heterogeneity of the methods and of 
the forms of reported results will hinder progress. — It is, 
therefore, recommended that steps to develop and make 
available suitable instrumentation be taken by the 
proper professional organizations singly or jointly. If 
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suitable equipment specifications were developed, avoid- 
ing unnecessary complications and costs, private in- 
dustry may be able to produce the equipment in quantity. 
Simplicity, reasonable universality, and low cost are es- 
sential, since much of the valuable research is expected 
to come from many small laboratories. In general, 
two broad types of equipment are visualized: 

(a) Magnetic-tape recorders and analyzers of the 
(moderately broad) filtering type. 

(b) Digitizers which translate the continuous electric 
signals from the sensing elements into the punched-card 
or tape records suitable for direct use in universal com- 
puting machines. This equipment is particularly ap- 
propriate for small laboratories connected with universi- 
ties or other institutions possessing high-speed digital 
computing machines. 

The author believes that the most rapid progress in 
research in oceanography and naval architecture will be 
made if the analyzed test data could be available to a 
researcher while the physical observations are still 
clear in his mind. The electronic filtering technique 
listed under a) and recommended for project 26) gives 
promise of such a rapid analysis. By using transistor 
techniques it also gives promise of a compact and rugged 
equipment suitable for use on location in natural-wave 
observations. 

The author realizes that recorders, digitizers, and 
analyzers have been developed by various laboratories 
and that many electronic components are available in 
the open market. Nevertheless, no complete, compact 
and workable instrument package appears to exist, and 
the cost and the needed specialized knowledge severely 
limit the activity in this field. 

37 Clarification of Confidence Limits. The con- 
fidence limits of spectral analysis are defined with respect 
to certain, rather narrow, filters of the digital analysis or 
electronic devices. When these limits are given in the 
literature, as for instance in Fig. 71, it is often difficult 
to find the frequency band widths to which they apply. 
Furthermore, these particular frequency band widths 
may or may not be relevant to the problem at hand. No 
distinction has been made between confidence in an 
analysis of a particular wave record and confidence in 
this particular record considered as a sample of the ran- 
dom sea conditions. Finally, there appears to be some 
confusion in the literature between expressing the con- 
fidence in terms of wave-record-measurement subdivi- 
sion and in terms of wave lengths available in a sample. 
Further research to clarify the situation is recommended. 

It is emphasized that in practical use the confidence 
limits of the spectrum must be closely connected with 
the objective for which the spectrum is to be used. For 
instance, confidence limits may be desired in evaluating 
the significant wave height, i.e., the zero moment of the 
spectrum, or the mean wave slope (the second moment), 
or the mean wave period. <A tabulation of such con- 
fidence limits appears to the author to be more valuable 
in practical problems than drawing the usual statistical 
confidence-limit curves. The problem of clarifying the 

meaning of statistical confidence limits in application to 
practical problems requires the joint work of mathema- 
tical statisticians and oceanographers or naval archi- 
tects. 

38 Instrumentation for the Measurement of Direc- 
tional Wave Spectra. The need for measurement of 
wave directional spectra on a quantity, i.e., statistical, 
basis has been indicated under project 28) and has been 

mentioned several times before. Development of the 
necessary Instrumentation can be listed, however, as an 
independent project. To date, Barber’s methods appear 
to be the only ones suitable for mass collection of data. 
Barber proposed several methods, but only one of these, 
the correlation one, was outlined in some detail in Sec- 

tion 8.72 where references also were given to all of Bar- 
ber’s papers. A certain rather obvious development of 
Barber’s correlation method is needed for the collection 
of the data suggested in project 28) : 

(a) The directional spectrum should be obtained for 
several wave frequencies. 

(b) The variability of sea conditions, demonstrated by 
Tucker, Section 8.44, requires that measurements for all 
frequencies be obtained simultaneously. Also it would 
be desirable to obtain simultaneously the records for 

several pairs of gages needed for correlation analysis, 
instead of the consecutive measurements used by Barber. 

It appears to the author that available electronic tech- 
niques will permit the following scheme: (a) The usual 
wave-height recording can be made simultaneously for 
several pairs of gages on the same magnetic tape thus 
permitting a cross-spectral analysis to be made later; 
(b) the multiple record should be passed alternately 
through several frequency filters, yielding several single- 
frequency multiple-gage records; (c) each single-fre- 
quency multiple-gage record should be subjected to the 
correlation analysis described by Barber, except that 
electronic methods of analysis would be used instead of 
Barber’s pendulum; (d) the randomly distributed two- 
dimensional correlation function, equation (149), would 
be projected on the oscilloscope screen and photo- 
graphed; (e) the photograph for each frequency would be 
interpreted in the same way as Barber’s photograph, 

Fig. 87. 

It should be emphasized that sea-surface variability 
makes it unnecessary to describe in excessive detail a 
directional spectrum from a single observational run. 
The spectrum is a statistical concept and the typical 
spectrum is to be obtained as the mean of many individ- 
ual records. This being the case, an excessive number 
of gage pairs and of calculated wave directions should be 
avoided. It appears to the author that four pairs of 
gages and four wave directions will be sufficient. 

The instrumentation outlined in the foregoing may be 
adapted to the measurements made with conventional 
wave-height gages as well as to the wave-slope and wave- 
acceleration measurements by floating buoys. In the 
latter case the use of telemetering equipment will be re- 

quired. 
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39 Directional Wave Spectrum Measurement From 
Ships at Sea. Apparently no method of measuring the 
directional wave spectrum on ships has been proposed 
to date. Nevertheless, effort should be applied to this 
problem. 

40 Energy Transport in Irregular Waves (Section 
8.8). The static concept of the wave-energy spectra 
may not be adequate in problems of the energy transfer 
from wind to waves. Thought must be given to the 

mathematical and physical consequences of the energy 
transport by irregular waves. Defined with respect to 
harmonic-wave components by the classical theory, the 
energy-transport concept should be generalized by 
statistical theory. The work suggested by this project 
can be considered as a further development of Longuet- 
Higgins’ (1956, 1957) work with particular emphasis on 
flow (or transport) of energy in various directions. 

41 Waves of Extreme Steepness and Their Proper- 
ties. In the analysis of dangerous ship stresses it is 
important to know the maximum steepness of ocean 
waves of various lengths. A maximum height-to-length 
ratio of 0.14 and a minimum included angle of 120 deg 
at the crest are indicated by classical theory (Section 3.2 
of Appendix A) for simple gravity waves. A minimum 
included angle of 90 deg is indicated (Taylor, 1953) for 

standing waves. 
(a) Theoretical research is needed to establish the 

maximum steepness and the mean wave height for short- 
crested irregular waves. Conceivably, the interaction of 
various wave trains may bring about the reduction of the 
120 deg angle. This angle is reduced to 90 deg for 
standing waves which are represented mathematically 
by a summation of two simple wave trains. 

(b) Ship-stress analysis requires not only knowledge 
of the wave steepness as a function of wave length but 
also of the pressure distribution in waves. The methods 
by which the limiting crest angles were determined in 
simple gravity waves involved only local conditions and 
not the general flow description. A project in evalua- 
tion of pressure distributions in waves of limiting steep- 
ness is therefore recommended both for long-crested and 

for short-crested irregular waves. While the problem 
may prove to be prohibitively difficult for sharp-crested 
waves, the computations for Stokes’ waves (Section 3.1 
of Appendix A) are simple and will yield valuable data. 

(c) The spectral sea description is based on the linear 
superposition of simple wave trains and, strictly speak- 
ing, is valid only for very low waves. Development of a 
nonlinear statistical wave description is needed to repre- 
sent the waves approaching limiting steepness. This 
project consists of: (i) the basic development of nonlinear 
methods and (ii) their application to typical sea spectra. 
In defining the latter, Bowden’s, Section 3.1 limitation of 
the wave steepness by the balance of the energy received 
from wind and dissipated in waves and Phillips’ (1958) 
definition of sharp wave crests by the condition that 
i = —g may be useful. 

(d) Expressions for the wave slopes are available in the 
statistical work of Pierson and Longuet-Higgins. These, 

however, are based on the linear theory. <A study of 
storm-wave records (for instance, Darbyshire’s, 1955) is 
recommended in order to verify empirically the degree of 
agreement between large wave slopes as observed and as 
derived from linear spectra. Wave steepness appears to 
be connected with wave age, c/U, so that small-scale 
data, as in Cox and Munk’s, Section 4.3 sun-glitter meas- 

urements, are not applicable to the present project. It 
must be based on full-scale storm conditions. 

42 Shape of Wind-Driven Waves. The shape of 
wind-driven storm waves may be of significance in 
evaluating the bending moments acting on ships in 
waves. The increased steepness of leeward slopes can 
be expected to cause appreciable increase in the bending 
moments. Three subprojects are indicated here: 

(a) Efforts to formulate and solve the problem theo- 
retically. 

(b) Empirical evaluation of the increase of the ob- 
served leeward slopes of storm waves over the slopes pre- 
dicted from linear spectra. 

(c) Empirical modification of the descriptive spectrum 
formulation (such as Voznessensky and Firsoff’s, Section 
6.6) to generate an unsymmetric wave form. 

43 Restricted-Water Waves. Increased steepness of 
storm waves progressing into restricted waters (reduced 
depth, channel constriction, head current) may cause 
increase of ship stresses and is, in fact, suspected to be 
the cause of certain ship failures. Theoretical and 
empirical studies of the properties of these waves are 
desired. It is necessary to know the pressure-distribu- 
tion pattern in these waves as well as their forms. The 
increase of sea severity near steep shores (for instance 
in the Bay of Biscay) is well known to mariners. It can 
generally be attributed to the standing-wave system 
caused by wave reflections from shore, but a more thor- 
ough quantitative investigation of the wave properties 

is needed. 
44 Natural and Ship-Wave Interaction. The inter- 

action of ship-made waves with natural wind waves can 
often lead to weird wave forms, excessive wave steepness 

and dangerous surf-like breakers. Two particular cases 
of interference-caused waves can be cited: 

a) Interference of the following sea with the trans- 
verse stern wave of a ship. This may lead to the break- 
ing of a large wave over a ship’s stern (Moéckel, 3- 
1953). 

b) Interference of a ship’s bow waves with oblique or 
beam seas. The interference breakers can often be seen 
over a large distance in the directions of the oblique bow 
and stern ship waves. This interference often increases 
ship wetness and may be dangerous for a ship’s super- 
structure. A ship in a formation may be endangered by 
the combined interference of its own and other ships’ 
waves with ocean waves. 

Theoretical and experimental work on the properties 
of interference waves is recommended. This study can 
be expected to lead to the development of operational 
rules for increase of safety of fast (naval) ships operating 
in formation in rough weather. 
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Nomenclature for Chapter 1 

Gry Day Cr 

An, Bn, Cn 

Hiy7/3, Ays10, ete. 

H 

Mn 

Mpg 

n 

harmonic wave amplitude, half-height of 

trochoidal and Stokes’ waves 

coefficients of the nth term of the Fourier 

series expansion of a function 

coefficients of the air-pressure-function ex- 

pansion 

coefficients 

wave celerity (also known as phase velocity) 

a coefficient 

dynamic (i.e., pressure) drag coefficient 

pressure coefficient 

frictional-drag coefficient 

total drag coefficient 

gust diameter (Eckart, Section 4.1) 

energy 

wave-energy content per unit of sea surface 

per second. Energy indicated by the spec- 

trum area (true energy divided by pg) 

spectral energy (divided by pg) density in 

terms of wave period, frequency and circular 

frequency, respectively 

directional spectrum energy density in terms 
of wave number projections on x and y- 

axes 

directional spectrum energy density in terms 

of circular frequency and wave-propagation 

direction 

wave energy per unit sea area per second trans- 

mitted from wind to waves by normal air 

pressures 

wave energy per unit area per second dissipated 

by waves 

wave energies carried through reference planes 

at fetches Ff, and Fs 

= frequency 1/T' = w/27 

= number of degrees of freedom in spectral anal- 

ysis (equation 126) 

= cut-off (Nyquist) frequency 

= fetch 

acceleration of gravity 

water depth 

= number of integrations of an autocovariance 

function in computing spectral density 

= wave height 

ll 

apparent wave height 

mean apparent wave height 

mean height of !/;, !/0, ete., of highest waves 

equivalent wave height (Darbyshire, Section 

6.1) 

VT 
wave number = 27/\ = w?/g 

“raw’’ value of spectral density 

maximum number of time lags in autocovari- 

ance analysis 

moments of scalar spectrum defined by equa- 

tion (128a) 

moments of the directional spectrum defined 

by equation (142) 

order of harmonic components in a Fourier 

Series 

n 

n 

R(r) = 

R(r)/R(O) 

R, 6 

rms 
§ 

number of intervals Af in a sample of duration 
Tr 

generally an index or a subscript of a meaning 

to be specified 

ratio of turbulent and molecular viscosities, n*/y 

number of zero up crosses of a wave record 

number of maxima of a wave record 

pressure 

number of lags, 7/At 

index of the wave number w in directional- 

spectrum analysis 

index of the wave number » in directional- 

spectrum analysis 

successive numbering of ordinates of record of 

a random function 

proportion of negative maxima in a wave 

record 

autocovariance function 

autocorrelation function 

polar co-ordinates 

root-mean-square 

Jeffreys’ sheltering coefficient 

Miles’ (Section 4.5) mass parameter 

setup of water surface caused by wind drag 

setup of water surface smoothed by a detergent 

setup of water surface caused by wave resist- 

ance 

time 

period of harmonic waves 

duration of a wave record, sec 

duration or life of a gust (Eckart, Section 4.1) 

surface tension 

mean apparent period of irregular waves de- 

fined by number of zero up-crosses per sec- 

ond 

mean apparent period of irregular waves de- 

fined as time intervals between dominant 

wave crests 

horizontal component of orbital velocity 

projection of the wave number k on z-axis 

wind velocity at the height z 

= air velocity affected by the proximity of a 

body. Air velocity at anemometer height 

energy contained in a band of frequencies 

@We — a, 

spectral wave energy (in energy units) con- 

tained in the band AZ’ of wave periods 

(Neumann, Section 6.2) 

= gust travel velocity (Phillips. Section 4.2) 

vertical component of the orbital velocity 

projection of the wave number k on y axis 

velocity of undisturbed air. Gradient wind 

velocity 

= formula velocity (Section 2.5) 

Il 

Cartesian co-ordinates 

an ordinate of a stochastic function record 

height of wind-velocity measurement 

roughness parameter (Section 2.7) 

coefficient of Voznessensky and Firsoff’s 

(Section 6.6) spectrum, characteristic of sea 

irregularity (spectrum broadness ) 

coefficient of Voznessensky and Firsoff’s 

(Section 6.6) speetrum, characteristic of 

wave frequency 
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B = Jeffrey’s sheltering coefficient (Section 2.1) 

B = wave age, i.e., the ratio c/U 

y = tangential-drag-force coefficient; y = Ca*/2 

6, A = an increment 

e = phase angle 

€« = parameter characteristic of a spectrum’s broad- 

ness (Section 8.6) 

n (t) = wave elevation; ordinates of wave record 

measured from mean level 

6 = direction of wave-component propagation with 

respect to predominating direction 

4 = spread of wave directions (Cox and Munk, 

Section 4.3) 

\ = wave length 

uw = molecular viscosity 

u* = turbulent viscosity 

vy = kinematic viscosity p/p 

p = water density 

p’ = air density 

7 = tangential drag 

rt = time lag in spectral analysis 

y (x, y, t) = three-dimensional correlation function 

w = circular frequency = 27/T = 2nf 

o = standard error 

o = total wave slope 

o. = cross-wind wave slope 

oa, = up/down wind-wave s'ope 
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CHAPTER 2 | Hydrodynamic Forces 

1 Introduction 

Chapter 2 deals with definition and evaluation of hy- 
drodynamic forces acting on the hull of an oscillating 
ship in waves. The oscillating motion of a ship will be 
discussed in detail in Chapter 3. However, the forces 
and motions are so closely interconnected that a com- 

plete separation of these two subjects is not possible, and 
a certain minimum infocmation on motion has to be in- 
cluded in Chapter 2 as well. 

The exposition given in Chapter 2, as indeed in all sub- 
sequent chapters, follows the policy outlined in the Intro- 

duction to the Monograph (pages ivandy). An attempt 
has been made at a critical summary of the existing state 
of the art. It is expected that the reader will be stimu- 

lated to further research by the realization of the scope 
and the shortcomings of present knowledge of the hydro- 

dynamic forces acting on a ship oscillating in waves. A 
summary of suggestions for research will be provided at 
the end of the chapter. 

Because of the close relationship between the subject 
matter of Chapters 2 and 3, the bibliography for both 
is placed at the end of Chapter 3. The reader is asked 
to refer to 1t whenever the reference gives only the year 

of publieation, thus “Davidson and Schiff (1946).” 
When a reference is made to other chapters it is preceded 
by the chapter number; thus, ‘Pierson (1-1957).” 

1.1 Forces Acting on a Body Oscillating in a Fluid. 

A continuously changing pattern of water velocities rela- 
tive to the hull is created when a ship oscillates in waves. 
By virtue of the Bernoulli theorem, these water velocities 
and their rates of change cause changes of the water 

pressure on the hull. These pressures, acting In various 
directions, always normal to elements of the hull surface, 
can be resolved along three axes, v, 7, and z, and the com- 
ponents can be integrated over the entire area of the hull 
so as to give the total resultant force in each of these di- 

rections. The force components also can be multiplied 
by the distance to the center of gravity of a ship, and 
integrated to give the total moment about each axis. 
It has been found that once the detailed derivation has 
been carried out, the actual evaluation of the forces often 
can be accomplished by a much simpler procedure in 

terms of the body volume. 
The actual mechanism of a ship oscillating along 

three axes—surging, side sway and heave, and rotating 

about three axes, rolling, pitching and yawing—can be 
complicated. Nevertheless, the basic concepts and ter- 

minology are defined in the same way as for a simple 

harmonic oscillator. A can buoy in heaving motion in 

low, long waves is a good example of a simple forced 
oscillation. Its motion is described by a linear differ- 
ential equation of the second order 

az + bs + cz = Fo COS wt (1) 

Here the first term az denotes the forces connected 
with the acceleration d?z/dt?, and the coefficient a is a 

mass. It is in reality the mass m of the buoy itself plus 
a certain imaginary water mass m,, the acceleration of 
which gives a heaving force equal to the vertical result- 
ant of all fluid pressures due to actual acceleration of 
water particles in many directions. This imaginary 

mass Is known as ‘added mass” or “hydrodynamic mass” 
and the coefficient a is written as m + m, = m(1 + k,), 

where k, is the “coefficient of accession to inertia’”’ in the 

vertical plane. The total mass represented by the coeffi- 
cient a is known as “‘apparent mass” or “virtual mass.’ 

The second term 63 denotes the force proportional to 
the instantaneous vertical velocity dz/dt. The coeffi- 
cient b is known as ‘‘damping coefficient”’ for a reason to 
be discussed shortly. In most cases it is assumed to be 
constant. In reality it is often not constant and in ap- 

plication to ship rolling, for instance, it often has been 
taken as depending on velocity squared 3? as well as on 
¢. However, a satisfactory description of many forms 
of oscillation in nature is given by the linear form of 

Equation (1). 
The term cz is the force proportional to displacement, 

and is usually known as the “restoring force,’’ while the 

coefficient ¢ is often referred to as a “spring constant.” 
This is a force exerted per unit of displacement z. In the 
present example of a can buoy, the constant ¢ is the 
heaving force caused by a change of draft of one unit; 
i.e., | ft in the foot-pound system. 

The term Fp cos wt on the right-hand side of equation 
(1) is the “exciting force.’ In the present simple ex- 
ample, /’) is the amplitude of the buoyant force due to 
wave height. In a ship’s case it also will depend on 
water velocities. 

In the forced motion with harmonic exciting force, 

equation (1), the motion, after sufficient time, is also a 
simple harmonic so that body position at any instant is 

z = 20 cos (wt + e€) (2) 

where w is the circular frequency, and ¢ is the “phase 
lag angle.” Term 2 is the amplitude of motion defined 

in its relationship to the amplitude of exciting force 
Fy by 

zy = Fo[(c — aw*)? + b%w?] —1/? (3) 
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It is of interest to establish what work is done by an 
oscillating body on the fluid per cycle of oscillation. On 
the basis of equation (2): 

zZ = Zz cos (wt + e) 

— wz sin (wt + «)de 
& = —weé sin (wt + e) 

= —w*Z% COs (wt + €) 

(4) 

ba: 

and the work done, in the period 7, by the acceleration 
forces 

fz 

af dz = aw*2¢" 
0 

eT 

x | sin (wt + €) cos (wt + <)dt = 0 (5) 
0 

by damping forces proportional to 3 
a z 

Df gdz= bata [ sin? (wt + «jdt 
0 0 

= barat /2 (6) 

by restoring forces, proportional to 2, 
Lr 

J, 0 

Thus, it is seen that the average amount of work done 
on a fluid by acceleration and by restoring forces is nil. 
A body does the work on the fluid during a half cycle, 

and the fluid does an equal amount of work on the body 
during another half cycle. Only damping forces do a 
net amount of work on the fluid, and therefore take the 
energy out of the body and dissipate it in the fluid. In 

an oscillation of a free body this causes gradual dim- 
inution of the amplitude of motion, from which the 
term ‘damping’? has been derived. In a continued 
forced oscillation the energy necessary to maintain it is 

supplied by the exciting forces. 
If the frequency of the oscillation is low enough, the 

phase lag is negligibly small and the displacement of a 
body z is in phase with the exciting force. Equations 
(4) show that the velocity ¢ is 90 deg out of phase and 

the acceleration 2 is 180 deg out of phase. 
The forces caused by water pressures can be divided 

into two groups. The restoring force cz is caused by 
hydrostatic water pressures. The hydrodynamic forces 
be and m.Z result from the velocities and accelerations of 

water particles. These two forces are in reality two 
components of the resultant of all hydrodynamic (1e., 

exclusive of hydrostatic) water pressures. 
Confusion has occasionally resulted from the de- 

scriptive definitions of the damping force and the inertial 
(acceleration of the hydrodynamic mass) force given 
earlier. In the recent literature there has been, there- 
fore, a tendency to define these forces merely as the out- 
of-phase (by 90 deg) and in phase (in reality 180 deg out- 
of-phase) components of the hydrodynamic force. 

1.2. Order of Exposition. Equation (1) was intro- 
duced in order to define four categories of forces acting 
on an oscillating body, namely, inertial, damping, restor- 

dz => — Cw29" ry 

7 

x { sin (wt + €) cos (wt + e)dt = 0 (7) 
0 
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ing, and exciting. The following sections of Chapter 2 
will be devoted to the evaluation of these forces by theo- 
retical and experimental means. Theoretical evaluation 
of hydrodynamic forces in harmonic oscillations has 

been approached in three ways: 

a) Comparison with ellipsoids (in Section 2) 

b) Strip theory (in Sections 3, 4 and 5) 
c) Direct three-dimensional solution for mathemati- 

cally defined ship forms (Section 6). 

In Sections 7 and 8 the forces in transient (slamming) 

conditions will be discussed. 

2 Estimates of Hydrodynamic Forces and Moments by Comparison 
With Ellipsoids 

The problem of forces and moments exerted by a fluid 
on a body moving in it received the attention of hydro- 

dynamicists at a very early date, and chapters on this 
subject are found in all major books on hydrodynamics 
(see Chapter 1: References C, pp. 353-393; D, pp. 160— 
201; F, pp. 464-485). The problem is usually formu- 
lated for a body moving within an infinite expanse of a 

fluid initially at rest and assumed to be nonviscous. 
Only the forces due to the fluid inertia can therefore be 

present. 

The forces and moments acting on a body can be evalu- 
ated by two methods. In the first method the pressure 
p acting on each element of a body surface is computed 
by Bernoulli’s theorem 

Pane pe Soe (8) 

where ¢ is the velocity potential, and g is the local fluid 
velocity at the surface of the body, induced by its motion. 

By taking components of pressures p in the desired di- 
rection and integrating over the surface of the body, the 

total force is obtained. 
The second method consists of expressing the rate of 

change of the kinetic energy contained in a volume of 
fluid between the body surface and an imaginary control 

surface taken at a sufficiently large distance from the 
body. The kinetic energy 7 is given by the expression 

(Lamb, 1-D, p. 46) 

| 5 OH) ne 
i | dS, (9) 

a aS : on 

where n denotes the outward normal and S the surface of 
a body over which the integral is taken. The force is 
then found by differentiation of the energy with respect 
to the body displacement; for instance, the force Y im 
the direction of the x-axis is 

X = OT/Ox (10) 

In the application of either of the foregoing methods it 
is necessary to obtain the velocity potential ¢. Also 
it is necessary to have the mathematical description of 
a body in order to formulate expressions for the directions 
of the normals, and to permit the integration over a sur- 
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face. The needed mathematical expressions reduce to 
tractable forms only for deeply submerged ellipsoids. 
Since the forces in this case are inertial, they can be ex- 
pressed in terms of the ‘coefficients of accession to in- 
ertia”’ k, defined as 

_ total inertia of a body floating in a fluid 

inertia of fluid displaced by body 
l+k (11) 

In connection with the objectives of the present mono- 
graph, interest is concentrated on prolate ellipsoids in 
which the major semi-axis a is taken to coincide with the 
z-axis in which also the mean body-velocity vector V 
lies. The minor semi-axes } and ¢ (not necessarily equal) 
are then taken to coincide with the y and z-axes. The 
oscillatory motion of the body may include translations 
along any of the three axes and rotations about any of 
these axes. The coefficients of accession to inertia have 
different values for any of those motions, and the symbol 
k is supplemented by a suitable subscript. Treating 
the motions of an ellipsoid of revolution (a spheroid), 
Lamb (Chapter 1-D) designated by /; the coefficient of 
accession to inertia for accelerations along the major 
semi-axis a (i.e., x-direction), by kz that for accelerations 
along a minor axis, and by k’ that for rotation about a 

minor axis. These designations were used (among 
others) by Davidson and Schiff (1946), Korvin-Kroukov- 

sky and Jacobs (1957, also Appendix C to this mono- 
graph) and Macagno and Landweber (1958). It has 
been recommended! that symbols k,, k,, and k. be used 

for translations along axes and k,,, k,,, and k., for ro- 

tation about axes indicated by subscripts. This notation 
was used by Weinblum and St. Denis (1950). While con- 
venient for treatment of multicomponent motion of three- 
dimensional bodies this notation may be confusing in 
discussing two-dimensional flows in the strip theory of 
slender bodies. In this case it is customary to take the 
x-axis laterally in the plane of water and the y-axis ver- 
tically. In order to avoid confusion with the three- 
dimensional analysis the notation k, and kh, can be used? 

for the coefficients of accession to inertia in the vertical 
and horrizontal (lateral) directions. Here k, is identical 
with kk. of Appendix C. 

A brief table of coefficients for spheroids will be found 
in Lamb (Chapter 1, D, p. 155). Curves of the coeffi- 
cients of accession to inertia or to moment of inertia for 
various proportions of the ellipsoid axes can be found in 
Zahm (1929), Kochin, Iibel and Rose (Chapter 1, C, pp. 
385-389), and Weinblum and St. Denis (1950). 

Since the exact evaluation of the coefficients of aeces- 
sion to inertia of ship forms is practically impossible, it 
has been customary to estimate them by comparison 
with ellipsoids of similar length, beam and draft. A 
typical application of this method is found in the work 
of Weinblum and St. Denis. 

1 Minutes of the first meeting of the Nomenclature Task Group 
of the Seakeeping Panel, SNAME. 

2 Subscripts v and h were used by Landweber and de Macagno 
(1957). 
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Tu making these estimates for surface ships an assump- 
tion is introduced that the coefficients of accession to 
inertia, initially derived for a deeply submerged body, are 
still valid for a body floating on the surface. In other 
words, the effects of wavemaking on the free water sur- 
face are neglected. These effects have been investigated 
in the simpler ‘‘strip theory” to be discussed in the next 
section. It appears that, within the practical frequency 
range, the coefficient /, for heaving oscillations of a float- 
ing body may be, on the average, 80 per cent of that 
computed by comparison with a deeply submerged ellip- 
soid. 

It is clear that comparisons with ellipsoids are limited 
to investigations of ship motions of a general nature, in 
which only the over-all proportions are involved and the 
details of the hull form are not considered. In addi- 
tion, the results are evidently applicable to investigation 
of the motion of a ship, but provide no information on 
distribution of forces along the length ofa ship. Knowl- 
edge of this distribution is necessary in calculating the 
bending moments acting on a ship in waves. 

Theories and computations made for ellipsoids have 
been important in bringing out certain trends or laws of 
action of hydrodynamic forces which are indicative of 
what can be expected in ships and submarines. As 
typical examples of this theoretical activity, the work of 
Havelock (1954, 1955, 1956) and Wigley (1953) can be 
cited. 

3 Evaluation of Forces in Heaving and Pitching by Strip Theory 

As has been mentioned earlier, solutions of three- 
dimensional hydrodynamic problems have been limited 
to ellipsoids, and are practically impossible when dealing 
with ships.* The strip theory has been introduced in 
order to replace a three-dimensional hydrodynamic prob- 
lem by a summation of two-dimensional ones. Using 
this method, solutions are possible for a much wider range 
of problems and actual hydrodynamic conditions con- 
nected with ship motions can be represented more com- 
pletely. F. M. Lewis (1929) appears to be the first to 
apply this theory in connection with evaluation of hydro- 
dynamic forces acting on a vibrating ship. Hazen and 
Nims (1940), St. Denis (1951), and St. Denis and Pierson 
(1953) used the strip theory in connection with the analy- 
sis of ship motions. This theory was described more 
explicitly later by IXorvin-Kroukovsky (1955c) and 
Ixorvin-Kroukovsky and Jacobs (1957). Quoting from 
the latter work: 

“Consider a ship moving with a constant forward 
velocity (V) (i.e., neglecting surging motion) with a 
train of regular waves of celerity (c). Assume the set of 
co-ordinate axes fixed in the undisturbed water surface, 
with the origin instantaneously located at the wave nodal 
point preceding the wave rise, as shown in Fig. 1 [here- 
with]. With increase in time ¢ the axes remain fixed in 
space, so that the water surface rises and falls in relation 

3 Solutions of hydrodynamic problems related to special mathe- 
matically defined ship forms will be discussed in Section 6. 
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Xe ayn 

Fig. 1 Sketch illustrating notation used in connection with strip 
theory (from Korvin-Kroukoysky, 1955c) 

to them. This vertical displacement at any instant and 
at any distance x is designated 7. Imagine two control 
planes spaced dx apart at a distance x from the origin, 
and assume that the ship and water with orbital veloci- 
ties of wave motion penetrate these control surfaces. 
Assume that the perturbation velocities due to the pres- 
ence of the body are confined to the two-dimensional 
flow between control planes; i.e., neglect the fore-and-aft 

components of the perturbation velocities due to the 
body, as in the ‘slender body theory’ of aerodynamics. 
This form of analysis, also known as the ‘strip method’ or 
‘cross flow hypothesis’ is thus an approximate one in the 
sense that a certain degree of interaction between adja- 
cent sections is neglected.” 

In analyzing ship motions it is generally necessary to 
stipulate two systems of axes, one fixed in space and one 

fixed in the body. Thus, considering heaving and pitch- 
ing of a ship, Korvin-Kroukovsky and Jacobs (1957)4 
stipulated an 2x, y, z-system fixed in space (with the 2x-y- 
plane in the undisturbed water surface) and a &, 7, ¢-Sys- 

tem fixed in the ship. The location in the ship of the 
origin of the latter system is arbitrary, but the mathe- 
matical work is simplified considerably if the origin is 
placed at the center of gravity. A primary step in the 
strip method of analysis is to evaluate the hydrodynamic 
forces caused by the relative ship-wave vertical motion at 
a ship section located at a distance & from the origin. 
The vertical velocity of this section is the summation of 
the velocity components in heaving % and in pitching 
#6. When a ship is at a small angle of trim @, the draft 
of ship sections, passing through the water slice dv, in- 
creases with time. This gives an added vertical velocity 

component 6V. 
After the forces acting on individual ship sections are 

evaluated, they are integrated over the ship length. 

am 

4The mathematical part of this reference is included in this 
monograph as Appendix C. 
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The integral forms used to obtain various coefficients 
for the equations of motion are given in Appendix C 
and are discussed in Chapter 3. Use of the sectional 

forces in computations of the hull bending moments are 
discussed in Chapter 5, by Jacobs (5-1958) and by Dalzell 

(5-1959). 
The forces produced by water pressures on ship sec- 

tions can be classified by their nature as inertial, damp- 
ing, and displacement. They also can be classified by 
their cause as resulting from a ship’s oscillation in smooth 
water or from wave action on a restrained ship. — Ixriloff 
(1896, 1898), considering only displacement forces, 
demonstrated that the total force acting on a ship in 
waves can be considered as the sum of these two com- 
ponents. Korvin-Kroukovsky and Jacobs (1957) dem- 

onstrated that this subdivision of forces also holds 
(within linear theory) when the pressures are generated 
by water acceleration. This is the direct consequence of 
the linear superposition of velocity potentials defining 
various water flows. It can be added here that the forces 
involved in pitching and heaving are caused primarily 
by potential flows, and water viscosity does not appear 

to be important in this connection. 
The sectional inertial forces will be discussed in the fol- 

lowing Section 3.1 and the damping forces? in Section 3.2. 
The action of displacement forces in a ship oscillating in 
smooth water is obvious and needs no discussion. The 

displacement effect caused by waves will be brought out 
in the consideration of inertial forces, since the wave 
elevations are inseparably connected with water accel- 

erations. 
3.1. Inertial Forces Acting on a Body Oscillating in 

Smooth Water: 3.11 Conformal transformations. 

The work on added mass in vertical oscillations most 
often referred to is that of F. M. Lewis (1929). Lewis 

assumed that water flow around a circular cylinder 

floating half immersed on the water surface is identical 
with that around a deeply immersed cylinder. Simple 
expressions for the latter are available in standard text- 
books (Chapter 1, References C, D, and F). The added 
mass of a cylinder is found from these expressions to be 
equal to the mass of water displaced by it. The coefh- 
cient of accession to inertia is, therefore, unity. Lewis 

devised a conformal transformation by means of which 
a circle is transformed into ship-like sections of various 
beam/draft ratios and sectional coefficients. Water 
flows corresponding to these sections were derived and 
coefficients of accession to inertia were determined. In 
addition to Lewis’ (1929) original work, the procedure 
was described (with various extensions) by Prohaska 

(1947), Wendel (1950), and Landweber and de Macagno 

(1957). The resultant relationships were also given by 

Grim (1956).® 

The original half-immersed circle of radius r is defined 
in complex form 

5 Tt will be shown in Section 3.2 that damping forces are also 
of inertial origin. 

6 An independent evaluation of added masses was also made by 
J. Lockwool Taylor (19305). 



THEORY OF SEAKEEPING 

aS = ae en 

Fig. 2. Transverse sections and inertia coefficients obtained by Lewis (from Wendel, 1950) 

oie re 

where @ is the angle which the radius vector makes with 
the water level. The transformed figure is described by 
F. M. Lewis as 

a ay a3 
Ce a Yo nines hp ea 

( 

(12) 

— re’? ab QQ  _ia aL = —310 

r ip 

where a, and a; are real coefficients. After separation of 
real and imaginary parts, the co-ordinates x« and y are 

given by parametric equations 

v/r = (1 + a) cos 6 + az cos? 

y/r = (1 — a) sin 6 — a3 sin: 
d (13) 

2 
2) 

2 
) Da 

The half-beam b and the draft d of the resultant figure 

are related to the coefficients a, and a; by 

Ty ee Nie eg a 
r2 r3 

(14) 

d/r=1—- = =F it 
r? rt 

The section shapes resulting from this transformation 
are shown on Fig. 2. Each separate set of curves corre- 
sponds to a different b/d ratio (labelled on the figure as 
a/b). The curves are labelled by the values of the added 

mass coefficient C (defined later). The validity of this 
transformation is limited to the range of parameter 
values shown in Table 1. Fig. 3 shows the values of the 

Table 1 

(From Landweber and de Macagno, 1957) 

d/b B = A/2bd* 

0.6 0.412-0.93 
0.8 0. 353-0. 942 
1.0 0. 294-0 .957 
1.4 0. 379-0. 937 
1.8 0.425-0.925 
2.5 0.471-0.914 
5.0 0530-0. 898 

* * 4 is sectional area. 

added mass coefficient C of Lewis forms as a function of 

the section coefficient 6 and the draft, beam ratio. 

F. M. Lewis expressed the added mass in terms of 
the water mass enclosed within a semi-circular contour of 
radius b as the coefficient 

added mass 

mpb?/2 

For the ship sections obtained from the foregoing 
transformation the coefficient is evaluated as 

ye ae ai)? ae sas? 

(1 + a + as)? 

The computed values of the coefficient C, are shown in 

Fig. 3. The coefficient C,, is related to /, the coefficient 
of accession to inertia by 

k, = C,rB?/8A 

C, = (15) 

( (16) 

(17) 

where B is the sectional beam, and A is the sectional area 

k, = C, for a semi-circular profile. 
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Fig. 3. Added mass coefficients for vertical motion (from Landweber and de Macagno, 1957) 

Landweber and de Macagno (1957) have shown that deadwood, or propeller-shaft bossings, or both. The 
F. M. Lewis’ transformation is a particular case of a more 
general transformation form 

2= 6+ a/e" + a/f... 

in which the indices m, 7, ete., are odd numbers in the 

case of symmetrical sections. Prohaska (1947) com- 
puted the properties of sections with indices (m, n) of 
GES) Ge anda(orn): 

The transformation from a circle, described in the fore- 

going, is not suitable for section forms with sharp edges. 
The water-flow pattern around polygonal forms and the 
resulting added masses can be obtained by means of the 
Schwartz-Christoffel transformation. A good description 
of this with examples of application will be found in 
Wendel (1950). Rectangles, rectangles with bilge keels, 
and rhombuses were analyzed by this method. The 
data on these will be found in Figs. 4 and 5. 

Experiments, based on the analogy between the elec- 
tric potential and the velocity potential of a fluid flow 
(Koch, 1933), give results identical in principle to those 
obtained from conformal transformations. They can be 
useful where conformal transformation becomes labori- 
ous, as for instance in the case of the added mass of a 
floating body in shallow water. They could also be 
useful in cases to which the available computational 
methods do not apply. A ship section composed of 
curves and equipped with bilge keels can be cited as an 
example, as can also typical sections in the stern por- 
tions of commercial ships. These sections are usually 
bounded by curved lines and possess either a large vertical 

(18) 

hydrodynamic properties of such sections are not known, 
and their evaluation by means of electrical analogy can 
be recommended. 

An extended discussion of added mass (neglecting free- 
surface effects) will be found on pages 417-441 of Volume 
II of “Hydrodynamics of Ship Design”? by Harold E. 
Saunders published by The Society of Naval Architects 
and Marine Engineers, 1957. A listing of 54 references 
is included in this work. 

3.12 Effect of the free water surface. The evalua- 
tion of the added masses in the foregoing was based on 
the assumption that the water flow about the submerged 
part of a floating profile is identical with the flow about 
a submerged profile consisting of the original one and its 
reflection in the water surface. This means that the 
wavemaking by an oscillating floating body was neg- 
lected. Subsequent mathematical work (Havelock, 

Ursell, Haskind) has shown that the foregoing assump- 
tion is valid for a high oscillation frequency. The values 
obtained on this basis are therefore directly applicable to 
ship vibrations, which was indeed the application in- 
tended by F. M. Lewis and Prohaska. 

A different situation is found at the low frequency of a 
ship’s pitching and heaving in waves. Two wave sys- 
tems are generated by these motions: The standing-wave 
system in proximity to the ship, and the progressive 
waves running away from the ship. The mean energy 
content of the first of these systems remains constant 

and defines the added mass. The progressive waves 
carry the energy away from the ship and represent the 
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Inertia Coefficient 
Cross-Sectional Forms Inertia Coefficieat | Hydrodynamic Moment for Rotation 

| Hydrodynamic Mass m” of Inertia 
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Fig. 4 Tabulation of hydrodynamic masses, hydrodynamic moments of inertia, and inertia coefficients as calculated by [1] Lamb, 
{2| Lewis, [3] Proudman, [4] Weinblum, [5] Wendel, [6] determined experimentally (electrical analog) by Koch (from Wendel, 

1950) 

primary cause of damping. The standing-wave system circular cylinder (Ursell, 1949b, 1953, 1955).7 The 
is very co ex ¢ e mathematical s i for Tin eae: : ; - i i is very complex md the mathe m itical solution for the 7 Three-dimensional solutions for special mathematical ship: 
added mass has so far been obtained only for a floating forms by Haskind and Hanaoka will be discussed in Section 6. 
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Fig. 5 Tabulation of hydrodynamic masses, A eeaciee| moments of inertia, and inertia coefficients as calculated by [1] Lamb, 
[2] Lewis, [3] Proudman, [4] Weinblum, [5] Wendel, [6] err wha experimentally (electrical analog) by Koch (from Wendel, 

1950 

added-mass coefficient was expressed as a function of a 

nondimensional frequency parameter wr/mg. The re- 
sults can be conveniently interpreted as a correction 

coefficient® 

added mass of a body floating on water surfs we 
ky = 

added mass of a body deey ly submerged 

(19) 

8 This correction coefficient was first used in n ship- motion anal- 
ysis by B. V. Korvin-Kroukovsky (1955c). Having assigned 
(following Lamb) the notation ky,2,; to the coefficient of accession 

to inertia of a submerged body in three directions, he used the 
notation ky for the added mass correction of a body floating on the 
water surface. 



114 

The values of coefficient ‘4, computed by Ursell for a 

floating cylinder, are listed in Table 2. 

Table 2 

(From Ursell, 1955) 
wr / 1g ky 

1 fj 0.632 

1/, 0.592 
1/y 0.673 
2/3 0.738 
3/4 0.762 

1 0.818 
5/4 0.859 
3/5 0.883 

Nore: For very high-frequency parameters the coefficient ky 
asymptotically approaches unity. 

In the absence of data for other ship sections, Korvin- 
Kkroukovsky (1955¢c) and Korvin-Kroukovsky and Ja- 

cobs (1957) have assumed that the coefficient ky, initially 
computed by Ursell for a circular cylinder, will apply to 

other profiles. Additional theoretical research is evi- 
dently needed in order to provide values of ky for F. M. 
Lewis’ and other ship sections. 

Attention should be called to the particular surface 
effect occurring in the case of sections with inclined sides. 

Such inclinations exist in the bow sections of V-form ships 
and are particularly pronounced in stern sections of most 
ships. When such a section penetrates the water sur- 
face, the adjacent water level rises and the wetted beam 

becomes greater than the one indicated by the inter- 
section with the undisturbed water level. This causes 
an increase in added mass and probably in damping 
forces. A solution of this problem was given by Wag- 

ner® for the asymptotic case of an impact in which gray- 
ity forces are neglected; 1.e., the instantaneous water 
rise is taken into account but not the subsequent wave- 
making. In Wagner’s solution, the effect of a deep 
draft in conjunction with a V-section has not been con- 

sidered. J. D. Pierson (1950, 1951) used a computa- 
tional method (initially suggested by Wagner) in which 
the draft of a V-section is included, subject to the grayv- 
ity-free assumption. No information is available on 
the water flow, and the added masses and damping con- 
nected with it, for the water-surface penetration by ¢ 
wedge at the frequencies of a ship’s heaving and pitching 
in waves. Also, the available impact theories treat only 
the hydrodynamic force acting on a body when it pene- 
trates the water. The theory of ship motions and bend- 
ing moments requires also knowledge of the forces during 
body emergence from the water. The added masses in- 
volved in these motions will evidently be functions of 
oscillation frequency. Research in this field is needed. 

3.13 Three-dimensional effects. In the evaluation of 
hydrodynamic forces by the strip theory, the initial as- 
sumption is made that the water flow at each strip is 
two-dimensional and is not influenced by the adjacent 
strips. Subsequently, it is desired to verify this as- 
sumption and, if practical, to establish a correction fac- 

® To be discussed in greater detail in Section 7 on slamming. 
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tor for the deviation of the physical conditions from the 
initially assumed ones. This problem can be con- 
sidered in connection with three applications: 

a) A body vibrating with various numbers of nodal 
points. 

b) A body of a certain L/B ratio pitching and heaving, 
in smooth water. 

c) A body subjected to waves. 

The first problem (a) was treated by F. M. Lewis 
(1929) and J. Lockwood Taylor (1930b) with varying re- 
sults. Macagno and Landweber (1958) have investi- 

gated these solutions and demonstrated that the results 
are strongly affected by the completeness with which the 
shear and flexural deflections of a body are described. 

The second problem (b) has apparently received no 

attention. The third problem (c) was solved for a sphe- 
roid under waves by Havelock (1954) and Cummins 

(1954a, b) using advanced mathematical methods, and 

by Korvin-Kroukovsky (1955b) using the strip theory. 

The agreement between calculational methods was satis- 
factory (as shown in Figs. 15 and 16), and apparently 
no correction for three-dimensional effect is needed for 
the length/beam ratios normally used in ships and for 
waves of length approximately equal to a ship’s length. 
This conclusion applies, however, to the coefficient of 
accession to inertia k, for the entire body in the analysis 
of body motions. Three-dimensional effects, in all proba- 
bility, do affect the distribution of hydodynamic forces 
along a ship; i.e., the k,-values for individual strips. 
These effects are, therefore, significant in the analysis 
of ship bending moments and research toward their 
evaluation is recommended. 

3.14 Inertial forces caused by waves. It appears 

that satisfactory estimates of forces exerted by waves on 
a submerged body can be made considering inertial forces 
alone and neglecting viscous forces. This means that 
hydrodynamic-force components in phase with the waves 
can be expressed in terms of added mass. The added 
mass is expressed, in turn, in terms of body displacement. 
In a strip theory the displacement is taken per unit 
length. In considering the wave action on a body it is 
necessary to remember that a velocity gradient and a 
corresponding pressure gradient exist in waves. 

The force acting on a small submerged body in long 
waves can be calculated most conveniently on the basis 
of this gradient and the body’s volume. The force 

exerted by a hydrostatic pressure gradient is equal to 
the product of the gradient and the body’s volume. 
G. I. Taylor (1928) showed that this relationship is modi- 
fied when the pressure gradient in a fluid results from the 
acceleration of fluid particles. The relationship becomes 

Force = (1 + k) 

X (pressure gradient) X (body volume) (20) 

where k is the coefficient of accession to inertia. The 

factor (1 + k) is the result of modification of an acceler- 

ating fluid flow by the presence of a body." 

10 Forces exerted on a body by fluid accelerations were also 
investigated by Tollmien (1938). 
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In estimating the force acting on a body by the strip 
theory, the foregoing relationship is applied to each sec- 
tion using the appropriate value of the coefficient /. 

A detailed derivation of the wave-caused force by 
means of surface-pressure integration was given by Ixor- 

vin-Kroukovsky and Jacobs (1957) and is reprinted in 
Appendix C. In the derivation carried out for a semi- 
circular ship section, neglecting surface effects, the prod- 
uct of the sectional volume and the mean pressure gradi- 
ent was found to be multiphed by 2. Since hk, = 1 for 
a semi-circular section, the factor of 2 was interpreted 

as 1 + k, on the basis of G. I. Taylor’s result. Grim 

(1957c) has confirmed this intuitive conclusion by appli- 
cation of F. M. Lewis’ transformation. To correct 
for the surface effects neglected in the formal analysis, 
Korvin-Kroukovsky and Jacobs (1957) interpreted /, 
as kyk. in evaluating the force exerted by the vertical 
wave pressure gradient on a surface ship. The caleu- 

lated wave forces on a ship’s model were confirmed by a 
towing tank test (Appendix 2 to WKorvin-Kroukovsky, 

1955c). 

Attention should be called to the fact that the direction 
of the pressure gradient is such that the vertical force is 
acting downward on a submerged body under the wave 
crest, and upward under a trough. Ina body floating on 
the water surface these pressure gradient (or inertial) 
forces are subtracted from the displacement force caused 
by water-surface rise in waves. The net force is thereby 

considerably reduced. 
It is often convenient to think of water acceleration in 

waves as algebraically added to the acceleration of grayv- 
ity. The water at wave crests appears then to be lighter 

and at wave troughs heavier than normal. 
This modification of the effective weight of water in 

waves is often referred to as the ‘Smith effect,’’ since 
attention was called to it by Smith (1883) in connection 

with ship bending-moment evaluation. [Estimation of 
the wave forces acting on a ship by the buoyancy forces 
modified by the Smith effect is referred to as the ‘“Froude- 
Ixriloff hypothesis.’’ The effect of the ship in disturb- 

ing waves is neglected in this case; i.e., the added term 

k in equation (20) is not taken into account. Since its 

inclusion is a simple procedure, there is no justification 
for neglecting it in the future. 

3.15 Experimental data on inertial forces. Very few 
experimental data are available on added masses, and 
these, while confirming the general ideas outlined in the 
previous paragraphs, do not provide exact information. 

Experiments have been made for the following cases: 
a) Deeply submerged prisms and cylinders. 
b) Prisms oscillating on the free water surface. 
c) Ship forms oscillating on the water surface. 
d) Restrained ship forms and other bodies acted upon 

by waves. 
1 Deeply submerged prisms and cylinders. ‘Tests 

in the first category (a) are of interest for confirmation 
of the classical theory The reasonableness of neglecting 

viscosity is the particular assumption to be verified. 
The frequency and amplitude of oscillations would be 
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irrelevant if water were a truly nonviscous fluid. The 
existence of a small viscosity, however, may cause eddy- 
making in certain experimental conditions, particularly 

in the case of a body with sharp edges. In such a case 
seale relationships may become significant. 

Moullin and Browne (1928) experimented with two- 

node vibrations of flat steel bars submerged in water. 

The bars were from !/, to 1 in. thick, 2 in. wide, and 78 

in. long, so that three-dimensional effects probably were 
insignificant. The vibrations were excited by an electro- 
magnet, and the added mass was obtained by comparison 
of the resonant frequencies in air and in water. It was 
concluded that the added mass is equal to the water mass 
of the cylinder circumscribing the rectangular profile of 

the bar. This isin agreement with the theoretically indi- 
cated added mass of a thin plate considering the ex- 
pected increase with thickness of the rectangular section. 

2 Prisms oscillating on the water surface. Moullin 
and Browne (1928) also experimented with bars !/» in. 
thick and 3 in. wide, set on edge and partially sub- 
merged. They concluded that the added mass is inde- 
pendent of the vibration frequency. This conclusion is 
in agreement with theoretical expectations for bigh 

frequencies. Browne, Moullin and Perkins (1930) tested 

the vertical vibrations of rectangular and triangular 
prisms partly immersed in water. The prisms were 
attached to a flat steel spring and were vibrated by an 
electromagnet. A 6 X 6 X 54-In. prism vibrated at a 

frequency of about 15 eps. This frequency corresponds 
approximately (to scale) to the usual two-node frequency 
of ship vibrations. The theoretical added mass (for a 
submerged double profile) was computed by a Schwartz- 
Christoffel transformation. The experimentally deter- 
mined added mass was found to be about 90 per cent of 
the theoretical one. Experiments were made with vari- 
ous lengths of prisms and the authors stated that, above 

a length/beam ratio of 4, the added mass was inde- 
pendent of the length. Todd (1933), in applying these 
and Lewis’ (1929) results to ship-vibration analysis, 
attributed the reduction in added mass to the effect 
of the length/beam ratio. 

It should be emphasized that the frequencies in the 
experiments just outlined correspond to ship-vibration 
frequencies. These are about 10 times as much as the 
usual frequency of a ship’s pitching in head seas. Theory 
(Section 3.12) indicates that at lower frequencies a pro- 
nounced dependence of added mass on frequency can be 
expected. 

Prohaska (1947) reported on oscillation tests of prisms 
of several profiles partly submerged in water. The ex- 
perimental data indicated added-mass values about 90 

per cent of the theoretical ones computed for the sub- 
merged double profiles. Unfortunately no information 
was furnished as to the frequency of oscillations. The 
description indicates that the test apparatus was of the 
same type used by Dimpker (1934) and Holstein (1936). 
With such an apparatus, the high frequency of Moullin’s 
experiments can hardly be expected. Without infor- 
mation on the frequency, Prohaska’s tests can be ac- 
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Fig. 6 Variation of added mass coefficient with frequency 
(from Golovato, 1957) 

cepted only as a rough confirmation of the order of mag- 
nitude of the added masses. The roughly indicated 10 
per cent reduction in added masses is clearly caused by 
the surface effects, simce Prohaska’s models spanned the 
width of the test tank and three-dimensional effects were 
absent. 

Dimpker’s (1934) and Holstein’s (1936) tests were 

made at frequencies in the range estimated for ship mo- 
tions in waves. ‘These tests will be discussed in greater 
detail later in connection with damping (in Section 3.2) 
since damping forces as well as added masses were deter- 
mined. Holstein’s measurements of added masses ap- 
pear to be too erratic to be useful. Wendel (1950), esti- 

mated the experimental errors in these measurements 
and demonstrated that added masses are considerably 
smaller than indicated by the submerged-prism theory. 
Dimpker, like Holstein, made tests at a series of fre- 
quencies governed by the stiffness of the retaining 
springs. He did not publish information on frequencies 
directly, but on spring stiffnesses. The data given in 
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the published paper do not appear to be sufficient to 
calculate the frequencies. 

To summarize the results on the oscillation of partially 
submerged prisms: None of the tests made so far gives 
sufficient information on the frequency of oscillations to 
permit evaluation of the added mass versus frequency 
relationship. The tests have generally indicated that 
experimentally measured added-mass coefficients of 
bodies on the water surface are smaller than those for 
deeply submerged prisms. Evidently, additional ex- 
perimental research is needed. All of the tests de- 
scribed in the foregoing were made in small tanks and it 
can be questioned whether the test data were not af- 
fected by wave reflections from tank ends. While wave- 
absorbing beaches have been used in towing tanks for 
many years, it was not realized until recently how diffi- 
cult it is to prevent wave reflections. 

In the work just described a strictly pragmatical ap- 
proach was taken. Reference should be made to Wein- 
blum (1952) and Keulegan and Carpenter (1956) for 
the less evident aspects of the inertial force and added- 
mass concepts. In particular, for bodies at the water 
surface the hydrodynamic force is connected with wave 
formation. It depends therefore not only on instantane- 

ous conditions but on the past history of motions as well. 
Added mass becomes a definite concept only when corre- 
lated with a definite type of motion. The added masses 
in harmonic oscillation are not necessarily identical with 

the added masses in, for instance, uniform acceleration 
of a body. In the tests of Dimpker, Holstein, and Pro- 
haska, the added masses were derived from the natural 
period of decaying oscillations. It can be questioned 
whether added masses so obtained are identical with 
those occurring in sustained harmonic oscillations. 

3 Ship forms oscillating on the water surface. 
Golovato (1957a,b) reported on experiments with a 
harmonically heaving ship model restrained from pitch- 
ing.!!_ The model had lines composed of parabolic ares, 
following Weinblum (1953), and had a prismatic coef- 
ficient of 0.655. The inertial and damping forces in 
heaving were calculated from the amplitude and phase 
lag of the motion records as compared with the records 
of the harmonic exciting force. Fig. 6 shows the coef- 
ficient of accession to inertia k. plotted versus nondimen- 
sional frequency w(B/g)!/*. A horizontal arrow at 
about kz = 0.93 shows the value calculated by using 
F. M. Lewis’ (1929) data; i.e., neglecting surface wave 
effects. The curve shown by heavy dots is Grim’s 
(1953 a,b) asymptotic evaluation of the added mass for 
low frequencies. The experimental data at low fre- 
quencies are somewhat uncertain because of model inter- 
ference with waves reflected from the sides of the towing 
tank. At higher frequencies the coefficient kz is shown 
to be independent of the Froude number. 

Fig. 6 covers a wide range of frequencies and the pic- 
ture may be misleading unless the range important in 

11'The author understands that similar experiments also were 
made with pitching oscillations, but the results have not yet been 
published. 
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ship operations is kept in mind. Data on the pitching- 
oscillation frequencies of several ships will be found in 
Korvin-Kroukovsky and Jacobs (1957). For the Series 

60 model of 0.60 block coefficient in head waves of \/L 
= 1, the parameter w(B/g)'/2 varies from 0.9 to 1.5 at 
ship speeds from zero to the maximum expected in 
smooth water. At synchronism in pitching the param- 
eter is equal to 1.25. This narrow range of frequency 
parameters straddles the minimum of the curve of added 
mass coefficients in Fig. 6. 

The reader will find it instructive to plot the Ursell 
data for the circular cylinder from Table 2 on Fig. 6, 
remembering that 7 = B/2. Both k.-curves plotted as a 
function of w(B/g)'/? are similar in form but the curve 
shown for Golovato’s model is seen to be considerably 
above Ursell’s curve. It should be noted that Golo- 
vato’s curve does not asymptotically approach the F. M. 
Lewis value but is directed much higher. This raises the 
question of experimental reliability or perhaps the pres- 
ence of physical features not accounted for by the theory. 
Reference to Keulegan and Carpenter (1956) indicates 

that the added mass may have been increased on the up- 
stroke of the oscillator by the separation of the water 
flow. If so, the data would be subject to the degree of 
model roughness and to a scale effect. 

Gerritsma (1957c, d) tested a Series 60, 0.60 block 
coefficient model, 8 ft long, by subjecting it to forced 
oscillations in heaving and pitching alternately. Fig. 
7 shows a comparison of measured and calculated virtual 
masses and virtual moments of inertia; i.e., ship masses 
plus added water masses. The calculated masses were 
taken from Korvin-Kroukovsky and Jacobs (1957), and 
are based on the strip integration of the product of F. M. 
Lewis’ ky coefficients and the surface-effect correction 

coefficient ky based on Ursell’s data. The discrepancy 
between measured and calculated data is small, and is in 
the right direction. In the Series 60 model the after- 
body ship sections have large inclinations to the water 
surface, and the surface effect caused by these inclina- 
tions was not taken into account. A correction for this 
effect (not known at present, see Section 3.12) can be 

expected to increase the calculated added masses. 
It is gratifying to see that the discrepancies in virtual 

masses in heaving and in virtual moments of inertia in 
pitching are similar. This indicates that the three- 
dimensional effect is not important in added-mass 
evaluation. 

To summarize the present section: Gerritsma’s tests 

show a satisfactory agreement between added masses as 
measured and as calculated by the strip theory using the 
product. of Lewis’ and Ursell’s coefficients, /2ky. The 
need for an additional correction for the effect of inclined 
sides is indicated, and a correction for three-dimensional 
effect. may be included in the future. However, the re- 
sults of the motion analysis of usual ship forms would 
not be significantly affected by it. Golovato’s tests on 
the idealized ship model show a greater value of the added 
mass than would be indicated by the method of calcula- 
tion just described. The failure of the data to approach 
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Fig. 7 Comparison between calculated and measured values of 
A, B, a, b, for series 60, Cg = 0.60 hull form (from Gerritsma, 

1957) 

Lewis’ value asymptotically at high frequencies raises 
suspicion and calls for added investigation. Since only 
two investigations have been reported, further research 
is evidently needed. '” 

4 Restained ship forms and other bodies sub- 
jected to wave action. Three references can be cited 
in connection with this subject: Keulegan and Car- 
penter (1956), Rechtin, Steele and Seales (1957), and 
Korvin-Kroukovsky (1955¢c, Appendix 2). A study of 
the first two, although they are primarily concerned 

with the forces acting on offshore structures in shallow 
water, should be fruitful to a researcher in naval archi- 
tectural problems. The third reference appears to be 
the only work concerned directly with the forces acting 
on ships.!* 

The heaving force, pitching moment, and drag force 
exerted by waves on a ship model were measured. A 
Series 60, 0.60 block coefficient model, 5 ft long, was 
restrained from heaving, pitching and surging by dyna- 
mometers attached at 0.25 and 0.75 of the model’s 
length. Tests were made in regular waves 60 in. long 
(i.e. A/Z = 1) and 1.5 in. high at six speeds of advance, 
starting with zero. Fig. 8 is a comparison of test data 
with calculations made by Iorvin-Kroukovsky and Ja- 
cobs (1957) using strip theory and added-mass coefficient 

12 Minutes of the S-3 Panel of the SNAME indicate that such 
research is in progress at the Colorado State University under the 
guidance of Prof. E. F. Schulz. In this program added masses 
and damping forces are measured on individual sections of a seg- 
mented ship model so that the distribution of forces along the body 
length will be obtained. 

18 Additional measurements of the wave-caused forces recently 
were published by Gerritsma (1958, 1960). 
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Fig. 8 Comparison of computed and experimentally meas- 
ured exciting force and moment amplitudes for ETT Model 
1445 in waves 5 ft by 1.5 in. (from Koryin-Kroukovsky, 

1957) 

koky.14 A good agreement is demonstrated except at 

zero model speed. It is possible that at zero speed the 
reflections of model-radiated waves from towing-tank 
walls was affecting the test data. The influence of these 
reflections was not recognized at the time of the tests, 
but has since been found important by Golovato and 
Gerritsma. 

While Fig. 8 appears to provide a satisfactory confir- 
mation of the caleulational procedure, it should be re- 
membered that it is only the result of a single project of 
smallseope. Additional tests by other investigators with 
several model forms and different wave lengths and 
heights are desirable. 

The tests of Korvin-Kroukovsky just described, as 
well as those of Golovato and Gerritsma point to diffi- 
culties caused by wave reflections at low model speeds. 
Tests in wide (maneuvering) tanks are therefore recom- 
mended. 

Attention should be called to the fact that the hydro- 
dynamic force caused by waves is in composition like 
the force caused by ship oscillations; i.e. it has force 
components proportional to acceleration (inertial), to 
velocity and to displacement. In the analysis of ship 
motions, WKorvin-Kroukovsky and Jacobs (1957) neg- 
lected the wave-force component proportional to veloc- 
ity, since this component became very small after inte- 

gration of sectional forces over a ship’s length. This 
component cannot be neglected, however, for individual 
sections when the force distribution along the length is 

4 The method of calculation is described in Appendix C. 
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Fig. 9 Ratio, A, of wave amplitude to amplitude of heaving 
motion of cylinder and of rectangular prism of same width and 

sectional area (from Korvin-Kroukovsky, 19552) 

important, as in the calculation of hull bending moments 
(Jacobs, 5-1958). Therefore, research planning must pro- 
vide for the measurement of the distribution of velocity- 
proportional forces as well as the inertial ones. 

3.2 Damping Forces. The work of Grim (1953) is 
particularly valuable in that it contains a comprehen- 
sive set of curves for estimation of damping. These 
curves are of A, the ratio of the progressive waves’ am- 
plitude to the amplitude of heaving oscillation, as a 
function of nondimensional frequency w?B/2g for Lewis- 
type sections. From the values of A, the damping force 
coefficients N(é) per unit length ean be computed readily 
(Havelock, 1942b; St. Denis, 1951) by 

N(é) = pg?A?2/w,3 (21) 

One of the drawbacks to following Grim’s study is 
the extensive interpolation needed to obtain the values 
of A and the damping-force coefficients for various ship 
sections. A more convenient approximate evaluation 
of damping had been developed earlier by Holstein 
(1936, 1937a, b) and Havelock (1942). Their method 
is based on the fact that formation of surface waves by a 
single pulsating source at a depth f can be evaluated as 
a preliminary step. The solution gives two types of 
wave systems, the standing waves and the progressive 
waves. The expression representing a progressive-wave 
system at a great distance from a body takes on a simple 
form. The action of a prismatic body in heaving oscil- 
lation is replaced by a series of pulsating sources on the 
body surface, and the total wave formation is obtained 
by integration of the effects of separate sources over the 
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Fig. 10 Variation of logarithmic decrement, 6, with frequency, 
w, in damping of heaving oscillations of 60-deg wedge at sub- 

mergence d (from Dimpker, 1934) 

contour. Havelock suggested that a ship section can be 
replaced by a rectangular one of draft f corresponding 
to the mean draft of the section; 1.e., f = A/B, with 

sources distributed along the bottom. The resultant 
expression for the ratio A is 

A = 2e-*o! sin (koy) (22) 

where! ky = w,?/g and y is the half beam of a ship sec- 

tion under consideration. Tig. 9 taken from Worvin- 

Kroukovsky (1955a) gives a comparison of the ratio 

A computed by three methods: As given for a semi- 
cylinder by Ursell (1949) (this agrees with Grim’s values 
for a semi-cylinder); as computed by a source distri- 
bution over the contour; and as computed by a source 
distribution over the bottom of a rectangle of the same 
sectional area. The results of all methods are in reason- 
ably good agreement at low frequencies, but differ con- 
siderably at high frequencies. Fortunately, the fre- 
quency of oscillation at synchronism of normal ships is 
generally in the region in which the disparity is not ex- 
cessive, and both Havelock’s and Grim’s damping coeffi- 
cients have been used with reasonable success. It should 
be remembered that damping is most important in the 
evaluation of motion amplitudes near synchronism, and 
that, at frequencies widely different from synchronism, 
large errors in estimated damping have relatively little 
effect on the amplitude. The effect of the damping on 
the phase lag of motions Is, however, most pronounced at 
frequencies different from the synchronous one. 

3.21 Experimental verification of the sectional damp- 

ing coefficients. The complexity of advanced forms of 
the solution of the foregoing problem, such as Ursell’s and 
Grim’s, necessitates adopting various approximations, 
the effect of which is difficult to appraise. Therefore, 
experimental verification is desirable. In Holstein’s and 
Havelock’s method of calculation, no investigation is 

made of boundary conditions at a body, particularly as 

Tt is necessary to distinguish between the frequency w of the 
oncoming waves and the frequency we of the wave encounter which 
is also the frequency of the ship-radiated waves. 
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Fig. 11 Dependence of net logarithmic decrement, 5 — 6, 
on submergence, ¢, with frequency, w, as parameter for a 
cylinder 10 cm diam (from Dimpker, 1934). 6 is the decre- 
ment measured in water, 5) is decrement measured in air in 

preliminary calibration 

these are modified by the wave formation. Accept- 

ance of this method depends entirely on successful experi- 

mental verification. Holstein (1936) made experi- 

ments to verify his theory. These were limited, how- 

ever, to a rectangular prism varying in degrees of initial 

immersion, and were made in a small test. tank 0.70 m 
(2.3 ft) wide by 3 m (10 ft) long. 

The values of A were established by comparison of 

directly observed wave amplitudes with the amplitudes 

(half strokes) of the heaving prisms. The results of a 

large number of experiments appear to be consistent, thus 

inspiring confidence. The small size of the tank, how- 
ever, makes the data questionable. It should be re- 
membered that to evaluate A the wave amplitudes 
should be measured far enough from a body for the pro- 
gressive wave system to be completely free from the 
standing waves. Furthermore, one must be certain that 
the progressive waves are not contaminated by reflec- 
tion from the test-tank ends. These aspects of the test 

are not discussed sufficiently by Holstein, and, in view 
of the shortness of the test tank, they may be suspected 

as having affected the results. The use of a rectangular 
prism is also questionable, since a certain disturbance 
can emanate from its sharp edges. This effect is not 

provided for in the theory. 
In his experiments Holstein also attempted to deter- 

mine virtual masses, but the resultant data were too 
erratic to be useful. 

Dimpker (1934) published data on experiments with a 
60-deg wedge and a cylinder with various degrees of 
immersion. The wedge was tested with an initial immer- 

sion from 0 to 12 cm, and the 10-cm-diam cylinder with 
an initial immersion varying from 0 to 8 em. The 

floating body was connected by springs to a motor-driven 
eccentric, so that either free or forced oscillations could 
be investigated. Only the free oscillations were dis- 
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cussed in the published paper.'® The oscillatory motions 
of the model were recorded on a rotating drum. The 
damping was defined by the logarithmic decrement 6 as 
a function of the frequency » of the oscillation and the 
mean submergence d. 

For a 60-deg prism the mean submergence (over the 
oscillating cycle) is equal to the beam at mean waterline. 
Dimpker showed that data for tests at varying fre- 
quencies and submersions collapsed into a single curve 
when plotted as 6/d? versus w°d. These amplitude and 
frequency parameters were initially defined in a non- 
dimensional form. After the constant quantities, such 
as the mass involved, the acceleration of gravity g and 
the water density p were omitted, the parameters took 

the form indicated in the foregoing. The resultant curve 
is reproduced on Fig. 10. Data for the cylinder are given 
in Fig. 11. In this case the immersed shape varies with 
the draft d and it is not possible to make a generalized 
plot. It is interesting to note that the maximum damp- 
ing occurs at an immersion of about 2.5 em; i.e., half- 
radius. The decrease of damping with further immersion 
is in agreement with the general tendency shown by the 
theories of Holstein and Havelock (increase of f in equa- 

tion 22). 

Dimpker (1934) evaluated the virtual masses for a 
wedge and a cylinder on the basis of changes in the 
natural period resulting from changes of immersion and 
frequency. The frequencies were given in terms of 
spring constants, and the significance of results cannot be 
seen readily since insufficient data were given for re- 
calculation. 

Unfortunately, the experiments of Holstein and Dimp- 
ker appear to be the only published data in direct veri- 
fication of the theory in regard to sectional damping 
coefficients. Verification of other theoretical methods 
is indirect. This consists of calculating ship motions 
using the coefficients evaluated on the basis of the previ- 
ously mentioned methods and of accepting the success- 
ful motion prediction as justification for the method of 
calculation. However, it is far from being a reliable 
verification in view of the number of steps involved and 
the complexity of the calculations. Grim (1953) justi- 
fied his theoretical damping curves by an analysis of 
coupled pitching and heaving oscillations of several ship 
models. The oscillations were induced by means of ro- 
tating unbalanced masses; i.e., with a known value of 
the exciting function. Korvin-Kroukovsky and Jacobs 
(1957) successfully used Grim’s damping coefficients in 
the analysis of several ship models which had been tested 
in towing tanks. Korvin-Kroukovsky and Lewis (1955) 
and Korvin-Kroukovsky (1955c) previously made simi- 
lar use of Havelock’s coefficients. 

Direct measurements of damping on a ship model were 
made by Golovato (1957aandb) and Gerritsma (1957c and 
d, 1958, 1960).17 The ship model used by Golovato was a 

18 Dimpker’s (1934) paper is a part of a G6ttingen dissertation 
prepared under the guidance of M. Schuler and L. Prandtl. 

17 Added mass data from these tests were discussed in Section 
3.15-3. 
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Fig. 12 Comparison of measured damping in heave with one 
calculated by strip theory using Holstein-Havelock method 

(from Gerritsma, 1957c) 

mathematically defined form, symmetrical fore and aft. 
Various hydrodynamic forces were measured experimen- 
tally in a simple heaving motion (pitching restrained) 
induced by a mechanical oscillator. The results for 
damping are shown in Fig. 14 which also includes damp- 
ing as computed by Havelock’s and Grim’s methods. 
The general trend of the damping-force variations as 
given by all three methods is identical, but both caleu- 
lated methods give higher damping than the experimen- 
tal values. (In connection with ship motion analysis, it 
is suggested that the reader concentrate his attention on 
the abscissa range 0.9 to 1.5.) 

Fig. 7, taken from Gerritsma (1957d), shows a com- 
parison of damping-force coefficients measured on a 
Series 60, 0.60 block coefficient model with those com- 
puted by WKorvin-Kroukovsky and Jacobs (1957) by 
means of the strip theory, using Grim’s (1953) material. 
Figs. 12 and 13 show a similar comparison with the damp- 
ing computed by Korvin-Kroukovsky (1955c) using the 
Holstein-Havelock method. 

In comparing the heave damping data of Golovato and 
Gerritsma, it is observed that the measured damping 
of the Series 60 model is much higher than that of the 
idealized model: the maximum nondimensional value in 
Fig. 12 is about 3.7 as against 2 in Fig. 14. A part of 
this drastic increase can be explained by the presence of 
inclined ship sides in the afterbody of the Series 60 
model, while Golovato’s idealized model was wall-sided. 

The theoretically evaluated damping is also higher for 
the Series 60 model, but the increase is not as drastic as 
for the measured damping. This difference may result 
from the fact that the inclination of ship sides at the 
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Fig. 13. Comparison of measured damping in pitch with one 
calculated by strip theory using Holstein-Havelock method 

(from Gerritsma, 1957c) 

waterline is not taken into consideration in the available 
methods of calculation. 

In Golovato’s tests the calculated damping greatly ex- 
ceeded the measured damping, and Grim’s theoretical 
method gave the better approximation. With the 
different rates of increase of measured and calculated 
damping for a practical ship form, Gerritsma’s heaving 
test indicates an apparently excellent agreement with the 
Holstein-Havelock method. Fig. 7 shows that Grim’s 
method underestimated the damping in heave. The 
word “apparently”? was used advisedly. Were the in- 
crease of damping due to inclined ship sides taken into 

account in calculations, both curves of theoretical damp- 
ing in Figs. 7 and 12 would be displaced upwards. 

Examination of Figs. 7 and 13 indicates that the rela- 
tionship between calculated and measured damping in 
pitching is drastically different from that in heaving. 
In the case of pitching, Grim’s method is found to agree 
with the measured data, while the Holstein-Havelock 

method exaggerates the damping. The calculated damp- 
ing would be further increased if ship side inclinations 
were taken into account. 

The shift from agreement to disagreement of the cal- 
culated and measured damping in the cases of heaving 
and pitching oscillations indicates a strong three-dimen- 
sional effect. However, application of the three-dimen- 
sional corrections developed by Havelock and Vossers 
(to be discussed in Section 3.23) would make the situation 
still worse. The pitch-damping curves (at synchronous 
frequency) would be displaced upwards, while the heave- 
damping curves would not be affected. 

To summarize: Prediction of the damping of a ship’s 
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Fig. 14 Variation of damping coefficient with frequency 
(from Golovato, 1957) 

heaving and pitching motions is rather uncertain. The 

order of magnitude and the functional dependence of the 

damping on oscillation frequency can be estimated 

roughly. Neither of the two available methods of cal- 
culating, Grim’s or Holstein-Havelock’s, gives uniformly 
satisfactory results. Fortuitously, one or the other will 
be preferable in a particular case. Currently available 
calculations of three-dimensional effects (Section 3.23) 
do not correct discrepancies but apparently make the 
situation worse. The most pressing need in the theory 

of ship motions and ship bending stresses is to develop a 
reliable method of evaluating the damping character- 
istics. 

Experimental measurements on idealized ship forms 
may be misleading if used directly as an indication of 
normal ship behavior. Tests on such models are, how- 
ever, recommended, but only for comparison with caleu- 
lated values since more advanced methods of calculation 
‘can be used for such mathematically defined ship forms 
than is possible for normal ship forms (Section 6). It 
would be desirable to develop mathematical ship lines 
which would be more like the normal ship form and yet 
permit application of the advanced calculation methods. 

The erratic correlation between computed and meas- 
ured damping when comparison is made of mathematical 
and normal ship forms, and of pitching and heaving mo- 
tions, indicates that the phenomenon is caused by a com- 
plexity of conditions. A research program should be 
directed therefore towards resolving this complex phe- 
nomenon into its (not now known) parts and towards sub- 
sequent analysis of these component parts. Two gen- 
eral directions of approach can be visualized. In one, 
tests similar to Golovato’s and Gerritsma’s would be con- 
ducted on a variety of ship forms. Various factors can 
then be isolated intuitively after inspection of the test 
data, and the conclusions can be verified subsequently 
by synthesis of the elemental findings. The other 
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Fig. 15 Maximum heaving-force coefficient for submerged 
spheroid of L/D = 5 in varying wave lengths. Solid curves 
indicate Havelock’s (1954) solution, circles Korvin-Krou- 
kovsky’s strip-method solution. C: = (heaving force)/V# 

(from Korvin-Kroukovsky, 19554) 

method calls for tests and analyses of special ship forms 
designed with the specific purpose of isolating various 
theoretical features. Under this program only a few 
tests on normal ship forms are needed. These will indi- 
cate the target for the investigation and will provide the 
final check on the ultimately synthesized information. 
Under this analytical and experimental program, tests 
of mathematically defined ship forms will play an impor- 
tant part. The research program should include in- 
vestigations of prismatic bodies (two-dimensional flow) 
as well as three-dimensional forms with various types of 
sections and different distributions of sectional types and 

areas along the ship length. This subject will be dis- 

cussed further in Section 6. 
It appears that inclination of ship sides at the water- 

line is one qualitatively evident factor which affects 
added masses and affects damping characteristics to a 
greater degree. The physical conditions of this problem 
were described in Section 3.12. Theoretical and experi- 
mental investigations are recommended. ‘These can 
start with an analysis of the damping of the 60-deg wedge 
of Dimpker’s (1984) experiments. 

3.22 Nonlinear effects in evaluating mean damping. 

Attention should be called to the fact that definitions of 
the added masses and damping forces in the foregoing ex- 
position have been based on the assumption of linear 
differential equations of motion with constant coeffi- 
cients. In reality, the coefficients are not constant. 
Even in the case of a wall-sided ship, such as the model 
used by Golovato, the damping will vary with the in- 
stantaneous mean draft of the ship sections; i.e., the fac- 
tor f in the exponent of equation (22). The analyses of 
Golovato and Gerritsma give a certain mean value of the 
damping to be used in a linear theory. This mean value, 
however, may be affected by the nonlinearity in sectional 
properties. 

The ultimate amplitude ratio A is the result of inter- 
ference of many wave systems which have their origin at 
different elements of the body area. Such an interfer- 
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Fig. 16 Maximum pitching-moment coefficient for submerged 
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ence can be very sensitive to the varying conditions at 
the generating elements. Not only the ratio A for two- 
dimensional sections but three-dimensional corrections 
as well can be affected. Havelock’s and Vosser’s three- 
dimensional corrections, discussed in Section 3.23, are 

based on infinitely small displacements and cannot bring 
out the effects discussed here. 

The author believes that it is important to inaugurate 
research on evaluating the mean damping characteristics 
of ship sections (two-dimensional flow) taking into ac- 
count the draft and beam variations during an oscillation 
cycle. The oscillations themselves can still be assumed 
to be harmonic. !® 

A similar research is suggested for three-dimensional 
corrections, taking into account the cycle variation of 
conditions at the ends of a pitching ship. 

3.23. Three-dimensional effects. It has been men- 
tioned that the strip theory is approximate in that cer- 
tain interaction between adjacent sections is neglected. 
This was realized by F. M. Lewis (1929) and J. Lockwood 
Taylor (1930) who developed corrective procedures for 
their field of interest, namely, ship vibrations with a cer- 
tain defined number of nodal points. These procedures 
do not appear to be usable for a ship in waves. 

In order to verify the accuracy of the strip method of 
calculations this method has been applied to a submerged 
spheroid moving under waves (Korvin-I<roukovsky, 
1955b), and compared with results obtained by more 

precise methods used by Havelock (1954) and Cummins 
(1954). These more precise methods cannot be applied 

to a normal ship form in waves but can be used for ellip- 
soids. The results are shown in Figs. 15 and 16. The 
agreement appears to be satisfactory for all practical pur- 
poses. Attention should be called to the fact that in the 
strip method as used by Korvin-Kroukoyvsky (1955b, c) 

18 This assumption is justified by the fact that ship motions are 
represented mathematically by the double integral of forces with 
respect to time. The motions, therefore, reflect primarily the 
mean conditions and are not very sensitive to instantaneous force 
changes. 
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Fig. 17 Ratios of damping coefficients for heaving and for 
pitching (from Havelock, 1956). Damping coefficients are 
denoted by E with subscripts H and P for heaving and pitch- 
ing by three-dimensional theory and HS and PS, respectively, 

by strip theory 

the elements of ship length were taken to be conical, so 
that in passage of a body through control planes the sec- 
tional area was taken as variable and as a function of 
time, A = A(t). This feature permitted the forward 
speed of a body to be taken correctly into account, and 
also made the results applicable to bodies of relatively 
small length-to-diameter ratio (the length-diameter ratio 

of 5 was used in the foregoing verification). The caleu- 
lations confirmed the applicability of the strip theory as 
far as the inertial body characteristics and the exciting 
forces caused by waves are concerned, The damping 

forces were not considered. 
Havelock (1956) ecaleulated damping forces by three- 

dimensional theory for a spheroid of length-diameter 
ratio of 8 (vepresentative of usual ship proportions) and 
compared the results with the strip theory. Fig. 17 
shows the ratio of three-dimensional to two-dimensional 
damping (added subscript s) versus the frequency param- 
eter (w°L/g). Vossers (1956) made similar calculations, 
generally following Haskind’s (1946) methods for a sur- 
face ship which was assumed to be “thin” in the sense of 
using the assumptions formulated by Michell (1898) in 
the theory of ship wave resistance. The results are 

shown in Fig. 18. 
It has been shown by Korvin-Kroukovsky and Jacobs 

(1957) that in commercial ships synchronism of pitching 
or heaving oscillations occurs at a frequency parameter 
over 10, and in slender fast ships, such as destroyers, at 

about 18. At these frequency values the correction 
coefficient for heaving motion is unity, while for pitch- 
ing it is between 1.1 and 1.2. It has been shown in the 
preceding section that application of these corrections 
would increase the discrepancy between calculated and 
measured damping on the Series 60 model. Further in- 
vestigation of this question is therefore needed before 
these corrections are put into practical use. 

3.24 Speed effect on damping. Figs. 12 and 15 con- 

tain curves of experimental damping coefficients in 
heaving and pitching for several values of the Froude 
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Fig. 18 Ratios of damping coefficients for heaving and for 
pitching (from Vossers, 1956). Damping coefficients are 
denoted by N with subscripts H and P for heaving and pitch- 
ing by three-dimensional theory and HS and PS, respec- 

tively, by strip theory 

number. The small differences between these curves are 

probably within the experimental accuracy. In Fig. 7 
these differences due to speed were neglected and the 
heave or pitch damping was represented by a single 
curve for all model speeds. From a practical point of 

view, the speed effect can be neglected. 
ful examination of the figures reveals a rather weak 

trend; ie., at any given frequency the damping de- 
creases slowly with increase of speed. A similar but 
more pronounced trend can be observed in Fig. 14 for 
the parabolic ship model within the practical range of 

abscissae from 0.9 to 1.5. The word “practical” refers 
to a commercial ship operating in head seas, in which sea 
condition the heaving and pitching behavior is most 

critical. 
Most of the information found in the literature on the 

effect of speed on damping may be misleading!’ because 
of emphasis on frequency ranges outside the practical 
interest, or because of incompleteness of the conditions 

yielding the theoretical or experimental conclusions. In 
a scientific examination of any physical phenomenon it is, 

A more care- 

of course, often advisable to go beyond the practical 
limits but in presenting the results of such broad investi- 
gations one should indicate the region of practical appli- 
cability. Failure to separate the speed effect in damp- 
ing from the frequency effect, and failure to consider the 
coupling between heave and pitch in a free-model experi- 

ment are the shortcomings most frequently encountered. 
A free-floating model may be excited in pitching oscilla- 
tion only. Because of the cross couplings, however, 
heaving oscillations also develop. The transfer of a 
part of the exciting energy to heaving motion simulates 
an exaggerated damping in pitch. 

A pronounced dependence of the damping upon speed 
apparently occurs at a low frequency of oscillation in 
smooth water. In wave-excited oscillations such a low 

19 The Gerritsma data in Figs. 7, 12, and 13 are excepted. 
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frequency may occur in a following sea. This condition 
is not critical for heaving and pitching motions, but may 
become of interest in an analysis of six-component mo- 
tion in quartering seas. The interest in this case is in- 
direct and is connected with the effect of bow submersion 
on yawing and yaw-induced rolling. However, the 
frequencies of encounter in quartering seas of significant 
wave lengths are usually a fraction of the resonant fre- 
quency of heaving and pitching. Large errors in damp- 
ing estimates, therefore, have little influence on the mo- 
tion estimates. 

The peculiar behavior of the damping in pitch at low 
frequencies was determined analytically by Havelock 
(1958) and was recorded by Golovato (1958) in tests on 
a parabolic model. Golovato’s results are shown on Fig. 
19. 

3.3 Integration With Respect to Length. = An individ- 
ual ship section of length dé, at a distance € from the 
origin, has a simple vertical motion both in space and in 
relation to the rising and falling sea surface. Jt is sub- 
jected to the four kinds of forces generated by water 
pressures, three of which are caused by ship oscillation 
(as in smooth water) and the fourth by wave action. 

The first three are: 
Inertial (proportional to acceleration). 

Damping (proportional to vertical velocity). 
Displacement (proportional to changes of displaced 

water volume). 

The wave-caused forces also can be considered as com- 
posed of inertial, damping and displacement compo- 
nents. In the classical wave theory, however, the iner- 

tial and displacement forces are interrelated and are 
more conveniently combined in a single force. 

In order to analyze a ship’s motion (considered as that 
of a rigid body) in waves, the sectional forces must be 
integrated over the ship’s length. If the sum of the 
sectional forces (exclusive of wave forces) is designated 

as dF'/dé, the integrations have the general form (with 

reference to Fig. 1): 

ee dF .. 
Heaving force = — dé 

(23) 
Car iF 

Pitching moment = {= & dé 

All integrations are carried out over the ship’s length. 
Since dF'/dé consists of three components, the integration 
yields the three coefficients a, b, and ¢ of equation (1). 
Likewise integration of the wave force yields the coefli- 
cient Fy) of equation (1). Two separate equations for 
heaving and pitching of the form of equation (1), each 
containing four parameters, are referred to as “uncoupled 
equations.” In reality heaving motion also causes cer- 
tain pitching moments and pitching motion causes cer- 
tain heaving forces. These cross-coupling effects are 
represented by coefficients resulting from an integration 
of the form: 

ee dF 
Cross coupling force or moment = {< Ed~ (24) 

dé ~ 
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Fig. 19 Damping in pitch versus frequency in region of low 
frequencies (from Golovato, 1958) 

A more detailed exposition of these coefficients and of 
their use in ship-motion analysis will be found in Korvin- 
Kroukovsky and Jacobs (1957). It will also be reviewed 
briefly in Chapter 3. The derivation of sectional forces 
and their integration with respect to ship’s length will be 
found in Appendix C. 

Evaluation in a closed form of the integrals just shown 
is possible only in special cases of mathematically ex- 
pressed ship lines. An example of such a procedure can 
be found in Weinblum and St. Denis (1950). For nor- 
mal ship forms, these integrations can be carried out 
either graphically or numerically by methods familiar to 
naval architects. 

4 Forces in Lateral Motion 

In the present discussion the term “lateral motion” 
refers to yawing and side sway. (The rolling motion is 
to be discussed separately.) As in heaving and pitch- 
ing, the forces involved in these motions can either be 
estimated for a body as a whole by comparison with 
ellipsoids, obtained experimentally for the body as a 
whole, or computed theoretically by means of the strip 
theory. In view of the extreme scarcity of the available 
data, all of these will be treated together in this section. 

Data on the force coefficients for the entire ship 
were given for six models in the work by Davidson and 
Schiff (1946) as part of a theoretical and experimental 
investigation of ship stability on course in smooth water. 
These data have been deduced partly from measure- 
ments made on the rotating arm and partly from obser- 
vation of the turning radii of self-powered, free-running 
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models in conjunction with measurements of the rudder 
forces. Similar data were reported more recently by 
Lewis and Eskigian (1954/55) on additional models in 

which the skeg areas were varied. The foundations of 
the test procedure also are more completely covered in 
this latter work. The difficulty in using such data for 
practical design purposes lies in the fact that the results 
cannot be generalized readily, while the number and 
types of models tested are not sufficiently large to cover 
all practical requirements. Such empirical data, ob- 
tained without an underlying hydrodynamic theory, are 
particularly dificult to interpret because of the compli- 
cated relationship between the hull’s contributions and 
that of the appendages, such as skegs, rudders, and pro- 

pellers. 
In the case of lateral motion the principle of compari- 

son with ellipsoids is identical with that described 
earlier in connection with motions in the plane of sym- 
metry; i.e., surging, heaving, and pitching. Davidson 
and Schiff (1946) used the coefficients of accession to 
inertia as given by Lamb for ellipsoids, but the effects of 
appendages appear to have been neglected. 

An attempt to evaluate the yawing moment caused by 
oblique waves was made by Davidson (1948) as a part of 
an investigation of ship broaching in a following sea. 
Davidson used an intermediate step between study of the 
body as a whole and the strip theory. Lateral forces re- 
sulting from changes in displacement and distribution of 
the lateral (with respect to ship) components of wave 
orbital velocities were obtained on a strip basis. The 
final effect of these on a ship was evaluated by making 
use of the coefficients obtained on the rotating arm as a 
part of the previous work of Davidson and Schiff. 

An important contribution to the study of lateral forces 
by means of the strip theory was made recently by Grim 
(1953a, 1956). Using mathematical definitions of ship 

sections previously developed by F. M. Lewis (1929), 

Grim found the solution for inertial and damping forces 
in motions in lateral directions and in rolling. Land- 
weber (1957) and Landweber and de Macagno (1957) also 
presented derivations of added masses and added mo- 
ments of inertia in lateral motions. The results were 
given in a simple form, suitable for calculation of forces 
and moments. These appear to be the only sources of 
information to date on the basis of which the strip theory 
can be applied to lateral motion. As vet no experimental 

verification has been made. 
In the work just cited the effects of the free surface 

were taken into account for two asymptotic cases of very 
low and very high frequencies. It has not yet been pos- 

sible to evaluate the hydrodynamic forces in lateral mo- 
tion and in rolling for the intermediate range of fre- 
quencies. Grim (1956) considered that the derivation 
valid for the low frequency is directly applicable to ship 
motions among waves. Wendel (1950) and Landweber, 
on the other hand, gave added-mass data for high fre- 
quencies, and their data may be considered as directly 
applicable to the study of ship vibrations. 

Further research, directed to evaluation of added 
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masses and damping in lateral and rolling motions at 
all frequencies, is needed. 

Although Grim’s work goes a long way toward supply- 
ing the desired information for normal sections, it still 
is necessary to obtain information on the effect of ap- 
pendages. It should be noted that hydrodynamic solu- 
tions have been obtained successfully in two extreme 
cases: (a) A ship in heaving and pitching, where the 
hull can be represented by sources and sinks or doublets; 
and (b) an airplane wing described by a distribution of 
vortices. No satisfactory approach has been developed 
for a mixed condition, such as a ship with appendages in 

lateral motion. Fedyaevsky and Sobolev (1957) treated 
a ship in lateral motion by means of a low aspect-ratio 
wing theory. 

The added masses of typical afterbody ship sections 
with large deadwood or skegs can be estimated by replac- 

ing a true section with a polygonal one and applying a 
Schwartz-Christoffel transformation. Following Grim 
(1956), the results of such an analysis may be assumed to 
be valid for low frequencies. Alternately, the added 

masses of ship sections formed of curved lines in conjunc- 
tion with deadwood, skegs, or propeller bossings can be 
obtained by electrical analogy (Section 3.11). Unfor- 
tunately, no method of evaluating the damping proper- 
ties of such sections appears to be available. Theoretical 
and experimental research in this field is needed. 

Well-separated appendages, such as spade-type rud- 
ders, or short wing-like skegs (with leading edges) often 

used to support rudders on multiscrew naval ships, can 
be treated as separate hydrofoils, with an empirical fac- 
tor for increase of effective span due to abutment against 
the hull. Also, an assessment must be made of local 

water velocities. A certain amount of information on 
such appendages will be found in Mandel (1953) and 

Becker and Brock (1958). 

5 Forces and Moments in Rolling 

The general introduction given in Section 1.1 with re- 
gard to pitching and heaving apples to rolling as well. 
In the simple equation of motion (1), the heaving dis- 

placement z is merely replaced by the angle of roll, desig- 
nated by ¢, so that it becomes 

Aé + Bé+ Ce = L cos wt 

The forces and moments are caused by changes in 
water pressure, in turn caused by the angle of roll ¢, ve- 
locity of roll ¢, and acceleration in roll ¢. The resultant 
moments are correspondingly classified as restoring, 
damping, and inertial ones, the latter usually expressed 
in terms of the added or hydrodynamic moment of iner- 
tia coefficient k,,. The amplitude of the rolling moment 

is here designated by L. As in the case of pitching, all 
forces and moments involved in rolling also can be con- 
sidered as the sum of forces and moments caused by ship 
rolling in smooth water and those exerted by waves on a 
restrained ship. Direct data on the forces and moments 
in rolling are extremely scarce. Most of the practical 



126 THEORY OF SEAKEEPING 

+++ Ar 

=0.02675 
0.001663 

b=0.0550 

3, a=0.03941 

——-——= (Calcu 

Calculated C 

Diagram B-H.M.S. "Volage" 

++++ Angles ¢ nents at Portsmouth |87! 

Fig. 20 Curves of declining angles in rolling oscillations of two ships in still water (from W. 
Froude, 1874) 

data is derived from analysis of ship motion which is as- 
sumed to be generally expressed by such differential 
equations as (25). The literature on the subject is 
divided into: (a) Rolling in still water (.e., RH term of 
equation 25 equal to zero), and (b) rolling in waves. 

When a ship rolls freely in smooth water, a small heav- 
ing motion and side swaying occur. It has been shown, 
however, (Ueno, 1942; Grim, 1956) that heaving in this 
case is small, and side sway, although more pronounced, 
is also small. It is believed permissible, therefore, to 
treat the motion as a pure rotation about the fore-and- 
aft axis passing through the center of gravity. This is 
believed true providing the centers of gravity of all ship 
sections lie on this axis. If the principal axis of inertia is 
inclined appreciably to the fore-and-aft axis of a ship, a 
significant yawing component of motion also will de- 

velop. 
5.1 Restoring Moment. The restoring moment is de- 

fined by the concepts of “metacentric height’? GM and 

of “righting arm’? GZ. These are familiar to naval archi- 
tects and will not be elaborated on here. The righting 

moment at small roll angles is 

L = AGZ = AGM sin ¢ (26) 

where the right-hand part of the equality is valid only 

for constant GM. Here A is the weight of a ship. 

For small angles ¢, sin @¢ = ¢. Substitution of equa- 

tion (26) with sin @ = ¢, for C¢ in equation (25) yields 

a linear differential equation that is simple to solve. 
The initial height of the metacenter over the center of 

buoyancy of a ship BM can be computed by the expres- 

sion 

BM = I,/V (27) 

where J,, is the second moment of the waterplane about 
the axis of symmetry, and V is the displaced volume. 
If the height of the center of gravity over the center of 

buoyancy GB is known, the GM is determined. Equa- 

tion (26) is the basis for experimental verification of GM 
by inclining a ship through small angles. If a known 
heeling moment L is applied and the resulting heel angle 

¢@ is measured, GM is determined. 

For larger heel angles, GM does not remain constant 

and the righting arm GZ follows some other law than sin 
o. In order to use the simple form of equation (25), 

Froude (1861) assumed GZ = GM 4, and showed that 
this corresponds with reality for a ship with slight tumble- 
home sides. This was the usual hull form of the battle- 
ship of his day. For a wall-sided ship 

GZ = sing (au db : BM tan? 6) (28) 

and in general 

GZ = GM ¢ + F(¢) (29) 

where GM, is the metacentric height for very small 

angles ¢. 
5.2 Inertial Moments. Once a metacentric height is 

known, the effective moment of inertia of a ship in rolling 

is defined by 

p= 27k 

(gGM)!/? 

where 7 is the natural rolling period and k the radius of 

gyration. Once GM is known from static inclining ex- 

periments and the natural period of rolling 7’ is observed, 
k and the virtual moment of inertia (J = k?A/g) can be 

(30) 
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Fig. 21 Curves of declining rolling oscillations in still water for 
a destroyer at zero speed (from A. M. Robb, ‘“‘Theory of Naval 
Architecture,” 1952, p. 259). (a) Full-size ship, (6) complete 
model, (c) naked hull. Linearized envelope curves are shown 

by solid lines 

computed. In general, / = Jo + 1”, where J is the mo- 
ment of inertia of the ship itself and /” the added or hy- 
drodynamic moment of inertia. Or, if /’ is the moment 
of inertia of the water displaced by a ship, 7” = k,l’. 
The coefficient of accession to inertia in roll k,, can be 

estimated roughly by comparison with ellipsoids, or can 
be computed by the strip theory. Generally, it is small, 

and Manning (1942, pp. 21, 27) indicated that direct 
use of equation (30) with ship’s radius of gyration / was 
satisfactory. Grim (1956), considering low oscillation 

frequency, listed the expressions for computation of the 
accession to inertia /,, for ship sections defined by F. M. 
Lewis’ (1929) formulas. As an example, for a ship sec- 

tion with a draft 0.4 of the beam and a section coefficient 
of 0.93, kz is found to be 0.07. The coefficient of ac- 

cession to inertia k,, is increased, however, by the addi- 

tion of appendages, particularly bilge keels. 
In the asymptotic case of a high frequency, the rolling 

of a rectangular ship section of draft/beam ratio 1/2 is 

equivalent to rotation of a submerged square prism. 
For this case Wendel (see Figs. 4 and 5) computed hk, = 

0.276. The addition of bilge keels, 0.083 of the beam in 
width, gave a computed k,, = 0.63 (by interpolation of 
the data in Fig. 4). T. B. Abell (1916) found experi- 
mentally the corresponding values of 0.285 and 0.72 for 
k,,. The water viscosity effects did not, therefore, 
change significantly the values of the added masses. 

27; 

The importance of taking the effect of bilge keels into 

account has been vividly demonstrated by these studies. 
The foregoing data refer to water of infinite depth. 

The added mass in rolling, as well as in heaving and 

pitching, is strongly affected by the shallowness of water. 
Data on the effect of shallowness on rectangular ship 
sections will be found in Ixoch’s (19383) paper. The 
depth of water must, therefore, be taken into account in 

all vibration and rolling experiments. 
5.3. Damping Moments. It has been established by 

W. Froude (1861, 1872, 1874), and confirmed by others, 

that the value of damping coefficient B for a bare hull 
depends mostly on dissipation of energy in waves and 
only to a small extent on viscous forces. In Baumann’s 

(1937) experiments with rolling circular cylinders, it was 
observed that, once excited, oscillations damped out 

very slowly. Bilge keels can cause a large dissipation of 
energy by vorticity, as will be shown in Section 5.33. 

The primary source of information on damping to date 
has been the observations made on the rate of amplitude 
decay in rolling in smooth-water oscillation. Such ex- 
periments were first conducted by W. Froude (1874) 
and thereafter by many others (for instance, Gawn, 

1940; Williams, 1952). Fig. 20 shows the plot of roll 

amplitude @ versus the number 7 of oscillations as ob- 

tained by Froude (1874) for two ships. Froude found 
that the experimental data were closely fitted by a curve 
of the type 

—do/dn = ab + b¢? 

where the coefficients @ and 6 were different for various 
ships and are shown by the legend on the figure.?! Also 
shown are the best fits using only the first (linear) or 

the second (quadratic) terms with a suctable adjustment 
of coefficients. The adjusted coefficient will be desig- 
nated by a. The reasonably good fit by a single linear 
term should be noted. Froude and many subsequent 
writers emphasized the nonlinearity of the damping 

coefficient as shown in equation (31). 
5.31 Linear approximation. The linear approxima- 

tion to the extinction curve (d¢/dn = a@) is particularly 
valuable because of its direct connection with the damp- 
ing coefhicient B in the linear differential equation (25). 
This equation can be rewritten for free oscillations in calm 

water as 

(31) 

d + 2xwoh + woh == 0) (32) 

where 

214 bar has been placed over the letters as a reminder that 
they should not be confused with the coefficients a,A and b,B in 
the differential equations of motion (1 and 25). The coefficient 
B in the latter case is defined as a function of equation (31); Le., 
B = B(¢) = f(d¢/dn). The symbols a and b used by Froude in 
Fig. 20 correspond to @ and 6 used in this monograph. 

22, This procedure is to be contrasted with the one used by 
Golovato (1957a,b) who linearized the similarly expressed damp- 

ing in heaving merely by letting b = 0, and not changing the value 
of a. It will be understood that the word “linearized”? as used 
in this monograph implies adjustments of both coefficients so 
as to give the best approximation to a function in the range of the 
independent variable of greatest interest in practical problems. 
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Fig. 22. Effect of forward speed on rolling of model of “Royal Sovereign” class of battleship 
(from A. M. Robb, “Theory of Naval Architecture,” 1952, p. 278) 

B/A = 2Kwo 

C/A = w? = (20/T)? 

w = circular frequency of free undamped oscilla- 

tions 
T = period of undamped oscillation. 
Damping increases the period of oscillation so that it 

becomes 

Dil ne (33) 

The well-known solution of equation (32) for a par- 
ticular case, in which ¢ = O is taken at the maximum 

initial inclination go; i.e., when d¢/dt = 0, is 

6 = doe cos wt (34) 

The plot of roll angle ¢ versus time is shown in Fig. 21, 
taken from Robb (1952, p. 259). It appears to consist 
of a series of nearly sinusoidal half-cycles, the ampli- 
tudes of which diminish as shown by the exponential 
factor in equation (34). If the rate of amplitude de- 

crease is not too rapid, the tangency points of the en- 
velope curve to the oscillatory curve can be taken ap- 
proximately at cos wot = 1. Substituting the value of 
@) in terms of the period 7 and expressing the time in 
terms of T, n = t/T, the equation of the envelope is 
obtained as 

& = doe?" (35) 

On the other hand, W. Froude (1874) shows that dec- 
remental equation (31) when linearized, a = a and 6 

= 0, corresponds to the equation of the envelope curve 

go a 
x log =e (36) n= 

2a has been written above instead of Froude’s a, as 
Froude recorded n in half-cycles while counting in whole 
cycles is now customary. Equation (36) also can be 
expressed as 

—24a OF 

& = doe ~*” (37) 

From comparison of equations (35) and (37) it follows 

that 

a= TK (38) 

and the coefficient of damping B in equation (25) is 

B = A2Qku = 4Aa/T (39) 

The foregoing has been presented in detail since the 
decremental equation (31) is widely used in British litera- 
ture, and most of the practical data on damping of ships 
in rolling is available as coefficients @ and 6. However, 
descriptions of the relationship of these coefficients to 
the equations of motion are few and not clear. A good 
but very brief one was given by Williams (1952). A 
much more widely used method in general vibratory 
problems is the “logarithmic decrement”’ defined as 

5 = log (¢1/¢2) (40) 

where ¢; and ¢: are amplitudes of any two succeeding 
oscillations. The logarithmic decrement is measured 
by the slope of log @ versus the number of cycles of oscil- 
lation n. It is related to the nondimensional damping 
coefficient «x, and to the coefficient a of the linearized 
decremental equation by 

(41) 

5.32 Empirical data on damping in roll. In the cur- 
rent literature on ship motions, strong emphasis is put on 
nonlinearity of damping, and reported values of the coefli- 
cients @ and 6 are shown to vary widely and irregularly. 
Their relationship to a ship form is hardly ever dis- 
cussed. However, if the coefficient a of the linearized 
equation is considered, an idea of the order of magnitude 
can be established. Assuming, for instance, that the 
linearized equation must match equation (31) at ¢ 
= 7.5 deg,”* Table 3 can be compiled as an example from 
readily available data. 

The range of fluctuation for the values of a in each 
group shown in Table 3 is approximately 50 per cent 
from the mean for ships without bilge keels, and 40 per 
cent for those with bilge keels. This fluctuation is sur- 
prisingly small, considering the fact that neither the 
details of ship forms nor the details of keel and bilge keel 
constructions have been considered. The powerful effect 
of bilge keels on rolling is brought out vividly by the 

table and also by Figs. 21 and 22. 
The effect of the forward speed on damping in roll 

23 Corresponding to the mean value for a fairly heavy rolling. 
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Fig. 23 Effect of forward speed on steady rolling of a ship 
model (from Brard, 1949). Rolling in smooth water was in- 
duced by harmonically oscillating moment approximately 
equal to moment produced by waves of height/length ratio of 
0.0226 at zero speed. Speed parameter y = 27V/gT where V 
is speed, T period of rolling. T, = 4.395 is natural period 

for small angles of roll 

Table 3 Coefficient a of the Linearized Decremental 
Equation for Several Ships at Zero Forward Speed 

Source of 
information Ship a kK 

Without bilge keels 

1 Inconstant 0.073 
1 Sultan 0.050 
1 Volage 0.083 
2 Greyhound 0.068 
2 Revenge 0.031 

Mean 0.061 0.020 
With bilge keels 

2 Greyhound 0.367 
2 Revenge 0.242 
2 King George V 0.186 
2 Nubian 0.235 

Mean 0.258 0.082 

1 W. Froude (1874). 
2 Robb (1952, p. 271). 

(1940). 
The data from W. Froude and Gawn 

appears to be considerable. This is discussed briefly 
by Robb (1952, pp. 275 and 278). Fig. 22, taken from 
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Robb, shows a curve of declining angles for a model of a 

Royal Sovereign class battleship tested in a towing tank 
at different speeds. Fig. 23 shows the effect of the for- 

ward speed according to Brard (1949). 
5.33 Theoretical knowledge of damping in roll. 

Theoretical studies to date are very few and their appli- 
sability uncertain. The work of Ursell (1948a, b) can 
be mentioned. Cartwright and Rydill (1957) quoted an 
expression for damping from an unpublished work of 

Ursell (1946). By use of the strip theory they calcu- 
lated the coefficient « = 0.088 for the Discovery IT as 
compared with the observed « = 0.0675. The discrep- 
ancy is in fact much larger since the theoretical work of 
Ursell was based on smooth elliptical sections, while 
Table 3 shows that the experimental value corresponds 
(although on the low side) to ships with usual appen- 
dages. The value based on Ursell in this case is over 
four times the value obtained from rolling of ships with- 
out bilge keels. 

From observations at low speeds at sea, Williams 
(1952) obtained the corresponding average value of 
a = 0.275, i.e., « = 0.088 for HMS Cumberland. Cart- 

wright and Rydill (1957) have found « = 0.0675 for the 
research ship Discovery IT. 

Ursell (1949a) presented an analytical derivation of the 
wave amplitude caused by rolling of noncircular cylin- 
ders on the water surface. He applied this derivation to 
cylinders described by a certain transformation which 
gave an approximately rectangular section with large 
rounding of corners. The wave amplitude at infinity 
was found to be, to the first order, 

0.63k?6(b + d)(b + 1.05d)|b — 1.26d] (42) 

where 

k = w*/g 
@ = amplitude of rolling 
b = half-beam 

d draft 

|| — denotes absolute value 

An interesting feature of this expression is that wave 
amplitude (and therefore damping) vanishes when b 

= 1.26d or roughly d = 0.40B, where B is the beam. 
At this d/B ratio the damping can be obtained only 
from bilge keels. 
When d = 0.5B, the amplitude is 

Dwi 
Zé Zt yaa 43 
ig (43) 

In a previous work, Ursell (1948) showed that for a 

thin vertical plate rolling about the line of intersection 
with the water surface the wave amplitude is 

2 : ; 
= kod (44) 
o 

It was mentioned that the foregoing derivations are 
valid when the product kb is small. An exact definition 
of smallness was not given, but generally the equations 
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can be considered as applicable to rolling but not to 

vibration of ships. 
The brief summary in the foregoing paragraphs is 

entirely inadequate to illustrate the importance of Ur- 
sell’s (1949a) paper. The mathematical formulation of 

the water flow presented in this paper is the fundamental 
information on the basis of which added mass and damp- 
ing forces and moments can be derived for many non- 

circular cylinders. 
5.34 Effects of viscosity and frequency. JT. B. Abell 

(1916) made experiments on attenuation of rotary oscilla- 

tions of a square prism. A 6x 6-in. prism was suspended 
vertically in a water tank with ends fitting closely to the 
tank bottom and to the boards covering the water sur- 
face. These boards prevented surface-wave formation, 

so that the water flow corresponded to that at an in- 
finitely long prism in an infinite fluid. The prism was 
suspended on three wires, forming a rotary pendulum, 
and the oscillation frequency was governed by the prism’s 
weight and moment of inertia and also by additional 
radially disposed masses. Various initial deflections 
and various frequencies were tried. The rate of attenu- 
ation of oscillation was expressed by equation (31), and 
the resulting coefficients @ and 6 are shown in Table 4. 

Table 4 

(From T. B. Abell, 1916) 
Small 

Period —amplitudes— ———\ Large amplitudes——. 
fly a b a b bT? 

No keels 

8.35 0.031 0.007 0.0007 0.01664 0.2098 
2.94 0.04 0.0091 0.0007 0.02386 0.2062 
2.58 0.042 0.0157 0.0007 0.0305 0. 2066 
2.14 0.054 0.0122 0.0007 0.0436 0.2000 

With keels 

3.54 ane 0.017 0.0954 1.196 
3.15 ar 0.026 0.1278 1.266 
2.82 ee 0.053 0.1584 1.260 
2.41 ee ae 0.083 0.1996 1.106 

The attenuation is expressed in degrees per full cycle. 
The upper half of the table refers to the bare prism, and 
the lower one to the prism with '/s-in-wide bilge keels at 
the four corners. 

Since the time of Froude (1861, 1872, 1874) it has been 

understood that the linear term of equation (31) is 

caused by the energy dissipation in waves and the quad- 
ratic term by the effect of viscosity.24 Under the con- 
ditions of Abell’s experiments, therefore, a zero value for 

a would be expected. No explanation has been found 

for the existence of the small 

4, 

Ideal fluid conditions are approached in the case of the 

bare prism at small amplitudes and low period, in which 

values of @ shown in Table 

The coefficient 6 becomes 

appreciable at large amplitudes, and is greatly increased 

by bilge keels. 

case both @ and 6 are small. 

24This opinion appears to be contradicted by Watanabe and 
Inoue (1958). 

THEORY OF SEAKEEPING 

T. B. Abell called attention to the fact that, with vis- 
cous resistance proportional to the square of the velocity, 
the product 6¢27? is constant. For a series of experi- 
ments made with constant initial amplitude go, the 

damping cofficient 6 will vary with frequency, but the 
product 57? is expected to be constant. This expecta- 
tion is confirmed by the experimental values listed in the 
last column of Table 4. This observation of T. B. Abell 
appears to have escaped the attention of later experi- 
menters, and the coefficients @ and 6 have usually been 

reported without regard to the oscillation frequency. 
For the sake of consistency the values 67? should be re- 
ported instead of b. 

6 Direct Three-Dimensional Solution Including Wavemaking 

Apparently the most complete analyses of the hydro- 
dynamic forees and moments acting on a surface ship 
oscillating in waves have been made by Haskind and 
Hanaoka. Haskind’s (1945a, 6; 1946, 1954) work is 
based on a method initially developed by Kotchin (1937, 
1940). Attention was concentrated on forces due to 

body motions, while exciting forces due to waves were 
not analyzed. Ship-wave formation, resistance, damp- 

ing and motions in waves were treated by Hanaoka 
(1951, 1952, 1953), but most of this work has not yet 

been translated from the Japanese, and therefore is 
largely inaccessible. At the NSMB Symposium (1957) 
Hanaoka presented a broad outline of his work in Eng- 
lish, but the exposition is too sketchy for complete under- 
standing without reference to his previous, more de- 
tailed work. This work includes also calculation of the 
bending moments acting on a ship’s hull. 

A valuable exposition of the basic principles of ship- 
motion analysis was given by Fritz John (1949). Other 
investigators have not treated the broad problem of 
ship motions, but have concentrated instead on elucida- 
tion of certain aspects of the broad problem. Wigley 
(1953) and Havelock (1954) determined the forces and 

moments acting on a submerged ellipsoid moving under 
waves without oscillations. Havelock (1955) also dis- 
cussed the coupling of heave and pitch due to speed of 
advance, in support of the findings of Haskind (1946). 
Havelock (1956) and Vossers (1956) compared damping 
computed by three-dimensional theory with that ob- 
tained by the strip theory. Havelock (1958) discussed 
the effect of speed on damping. 

6.1 Statement of the Problem. In the approaches 
taken by the foregoing writers, a frictionless fluid is 
assumed, so that the velocity potential ¢ exists and satis- 
fies Laplace’s equation. This velocity potential is to be 
evaluated subject to the “boundary conditions.” The 
boundaries are formed by (a) the moving surface of the 

ship, (b) the wave-covered free surface of water, (c) the 

ocean bottom, and (d) the infinitely distant parts of the 
ocean in fore, aft, and lateral directions. The last two 

are simply expressed. No vertical velocity of water 
(0¢/0z = 0) exists at the ocean bottom. At infinite 

distance all space derivatives (i.e., fluid perturbation 
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velocities) vanish, i.e. 06/07 = 0¢/O0y = Of/O0z2 = 0. 
The term “perturbation velocities” is used here to desig- 

nate fluid velocities caused by the presence of a ship. 
The boundary condition at the free water surface con- 

sists of statements that the air pressure is uniform and 
that surface particles of water remain on the surface. 
This is expressed in suitable mathematical form in terms 
of the velocity potential ¢. 

The boundary condition at the ship’s surface consists 
of the stipulation that water flow is tangential to the 
surface. Mathematically, this is expressed by the state- 
ment that the fluid-velocity component normal to an 
element of ship surface is equal to the velocity of the sur- 
face itself in the direction of its normal. ‘To give a simple 
illustration, consider a wedge moving with velocity V 
through initially calm water. Let a be the half-angle 
of the wedge. The component of the motion of the 
wedge surface normal to itself is then expressed on the 
basis of body geometry as V sin a. The fluid velocity 
induced by the foregoing motion is expressed in terms of 
the velocity potential by the vectorial sum of the fore- 
and-aft and lateral components as (O¢/Ov) sin @ + 
(0¢/dy) cos a. The boundary condition is then 

Oe sin a + 22 cosa — Vsna=0 
Ov Oy 

As a somewhat more complicated example, consider a 
surface element of a normal ship moving forward with- 
out oscillations. This can be described by the angle 
a of this element to the fore-and-aft x-axis, and by the 
angle 6 of the rotation of this, initially imagined as 
vertical, element about the x-axis. The boundary con- 
dition then becomes 

ay sin a + a cos a cos B 
Ov OY 

(44) 

+ oe cos asinB — Vsna=0 (4d) 

The next step is to introduce oscillations of a ship 
usually described by six components—three translational 
ones along the x, y, and z-axes, known as surging, side 
swaying, and heaving, and three rotational ones, roll- 
ing, pitching, and yawing. Haskind (1946) wrote, in 

vector notation, 

U,(M,t) = Un +Q2X% rn 

where U, is the normal velocity of the surface element as 

a function of the position of the element J/ and time t. 
U is the resultant velocity vector of all translational body 
motion, 1.e., 

(46) 

U = Ui + Usj + Usk 

and Q is the resultant angular velocity vector of the body 
rotations about three axes, 1.e., 

= Ua aa Us) -f Usk 

2,7, k, and n are the unit vectors along the co-ordinate 

axes and normal to the ship surface S, respectively. 

r = OM is the radius vector from the center of gravity of 
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the ship to the surface element J/ on the body surface 

S. 

Expression (46) thus is a geometrical description of 
the normal velocity of an element of body surface Just 
as V sin @ was in the first example of a simple wedge. 
In the expression for the normal fluid velocity in terms 
of the velocity potential, it is convenient to consider the 

total potential &) as composed of two parts: 

Bo(v,y,z,t) = P(r,y,z,t) + b*(x,y,2,0), (47) 

where ®* is the known potential of the simple harmonic 
wave train, and # is an as yet unknown potential due to 

the presence of the body and its motions. The bound- 
ary condition is then expressed as 

Ob/don = U,(A,t) — ob*/on (48) 

The forced oscillations of a floating body which are 
established after damping the free oscillations can be 
taken as 

(OE ORES 9) eS UPS S10 CEG) AL a(a)) ? n 

and the time-dependent potential & can correspondingly 
be taken as 

Oey 2t) = oayete, (49) 

where w is the circular frequency. 
6.2 Evaluation of the Velocity Potential ¢. Evalu- 

ation of the function @ is a difficult mathematical prob- 
lem for the solution of which the reader is referred to the 
works listed under the authors mentioned previously. 
‘valuation of the function ¢ apparently has been possible 

in only two applications; 1.e., to submerged ellipsoids and 
to “thin” or Michell” surface ships. 

Wigley (1953) and Havelock (1954, 1956) have con- 
centrated on analysis of forces acting on submerged ellip- 
soids moving under waves. The results of their work can 
be applied directly to submarines and torpedoes, and are 
qualitatively indicative of what can be expected in the 

case of surface ships. 
Haskind (1946) first developed various basic expres- 

sions for wave formations and for hydrodynamic forces 
and moments acting on an oscillating surface ship in gen- 
eralform. These are applicable to any body form and to 
any mode of motion. The expressions take simple form 
in terms of a certain function H originally defined by 

Kotchin (1940). The H-function for a given frequency 
depends on a body’s form and is given as a double inte- 
gral taken over the surface of a ship. This function gen- 
erally is prohibitively complicated, but is simplified and 
becomes tractable for either ellipsoids or Michell ships. 

The term ‘Michell ship” designates a mathematical 
model of a ship for which theoretical computations be- 
come tractable after making simplifying assumptions 
formulated by Michell (1898) in his theory of ship-wave 
resistance. In the first of these assumptions a ship 1s 
considered as having small beam/length and beam/draft 
ratios so that it is possible to assume that angles a and 
6B in equation (45) are small. Thus, sm @ = tan a = 

dy/dx, where y is the half-breadth at the water sur- 



Fig. 24 Sketch of symmetrical model (from Haskind and 
Riman, 1946) 

face of the element under consideration. 
cos a = cos8 = 1. 

The second assumption consists of taking the per- 
turbation velocity, 0¢/O0n(0¢/dy),*> to occur at the 
ship’s plane of symmetry, instead of at the half-breadth 
y. It is common in hydrodynamics to represent a body 
by a distribution of sources on its surface. The velocity 
potential @ for a single pulsating source is known, and 
¢ for the entire ship can be obtained by integration of 
the potentials of all sources. In the described approxi- 
mations the sources are considered distributed over the 
plane of symmetry (taken to be rectangular) instead of 
the true ship surface. The two assumptions just de- 
scribed make the integrations tractable. In the Kotchin- 
Haskind method these approximations permit evaluation 
of the function H. Once H is evaluated, all character- 

istics of the fluid motion connected with body motion are 
simply expressed in terms of it. 

The definition “thin ship” often is used interchange- 

ably with “Michell ship.”’ This is done since approxi- 
mations become closer with reduction of the beam B and 
the process becomes exact as the beam approaches zero. 
The term thin ship is, however, unfortunate, since such 
important characteristics as resistance, damping and 
cross-coupling in pitch and heave vanish as B => 0. 
Most of these vary nearly in proportion to B®. In the 
literature on ship-wave resistance and ship motions, a 
ship always is regarded as having a finite and not too 
small beam. Merely, a certain error has to be accepted 
as a result of Michell’s assumptions. 

In addition, 

25 On the basis of the first assumption. 
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Fig. 25 Variation of added mass, mm", and damping coeffi- 
cient, 6, with frequency w (from Haskind and Riman, 1946) 

An exception to the foregoing is found in the work of 
Peters and Stoker (1957) and of Newman (1958). In 
these cases an attempt is made at a rigorous solution, 
starting with a thin ship and approximating finite ship 
width by a series expansion in a small quantity B/D. 
As in all ship-motion theories, an infinitesimal amplitude 
of motions has been assumed. So far only a first-order 
solution has been achieved, and in Peters and Stoker’s 
case it gave the paradoxical result that there is no damp- 
ing in the pitching and heaving of a ship, as well as no 
cross-coupling between these motions. Newman, (1958) 
attributed this result to the fact that Peters and Stoker 
expressed the beam and the motion amplitudes as in- 
finitesimal quantities of the same order. While assum- 
ing these to be infinitesimal, Newman allowed them to 
be of different orders and arrived at finite values of damp- 
ing and ship resistance. He compared the results with 
the unpublished experimental data of Golovato. The 



HYDRODYNAMIC FORCES iss 

Fig. 26 Ratio of added mass to mass of ship model: 1—experimental curve, 2—theoretical curve (from 
Haskind and Riman, 1946) 

Fig. 27 Variation of damping coefficient with frequency: 

computed functional relationship between damping 
coefficient and ship speed was similar to the measured 
one. The computed values were, however, much larger 
than the experimental. Newmann’s (1958) report. is, 
however, a preliminary one and the subject is being in- 

vestigated further. 
The assumption that angle a is small corresponds 

closely to reality in ships of low prismatic coefficient. 
However, the assumption that angle 8 is small implies 
a small beam/draft ratio and a large angle of deadrise 
which are usually not found in ships. On the other hand, 
the theory of wave resistance developed in numerous 
publications of Havelock, Guilloton, Weinblum and Wig- 
ley, and the ship-motion theories of Haskind and Hana- 
oka give reasonably good results despite this discrep- 
ancy. This is explained by the fact that the parts of a 
ship’s surface nearest the free water surface are most sig- 
nificant in causing waves, while deeply submerged parts 
have less effect. In all cases where comparisons of theo- 
retical and experimentally measured wave resistance 
were made, the idealized ship lines were such that a 
ship’s sides were tangent to the vertical at LWL; Le., 

the angle 8 approached zero. A very large angle 8, 
which is not compatible with Michell’s assumption, oc- 
curred only at the bottom of a ship’s surface where ele- 

ments have relatively small effect. 

1—experimental curve, 2—theoretical 
curve (from Haskind and Riman, 1946) 

6.3 Experimental Verification. An idealized ship 
model was also used in the experimental verification of 

Haskind’s theory by Haskind and Riman (1946). The 
verification was limited to heaving motion. The ship 
lines, shown in Fig. 24, are defined by the equation 

+ 2 x(n) y= (50) 

where X(2) is a function giving the shape at the water- 
line, and is taken as a fourth-degree parabola 

Y 1 DHE NE 
x(t) e— a @ 

xv and y are distances from the midship section and plane 
of symmetry, respectively. ZL is the length of the ship. 

The function Z(z) gives the shape of cross sections and 

is defined by equation 

(51) 

3 

ACh em en) ee 52 
as ( = i) 8) 

where d is the draft and 6d designates the extent of the 
vertical ship side below LWL as shown in Fig. 24, where 
all dimensions are in millimeters. The model used was 
2000 mm (6.56 ft) long, 250 mm (0.82 ft) wide and had 
135 mm (0.44 ft) draft. The model was restrained from 
pitching and was oscillated in heaving by means of a 

n 
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Fig. 28 Variation of correction coefficient for damping in 
heave in short waves, /:°(/A) with ratio of draft/wave length 
with section coefficient, 8, as parameter (from Haskind, 1946) 

motor-driven scotch yoke and a spring. The theory of 
the test and the method of computing added masses and 
damping forces were described clearly by Haskind and 
Riman (1946). The measured dependence of these on 
the circular frequency w are shown in Fig. 25. Here m” 
denotes the added mass and b the coefficient of damping 
force, corresponding to 6 in equation (1). Comparison 
of the calculated and experimental values is given in 
Figs. 26 and 27. Here the ordinate m"g/A is the coeffi- 
cient of accession to inertia, where A is the displacement. 
The ordinate in Fig. 27 is the ratio of the damping b at a 
given frequency w to the asymptotic value for very long 

waves; 1e., small values of w, which Haskind defined 
theoretically by the equation 

~ 3 

b= 5g ae (53) 

where A,» is the area of the waterplane. 
were made at zero forward velocity. 

Superficially, the curves in Figs. 26 and 27 show agree- 
ment. The general trend of variation over a wide range 
of frequencies w is well represented. This wide range, 
however, is of little practical interest. For a ship of the 
Mariner type in head seas the parameter w?L/27g will 
range from 0.6 to 2.5, with the value of 1.8 approximately 
corresponding to the synchronous condition. At this 
value of abscissa the calculated damping coefficient ap- 

The experiments 
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pears to be some 40 per cent above the experimentally 
measured one. The error in the added mass appears to 
be approximately 80 per cent. 

6.4 Computations of Haskind. While the formula- 
tions of Haskind’s (1946) theory are applicable to any 
form of oscillatory ship motion, the actual application 
was limited to coupled pitching and heaving. Haskind 
applied his method to a ship with lines defined by equa- 
tion (50). The Z(z)-function is defined in this case as 

Zz) =1— (=) (54) 
d 

where z is the depth below LWL and d is the draft. The 
index n is related to the section coefficient 8 by 

poe (55) 

n+1 

The forms of ship sections corresponding to various 
values of 8 are shown in the insert in Fig. 28. (In par- 
ticular, n = 1, 8 = 0.5 represents a straight-sided V-sec- 
tion; n = 0.5, 8 = 0.33 represents a concave-sided V.) 

Attention should be called to the fact that use of equa- 
tion (50) gives ship lines with the same value of the index 
n, or section coefficient 8, throughout the ship’s length. 
The insert in Fig. 28 should not be confused, therefore, 
with a conventional body plan. 

Haskind (1946) expressed damping in a pure heaving 
motion at zero speed in the form 

b mb nt (C).s (2), 
d d 

where b is the damping due to very long waves given 
by equation (53). «*(d/d) is the correction coefficient 
for the wave length as compared with the draft d of a 
ship; values of it are given in Fig. 28. The L/d ratios 
most important in ship operation in head seas are from 
0.75 to 1.5. It is suggested that the reader concentrate 
his attention on the corresponding range of d/)d of 0.05 
to 0.08. The rapid increase of damping with decrease 
of section coefficient shown in Tig. 28 is noteworthy. 

The correction coefficient «-(L/X) for wave length as 
compared with ship length depends on the form of the 
waterlines. Haskind made computations for water lines 
defined by the equations 

X(x) = lfor0<x< yl 

xe E - (7) ior vl < a <LaoD 
1— y” l 

where 1 is the half length 1/2, and y is the proportion of 
parallel section. The coefficients y and m define the full- 
ness coefficient a of the waterline 

(56) 

m 1-— yi 

1+m i+ yy" 

The values of the coefficients «:(L/\) for the case 
y = 0 are reproduted in Fig. 29. Again it should be 
emphasized that the range of L/ values is much wider 
than is needed, since the practical range of L/ is within 
the limits 0.5 to 2. 

(58) a= 
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d 

Fig. 29 Variation of correction coefficient for damping in heave in short waves, &:(L/)), 
with ratio ship length/wave length, with waterplane fullness coefficient, a, as parameter (from 

Haskind, 1946) 

Damping in pitching was given by Haskind as 

1) = Bo? Kp (59) 

Damping in long waves, B, is given by him as 

r Ole : 
B=-p—J,’, (60) 

4 g? 

where J, is the moment of inertia of the water plane about 
midship (i.e., about the y-axis). Values of the coefficient 
kg are given in Fig. 30. Haskind also gave the curves of 

variation of damping with the relative length of the 

parallel section y. 
These Haskind computations are valid for pure heay- 

ing and pure pitching at zero speed. It appears that 
within the frequency range of practical interest, damping 
depends but little on the speed of advance per se, but 
primarily on the frequency of wave encounter.*° In a 
coupled pitching and heaving motion, as distinct from 
pure heaving and pitching, the apparent damping coeffi- 
cient includes additional terms dependent on both speed 
of advance and added masses. These terms occurred 
in Haskind’s equations of coupled motion, and were dis- 
cussed in Havelock’s 1955 work where he refers to them 
as “dynamic” coupling terms. These terms also were 
discussed by IXorvin-Kroukoyvsky and Jacobs (1957) and 
in Appendix C. 

6.5 Concluding Remarks. It appears that the work of 
Haskind is the only comprehensive one covering the sub- 
ject of hydrodynamic forces resulting from ship oscilla- 
tions in waves, although the wave-exciting forces are not 

evaluated. The only comparable work (and apparently 
further extended) is that of Hanaoka, but this is not yet 

26 See Section 3.24. 

Fig. 30 Variation of correction factor, k9, for damping in pitch 
in short waves (from Haskind, 1946) 

adequately available in English. In actual application 
Hanaoka, as well as Haskind, used the idealized parabolic 
type of ship to which Michell’s assumptions reasonably 
apply. Understanding the basic derivations of Haskind 
requires a thorough knowledge of mathematical physics, 
but his final results are expressed in relatively simple 

form. 
Agreement of calculated and experimental values of 

added masses and damping forces in the region of syn- 

chronism is much poorer in this advanced treatment?’ 

27 Subject to Michell’s assumptions. 
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than in the case of the simpler strip method (see con- 
cluding paragraph of Section 6.3). The primary value 
of the advanced method lies in indicating general trends 
which are not seen as easily in the strip method. 

One of the most important needs when using the strip 
method (two-dimensional flow) is establishment of cor- 
rections to account for the actual three-dimensional flow. 
A beginning in this direction was made by Havelock 
(1956) and Vossers (1956) as shown by Figs. 17 and 18. 
Havelock treated a submerged spheroid. Vosser’s treat- 
ment applied to a Michell ship and was made on the basis 
of Haskind’s methods, but no details of the process or the 
exact ship model used have been published. Correction 
coefficients were given for the entire ship. It is also 
necessary to evaluate a correction for each strip for cal- 
culation of the load distribution. Presumably this evalu- 
ation can be obtained by differentiating Haskind’s ex- 
pressions for forces and moments with respect to ship 

length. 
Haskind treated ships with affine sections. It would 

be desirable to develop a similar treatment for ships with 
full convex form amidships changing gradually to wedge 
and hollow sections at the ends. This would correspond 
to normal practical ships. Conceivably correction fac- 
tors for conversion to three-dimensional flow would be 
different for such forms from those obtained by Havelock 
and Vossers for bodies with affine sections. 

Haskind and Riman experimented with a model, Fig. 
24, wall-sided at the LWL, for which Michell’s assump- 
tions appear to be admissible. It would be desirable to 
repeat the experiments for a model with V and concave 
sections, thus distinctly violating Michell’s assumptions 
at the load waterline. Such sections are common at the 
stern of actual ships and appear at the bow of Maier- 

form ships. 
The projects outlined would make direct use of Has- 

kind’s material and do not call for advanced mathe- 
matical knowledge. A project on a higher level would 
be to find a mathematical ship form for which the 
Kotchin-Haskind H-function can be evaluated without 
resorting to Michell’s assumptions. This apparently is 

a straightforward process for a submerged spheroid, and 
conceivably a suitable mathematical definition could be 

formulated for a surface ship which would bear a reason- 
able resemblance to a normal practical form. 

The general derivations of Haskind have been applied 
only to “longitudinal” or “symmetrical” motion of surg- 
ing, heaving and pitching. The material also can be ap- 
plied to combined rolling, yawing and side swaying. 

7 Forces Caused by Slamming 

As a definition of slamming the following quotations 
from J. L. Kent (1949) can be used: 

“Tt is not an uncommon experience for ships to ‘slam’ 
when labouring in a seaway. By slamming is meant the 
series of blows delivered by the sea to the ship’s structure 
at irregular intervals and generally at the forward end 
of the vessel. Each ‘slam’ causes a shudder to run 
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through the ship, followed by a rapid vibration of the 
hull structure. If the magnitudes of these blows are 
large, serious structural damage may occur and even 
if the blows are small, the hull will be weakened by fa- 
tigue, if slamming is frequent. 

“Damage to the hull structure by slamming has oc- 
curred at the forward end of the ship only, in all cases 
within the knowledge of the author. This damage was 
situated between 1/9th and 1/10th of the ship’s length 
from the forward perpendicular and occurred to the bot- 
tom plating and floors a little to one side or the other of the 
vertical keel. Damage to the vertical keel was not 
shown, probably because of the great strength of this 
ship’s girder. 

“When slamming becomes severe, the experienced ship- 
master invariably reduces speed, which immediately 
eases or stops slamming. The author has never heard 
of a ship slamming when drifting unpropelled in a sea- 
way. It would, therefore, appear that the hydro- 
dynamic pressures on the hull, brought into existence by 
the ship’s forward motion through the water, play an 
important part in creating slamming forces. 

“Tt was the author’s experience that loaded vessels 
did not slam with the same persistence or force as when 

the same ships were in the light condition; and it is be- 
lieved that this is the general experience of shipmasters. 

“Tt would appear that the ship and sea conditions con- 

ducive to heavy slamming are: 
(1) Maximum heaving into and out of the water 

(2) Considerable height of ocean waves 

(3) Light draught 

) High ship speed 
) Shape of ship form forward 

(6) Irregular sea; i. e., two or more swells occurring 

at the same time. 

(7) The blows delivered to the ship’s hull will prob- 
ably occur between 1/8th and 1/10th of the ship’s length 
aft of the stem.” 

In this section attention will be concentrated on the 
generation of hydrodynamic pressures and forces in the 
process of slamming. Ship motions leading to slamming 
will be discussed in Chapter 3. Towing-tank experi- 
ments as well as observations on ships at sea have shown 
that the force in slamming is of the nature of an impulse 
manifested by a high value of acceleration with a very 
short duration. Only a small amount of the ship’s ki- 
netic energy is absorbed, and recorded traces of heaving 
and pitching motions continue without perceptible 
change. Oscillations initially excited by a slam are 
superposed over the strain records in ship bending, 
which are continuous in the mean. These oscillations 
appear to have the natural two-mode vibration frequency 
of a ship. On a typical cargo ship at light draft the vi- 
brations persist through 30 to 60 cycles, or between 15 
and 30 sec. They are thus superposed over several 
cycles of the primary bending stress, which have periods 
of the order of 6 sec. 

7.1 Expanding Plate Theory in Landing Impact of 
Seaplanes. While hydrodynamic shocks can occur at the 
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bow of a fast ship without forefoot emergence, severe 
shocks (slams) to commercial vessels, and heavy pres- 
sures, occur as the bottom strikes water on its downward 
motion after emergence. This is similar to impacts 
sustained when seaplanes land. As a consequence the 
principles developed in the seaplane field can be used 
with only a few modifications. 

Seaplanes generally have V-shaped bottoms in order to 
alleviate landing shocks. The sections are often modi- 
fied by giving them curvature. Quantitative evaluation 
of the impact forces is based on two theories which, for 
brevity, will be referred to as the “expanding-plate”’ and 
the ‘‘spray-root”’ theories. 

The first originated with von Karman (1929) and was 
given its full development by Wagner (1931). In it the 
water flow pattern at the wedge penetrating the water 

surface is taken to be comparable at each instant with 
the flow about a flat plate of the same width as the wetted 
width of the wedge. This is shown in Fig. 31. On the 
basis of this analogy, the velocities and accelerations, the 
resultant pressures, and the total water reaction are ob- 

tained. This theory has been used by Mayo (1945), 
Benscotter (1947), and Milwitzky (1948) for the analysis 
of the entire sequence of seaplane impact; i.e., in de- 
fining the wedge penetration, velocity and acceleration 
during impact as functions of time. 

Were the water surface not disturbed, the wetted semi- 
breadth*® Co would be connected with the instantaneous 
draft z by 

€>) = 2/tan 6, 

where @ is the angle of deadrise. However, the water on 
the sides of a wedge rises as the wedge displacement. in- 
creases. Wagner (1931) found, on the basis of the ex- 
panding-plate analogy, that the actual wetted semi- 
breadth is 

(61) 

C = rC/2 (62) 

Likewise, if the vertical velocity of the falling wedge 
3 = vo, the rate of propagation C at the edge of a wetted 
area in the horizontal direction is 

= z vp/tan B (63) 

Thus, at small angles of deadrise 6, the horizontal veloc- 

ity of the point S at which the water meets a body sur- 
face is very large, Fig. 31. The local pressure at the 
point is approximately 

: 1 : p, = pC?/2 == p é vo/tan 8) 

This simple expression shows that the peak of the impact 
pressure increases rapidly in magnitude with decrease of 
the angle of deadrise 8. 

The foregoing relationships have been given for a sim- 
ple V-wedge with straight sides. Wagner (1931) has 
shown that, if another body form can be represented 

(64) 

*8'The notation often used in aeronautical literature is retained 
in this section. 
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Undisturbed Water 

Level 

Fig. 31 Representation of water flow pattern induced by falling 
wedge by flow about lower half of a flat plate of half-breadth C 
equal to instantaneous wetted half-breadth C of wedge (follow- 

ing Wagner, 1931) 

by the following series 

y = Box + By? + Boxvi + ... + Bat! (65) 

the corresponding ratio 1/C becomes 

ee 4 3 
n/C = "= Bo + BC + — BC? += BC*+ ... (66) 

us uM 4 

M. A. Todd (1954) and Bledsoe (1956) used this prin- 
ciple in evaluating the impact pressures on ship bot- 

toms. Small initial deadrise and a sharp turn of the 
bilge necessitated use of a few terms with high powers. 

7.2 Spray Root Theory. The expanding-plate theory 
correctly indicates the rise of the water surface on the 
sides of a wedge due to pressures generated in water. 
It also shows that maximum pressure occurs near the 
edge of the wetted area and indicates with good approxi- 
mation the total force exerted by water on a plate. It 
does not, however, describe in detail the local water flow 

phenomena occurring at the edge of the wetted area. 
These phenomena have been described by the “spray 
root” theory of Wagner (1932). Existence of high pres- 
sures near the edge of a wetted area is connected with for- 
mation of the spray jet in which water is quickly accele- 
rated to a high velocity. 

The complete mathematical solution of the time- 

dependent flow about two sides of a penetrating wedge 
with two spray roots, i.e., two regions of spray genera- 
tion, has not been possible. Wagner (1932) treated 
three substitute steady-state flows about flat plates. 
These are valuable in describing local details of the water 
flow in the spray root and in giving the resultant pres- 
sure distribution over a flat planing surface. Further- 
more, a numerical solution has been given in the case of 
a penetrating wedge with two spray roots (J. D. Pierson, 
1950, 1951). 

The work of Wagner was written in German and is 
difficult to understand because of extreme condensation 
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Fig. 32 Theoretical and experimental linear acceleration 
curves for 7.8-ft model of M/S San Francisco when rotating 

about a fixed point (from M. A. Todd, 1954) 

of the mathematical analysis and omission of intermedi- 
ate steps in the development. It has been presented in 

English and expanded by Pierson and Leshnover (1948) 
and J. D. Pierson (1950, 1951). 

7.3 Adaptation of Seaplane Impact Theories fo Ship 

Slamming. Seaplane impact theories have been adapted 
to the problems of ship slamming by Szebehely (1952, 
1954), Szebehely, Todd and Lum (1954) and Szebehely 
and Todd (1955). An extensive bibliography on slam- 
ming was prepared by Szebehely (1954). 

The problem of slamming can be divided into two dis- 
tinct parts; ie., the study of ship motions leading to 
slamming, and the generation of pressures and forces in 
the process of slamming. Both are treated by Szebehely 
and Todd (1955), but only pressures and forces will be 

treated in this chapter, while motions will be dealt with 
in the next one. 

Neither the mathematical theories nor the experi- 
mental data were adequate at the time to permit Szebe- 
hely to correlate actual ship slamming in waves with 
theory. Therefore, it was necessary to devise artificial 
experiments which would be amenable to mathematical 
analysis. The first of these by Szebehely and Brooks 

(1952) consisted of dropping a ship model onto water, 
while maintaining it in a horizontal position. The 
second, a more realistic one, was devised and analyzed 
by M. A. Todd (1954). The experiments were per- 
formed on a model of the MS San Francisco (7.8 ft long 
BP, 12.9 in. beam.) Tests were made at several drafts 
and were correlated with calculations at a very shallow 

draft of 1.09 in. The model was pivoted at a point 2.3 ft 
aft of amidships. The experiment was performed in 
smooth water by lifting the bow until a 12.2-deg angle of 
trim was obtained and then letting it drop freely onto 

the water. Accelerations were read from an accelerom- 
eter placed 10.5 in. aft of the forward perpendicular at 
the model bottom. Equations of model motion were de- 
veloped using Wagner’s principle of series expansion to 
define the hull cross sections and the resultant pressures 
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and forces. Excellent agreement between experiment 
and calculations was secured as shown in Fig. 32. 

In view of the success of this correlation, a series of 
theoretical computations of slamming pressures was made 
by Bledsoe (1956) for the David Taylor Model Basin 
Series 60 hulls in order to establish the effect of ship full- 
ness, or block coefficient, on slamming pressures. The 
results of the calculations agree with practical ship ob- 
servations in that, other conditions being equal, slamming 
pressures increase rapidly with ship fullness. 

While these artificial experiments were necessary for 
verification of the ship-slamming theory, other experi- 
ments were necessary in order to investigate the natural 
conditions under which slamming occurs. Szebehely 
and Lum (1955) attacked this problem by testing a 
model of the Liberty Ship in head seas. Kent (1949) pre- 
viously had concluded that slamming does not occur in 
regular seas and that it was necessary to create a com- 

plex sea containing several wave lengths in order to make 
the model slam. Since facilities were not yet available 
for making reproducible irregular seas, Szebehely and 
Lum obtained slamming in regular waves by using steep 
regular waves with a length-to-height ratio of 16.7. 

Results of two tests with towing forces of 1.2 and 0.8 

Ib are given in Figs. 33 and 34. The most important ob- 
servation is that slamming, indicated by the disturbance 
of the acceleration curve, occurs at the instant when the 

descending bow position is nearly level. Also, the curves 
of displacements or velocities are not sensibly affected 
by the occurrence of slamming. This is important since 
it permits definition of the conditions leading to the 
slam by means of ship-motion calculations made without 
regard to the slam itself. The severity of slamming de- 
pends on the relative vertical velocity of a ship’s bow with 
respect to the wave surface, which, in turn, depends on 
the phase relationship between the wave and ship-bow 
motions. At the lower speed resulting from the 0.8-lb 
towing weight in Fig. 34, the wave vertical velocity at 
the instant of slamming is either nil or slightly downward; 
i.e., deductive from the bow velocity. The resultant 

slams are very light. When speed is increased by using 

a 1.2-lb towing weight as shown in Fig. 33, the phase 
relationships change so that at the instant of slam an 
appreciable upward velocity of the wave surface is added 
to the high downward velocity of the ship bow. 

These two tests bring out clearly the fact, well known 
in practice, that slamming can generally be eased by a 
reduction of speed. While the tests were made in ab- 
normally high regular waves, the results appear to agree 
qualitatively with actual observations in a complex sea, 
as well as with E. V. Lewis’ (1954) towing-tank tests in 
irregular waves shown in Fig. 35. 

The results of Szebehely and Lum (1955) have been 

confirmed by tests made by Akita and Ochi (1955). In 

the latter case, sustained and severe slamming was ob- 
tained in regular waves in a towing tank by using a flat- 
bottomed ship model with full ends in plan view at an 
extremely shallow draft. An example of the test re- 
sults is given in Fig. 36 where the sequence of events is 
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Fig. 33. Towing tank record of slamming of a model of liberty ship in steep regular waves (from Szebehely and Lum, 1955) 

to be read in the order of numbers just above pitching of a body; and (b) use of the methods employed by Mayo 
trace. The slam occurs at the instant 4 at which the pitch (1945), Benscotter (1947) and Milwitzki (1948) in for- 

angle is barely below level; i.e., the downward bow velocity mulating the equation of motion for a falling body de- 
isnearly at its highest value. Heaving ison the decrease, celerated by water forces. In the latter sense the ex- 

but is still high. Maximum pitching velocity is combined — perimental conditions were analogous to a seaplane land- 
with the downward heaving velocity to give a high down- ing in that the entire kinetic energy of the falling body 
ee velocity at the bow. In this case a large metal model was absorbed by the hydrodynamic forces generated in 
vas used, nevertheless the vibrations after slamming de- the process of the impact. However, although the slam- 

aaa rapidly. On a full-size ship they last longer, so ming force in waves is large, its duration is so short that 

that nearly the full value of stress due to slamming is a negligible amount of kinetic energy is absorbed, oe 
superposed on the primary bending stress. On a small the pitching and heaving motions continue essentially a 
wooden model used by Lewis (1954), on the other hand, — if the slam did not occur. Only part (a) of M. A. Toild’s s 
the vibrations were quickly extinguished. work should be used in an analysis of slamming in waves. 

The work of Szebehely and Lum (1955) and Akita and Since the bottom area affected by slamming pressures 
Ochi (1955) points up the intentional artificiality of the will be more limited than in still water because of the 
test conditions and calculations used by M. A. Todd curvature of the wave profile, fewer hull stations will have 
(1954). One can consider Todd’s work as composed of to be analyzed. Thus, the problem of expressing the 
two parts: (a) Use of Wagner’s (1931) method in evalu- forces occurring in slamming is basically simpler than in 
ating hydrodynamic forces for a given vertical velocity the artificial case of slamming due to pure pitching in 
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Fig. 34 Towing tank record of slamming of a model of Liberty ship in steep regular waves (from Szebehely and Lum, 1955) 

smooth water. The difficulty shifts to the evaluation of 
ship motions and the definition of the ship-water surface 
relationship at the instant of slam. 

Szebehely and Todd (1955) pointed out that occur- 
rences of high local pressures may not coincide with the 
total force felt at a slam, but they did not pursue this 
important topic further. High local pressures are gen- 
erated, in accordance with Wagner’s theory, whenever a 
ship section of small deadrise penetrates the water sur- 
face with sufficient vertical velocity. If the draft of a 
ship and the heaving and pitching motions are such that 
high pressures are generated successively at one section 
of a ship after another in a sufficiently slow succession, 
the total force will remain small and a slam will not be 
felt. Such conditions are found in most cases of bow 
emergence, since the calculations of M. A. Todd (1954) 

and of Bledsoe (1956) show that a high sectional force 

occurs at a very small instantaneous draft. This force 
can occur simultaneously over a large area only when a 
ship’s bottom is almost parallel to the water surface. 
The high pressures then occurring simultaneously 
over a number of ship sections add up to a large force 
which is felt as a slam. In the case of a ship in waves 
this postulates a certain amount of up-heave as is evi- 
dent in Figs. 33-36. This condition of parallelism also 
is more readily fulfilled at shallow draft than at deep 
draft. 

Slamming appears to be one of the main reasons for re- 

ducing a ship’s speed in bow seas. The work of Szebe- 

hely and his associates has thrown a considerable amount 
of light on the nature of this phenomenon. The value of 
their work lies not so much in the successful perform- 
ance of a difficult analysis as in the vivid demonstration of 
the harmful effects of nearly flat bottoms in bow areas. 
Others also have commented on the importance of ship 
form in slamming; e.g., King (1934-35) and Kent (1949). 
Ochi’s (1956) experiments in a towing tank on U and 
V-section form ships, Fig. 37, demonstrate that slam- 
ming acceleration is much lower for the V-forms than 
for the U-forms. Practicing naval architects appear to 
be slow in adapting themselves to this effect of ship 
form. 

7.4 Calculated Slamming Pressures. Bledsoe (1956) 
calculated slamming pressures for five models of the 
Series 60, ranging in block coefficient from 0.60 to 0.80. 

These calculations were made for slamming-approach 

conditions similar to the ones assumed in the experiments 

of M. A. Todd (1955). A characteristic result of these 

calculations was the extremely high value of the peak 

pressure. 
Quoting Bledsoe: ‘The absolute magnitude of the 

maximum pressure (for example, 1450 psi for Station 3, 

of ....* is not in itself too significant. The susceptibil- 

ity of the ship to damage depends not only on the mag- 

nitude of the slamming pressures but on their extent and 

29 Figure referred to is not reproduced here. It gives the pres- 
sure distribution on the 0.75 block coefficient hull. 
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Fig. 35 Towing-tank record of slamming of a model of T2-SE-A1 tanker in irregular head 
waves (from E. V Lewis, 1954) 

duration as well. A study of the data shows that reduc- good results for deadrises of the order of 20 deg. There 
tion of these extremely high pressures occurs very rapidly. 
For example, at a time 0.0001 see later than that which 

produced a maximum pressure of 1450 psi for Station 3, 
the pressure has dropped to approximately half of its 
original value, and at a time lapse of 0.0004 sec, it had 
experienced an 84 percent decrease. Figure ....” 

shows further that this high pressure is restricted to an 
extremely small area of the ship’s bottom. Therefore, 
due to the extreme localization and rapid reduction of 
these large pressures, they contribute but little to the 
total impact load which the ship receives.” 

The work of Bledsoe is valuable in demonstrating 
quantitatively the significance of ship fullness in the 
slamming process. The calculations were based, how- 
ever, on the assumption of artificial approach con- 
ditions, and the absolute values of pressure do not corre- 
spond to the operating conditions of a ship. Among 
other things, the assumed ship draft was less than 20 per 
cent of the normal ship draft. 

The high pressures computed theoretically probably 
would not occur in a physical experiment. In the first 
place they result from the expanding-plate theory, with- 
out consideration of the spray-root properties. Con- 
sideration of these would result in a somewhat lower and 
more diffused, although still narrow, peak. Further- 
more, the theory is based on a quasi-static consideration; 
i.e., the water flow at each instant is taken to be identical 
with the steady state flow. It was explained in Section 
3.12 that the added mass derived from the water flow at 
the free surface is not a fixed property of the body form 
but depends on the past history of the fluid motion. 

The impact theory resulting from this assumption has 
been shown by experiments with seaplane bottoms to give 

is some suspicion that the theory partially breaks down 
at deadrises below 8 deg. Exact experimental veri- 
fication is extremely difficult because of the narrowness 
of the pressure peak and the rapidity with which it 
moves past a pressure gage. Greenspon (1956) gave the 

results of pressure measurements on a Coast Guard Cut- 
ter operating in a rough sea with the specific intention of 
developing strong slamming. Peak pressures up to 295 
psi were recorded, while the mean pressure over the area 
of a bottom plate between structural supports was of 
the order of 100 psi. 

It should be mentioned that, in addition to strong dis- 
tinct slams, a series of almost continuous impacts of 
lesser magnitude also can be felt. Like slams these oc- 
cur frequently on typical cargo ships in shallow-draft 
condition, and may maintain a ship in an almost con- 

tinuous state of vibration. For fast ships, such as de- 
stroyers, they may occur at normal draft. 

7.5 Impact on Wavy Water Surface. Available theo- 
retical methods of evaluating slamming pressures fail in 
the case of impact of a flat plate on smooth water. In 

such case they yield infinite pressures. Such an impact, 
however, would be rare at sea. Usually the sea consists 
of many different waves, ranging from the smallest: (rip- 
ples) to the largest, corresponding to the wind and swell 
conditions. While the conditions conducive to slamming 
are determined by the larger wave components, the actual 
impact takes place on a surface covered with ripples and 
small, sharp-crested waves. These waves have a large 
cushioning effect, reducing both the local pressures and 
the total slamming load. Some idea of the latter effect 
may be obtained by recollecting that in M. A. Todd’s 
(1955) experiments the penetration of the water surface 
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Fig. 36 Towing-tank record of slamming of a flat-bottom 
shallow-draft ship model in regular waves (from Akita and 

Ochi, 1955) 

up to the time of maximum force was of the order of ?/3 
ft full scale. The presence of sharp-crestéd wavelets 
2 ft high would have increased the length of the shock- 
absorbing travel threefold, and would considerably re- 
duce the impact force. Theoretical and experimental re- 
search on the impact of flat and small-deadrise plates on 
a rippled water surface is suggested. The impact of a 
flat surface on a single wave crest of a specified included 
angle can be theoretically investigated. This can next 
be generalized to apply to a complex sea surface by means 
of the statistical methods discussed in Chapters 1 and 
oO 

7.6 Forces Generated by a Bow Flare. As has been 
stated earlier, strong slams usually oecur when the de- 
scending velocity of the bow is high and the ship-wave 
phase relationship is such that the water surface is rising 
to meet the bow. In natural irregular seas this usually 
happens at the recurring periods of unusually high and 
steep waves. Since slamming absorbs but little energy, 

the downward pitching motion continues and often 
water is shipped over the bow. Walls of green water de- 
flected by the flared sides of a ship near the bow are fa- 
miliar to mariners. Large water pressures are produced 
as a reaction to this deflection. In accordance with Wag- 
ner’s (1931) theory, equations (62), (63) and (64), water 
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model in regular waves (from Ochi, 1956) 

pressure increases with decrease of the angle between the 
tangent to the body surface and the horizontal. This 
angle, even in the largest flare, is never small, usually over 
45 deg. Unit pressures are, therefore, not high, and the 
rate of force development is relatively slow. Flare pres- 
sures, however, can cover a large area and generate a 
large force which seriously increases the bending stress in 
a ship. The “flare impact” will be discussed in greater 
detail in Chapter 5 in connection with observations made 
on destroyers at sea. 

The forces caused by slamming are usually applied at 
such a rapid rate that their effect on a ship cannot be 
expressed by the laws of statics. It becomes necessary 
to consider the elastic response of the ship’s structure. 
Further discussion of the slamming process will be de- 
ferred therefore to Chapter 5. 
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8 Concluding Remarks and General Research Suggestions 

It appears that analysis of ship motions” has reached 
its most complete development, from a practical point of 
view, in using hydrodynamic forces obtained by the strip 
theory. Strip theory, at the same time, provides the 
distribution of the hydrodynamic forces along the length 
of a ship. This distribution is needed for analysis of 
shear forces and bending moments acting on a ship. 
Use of the strip theory, likewise, appears to be necessary 
in the evaluation of rolling and yawing moments and of 
the corresponding translational forces acting on a ship 
in waves coming from an oblique direction. An ex- 
ample of a partial evaluation of rolling moments by this 
method can be found in the work of Cartwright and 
Rydill (1957). Available material on sectional hydro- 
dynamic forces suitable for use with the strip theory, 
however, are meager and mostly theoretical. Broadly 
speaking, there is an acute need for (a) experimental data 
on prismatic and cylindrical bodies, (b) experimental data 
on complete ship models, (c) additional theoretical cal- 
culations for prismatic bodies and complete ships, relat- 
ing to added masses and damping-force coefficients in 
oscillatory motions of all modes. The force connected 
with the acceleration of the added mass and the damping 
force are here understood to be two components of a 
hydrodynamic force, acting respectively in phase and 
90 deg out of phase with the oscillation of the body. 
In theoretical work and in the analysis of experi- 
mental data these appear as real and imaginary parts 
of the total force, which is considered to be a complex 
quantity. 

8.1 Experimental Research: 8.11 Methods of test- 
ing. Various types of tests have been described by Dimp- 
ker (1934), Holstein (1936), Haskind and Riman (1946), 
Grim (1953), Golovato (1956-57), and = Gerritsma 
(1957c). The papers of Haskind and Riman and of 
Golovato give clear descriptions of the analysis of test 
data in connection with two different basic test methods. 

While they are actually applied to complete ship models, 
the methods are equally applicable to prismatic bodies. 
A third method used by Holstein (1936) consists of meas- 
uring wave profiles and is applicable only to damping 

forces. 
In the tests of Haskind and Riman and of Gerritsma, 

model motion was excited harmonically through a spring 
actuated by an eccentric, while forces were evaluated 

from the recorded amplitude and phase of the model mo- 
tion. A method used by Grim (1952, 1953) is similar, 
except that unbalanced rotating weights were used in- 
stead of springs and eccentric. In either case a known 
harmonically varying exciting force or moment was ap- 
plied, and the analysis was based on the assumption of 
harmonic model motion. In practically all body forms 
the actual instantaneous force is not a simple harmonic 
but is nonlinear. The tests gave the forces and moments 
of an assumed linear or harmonic system of the same 
amplitude and phase relationship as the true physical 

30 To be discussed in Chapter 3. 
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system at hand. It will be shown later in Chapter 3, 
in the section on irregular seas, that this equivalent lin- 
sarization is what is needed for the present statistical 
theory of irregular model motions. However, since the 

forces and moments are in all likelihood not linear, the 

experiment must be repeated for several amplitudes of 
motion. These amplitudes, and the frequencies of oscil- 
lation as well, must cover the practical range met by a 

ship in waves. 
In this method of testing the model is flexibly con- 

nected with the apparatus and, therefore, records are 
largely free from noise. The resultant forces are inferred 
from the model’s motions, while the model itself acts as 

an integrator of all instantaneous forces. The records, 
therefore, are relatively smooth and easy to interpret. 
For these reasons great precision is not required in the 
apparatus, which thus can be simple and inexpensive. 

In Golovato’s tests at the David Taylor Model Basin, 
the model was driven positively by an apparatus in a 

simple harmonic motion. Dynamometers with high 
spring constants were placed between the model and the 
driving part of the apparatus. The deflection was so 
small that the model motion was assumed to follow di- 
rectly the motion of the apparatus. The dynamometers 

measured the sum of hydrodynamic and model inertia 
forces. These were very sensitive to any irregularity in 
the acceleration of the driving system. The apparatus 
at the David Taylor Model Basin is believed to be the 
only one of this type in existence and has taken a number 

of years to develop. 

While the dynamometers were rigid enough to trans- 
mit the apparatus motion to the model, their own fre- 
quency response could not be neglected, since it was of 
the same order of magnitude as that of the record taken. 
Because of the large mass of the model and of the added 
water mass it is usually not possible to secure a suffi- 
ciently high frequency response while retaining sensitiv- 
ity. Correction for the frequency response of dynamom- 
eters, therefore, is required and was discussed by Golo- 

vato. 

The advantage of this method of testing lies in that it 
is possible to get a record of nonlinear variations of the 
added masses and damping forces. In the case of Golo- 
vato’s model the damping force was nonlinear. 

It appears that at the present stage of ship-motion 
theory, and in particular the theory of ship motions in ir- 
regular seas, it is not yet possible to make use of the de- 
tailed nonlinear information provided by the DTMB 
apparatus as used by Golovato. It is suggested that the 
simpler methods described by Haskind-Riman (1946) 
and Gerritsma (1957c) be used in order to provide, as 
quickly as possible, a large amount of experimental in- 
formation on hydrodynamic forces. Certain other dy- 
namometers may be added at the model in order to meas- 
ure directly the cross-coupling forces and moments. 
Knowledge of the nonlinear behavior of forces, however, 
may be needed in the near future for analysis of structural 
loads acting on ships. In view of this, it is recommended 
that the Golovato-David Taylor Model Basin method 
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be reserved for investigation of nonlinear behavior of a 
few models. It is hoped that a much larger number of 
models will be tested by the simpler “‘flexible’? methods. 

In any case it is strongly recommended that familiarity 
with the Haskind-Riman, Golovato, and Gerritsma pa- 
pers be required of all prospective investigators. 

The prismatic models and ship models should be tested 

in: 
(a) Heaving oscillations. 

(b) Side-sway oscillations. 
(c) Rolling oscillations. 
The complete ship models should be tested in addition 

in: 
(d) Pitching oscillations. 

(e) Yawing oscillations. 

The series of tests intended for analysis of symmetric 
motion, 1.e., heave-pitch, and unsymmetric motion, 1.e., 
side sway, roll and yaw, need not necessarily be con- 
ducted by the same investigators, since as a rule differ- 
ent types of apparatus will be needed. 

8.12 Prismatic models. Those investigators of ship 
motions using strip theory have usually estimated the 
added masses in heaving motion on the basis of the theo- 
retical studies of IF. M. Lewis (1929). Lewis devised a 
conformal transformation by means of which he de- 
veloped potential flow patterns for a number of ship- 
like sections starting from the known velocity potential 

of the flow about a circle. Lewis assumed the water 
flow around a surface ship to be identical with that 
around a fully submerged double body, and on this basis 
computed added masses. Grim (1953) used Lewis’ sec- 
tions in computing damping forces in heaving motion and 
also made a certain (not yet adequate) amount of com- 
putations of added masses in the presence of a free water 
surface. Grim (1956) also has calculated added masses 
and damping forces for side-swaying and rolling motions 
of floating bodies of Lewis’ sections. 

It is believed important to obtain experimental data 
on added masses and damping forces in heaving, side- 
swaying and rolling for prismatic bodies of the type used 
by Lewis. This will provide experimental verification of 
Grim’s work, and at the same time furnish data on sec- 
tions of practical type with large section coefficients. 
Lewis’ results are not realistic for small section coeffi- 
cients since free-surface effects are expected to be par- 
ticularly strong in sections having sloping sides at the 
LWL. Experiments with prismatic bodies of cross sec- 
tions used by Haskind (1946) are therefore recommended. 

These are defined by equations (50) and (54). At small 

section coefficients, their sides at the LWL are tangent to 
an inclined line; they are pointed at the keel and repre- 
sent reasonably well the V and concave V-sections at the 
bow and stern of many ships. 

The foregoing program is particularly recommended 
since there is strong evidence*! that the slope of a ship’s 
sides at the LWL has a large effect on hydrodynamic 
forces. 

3t Korvin-Kroukovsky and Jacobs, 1954, 1957. 
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Use of these two families of mathematically defined 
lines is recommended not only because they provide an 
opportunity to compare theoretical and experimental 
data, but also because hydrodynamic forces can be ex- 
pressed systematically by a plot against a pair of param- 
eters defining the section. Were tests made on unrelated 
profiles, subsequent use of the data for a new ship would 
involve rather uncertain comparisons. 

8.13. Complete ship models. Tests of complete ship 
models are recommended in order to provide data on the 
relationship between a true three-dimensional flow and 
the two-dimensional one assumed in strip theory. They 
also are valuable in cases when only ship motions are 
of interest and the question of force distribution is not 
involved. Three types of tests are recommended here: 

(a) Tests of mathematically defined lines symmetrical 

about the midship plane, with sections of one family and 
the same parameter (affine sections), such as Haskind’s 
(1946) for which theoretical computations are available. 

(b) Tests of mathematically defined lines in which 
sections vary from full ones amidship to V or concave V 
at the ends; also possibly unsymmetrical fore and aft. 
The ship-surface equation and theoretical forces for these 
forms are not yet available and must be developed. 

(c) Tests of selected ships of normal practical type. 
Comparison of test data with theory should be based on 
matching true ship sections to those closest to them in 
F. M. Lewis’ or Haskind’s families of sections. 

8.2 Theoretical Research. It has been pointed out in 
the text that information on added masses of ship forms 
in two-dimensional flow is only available for two asymp- 
totic cases of very high or very low frequency. Added- 
mass Information at all frequencies is only available in the 
work of Ursell for a semi-cylinder. Additional theoreti- 
cal work is needed to obtain the added masses for other 
sections at all frequencies. Ursell’s (1949a) paper can 
serve as a foundation for this work. 

It is necessary to evaluate the distribution of added 
masses along the length of a ship and this can possibly 
be done by extension of Haskind’s (1946) and Hanaoka’s 
(1957) work. Early translation of the complete set of 
Hanaoka’s papers is desirable. 

Theoretical work on hydrodynamic forces acting on 
three-dimensional bodies (Haskind, Hanaoka, Vossers) 
has been invariably based on parabolic forms with affine 
sections, symmetric fore and aft. It is desirable to ex- 
tend it to hull forms with nonaffine sections, more nearly 
resembling actual ships. The availability of high-speed 
computing machines will permit a wider scope of activity 
in the future than was feasible for the original investi- 

gators. 

Grim’s (1953) theoretical computations of damping 
forces in heaving appear to be the most complete at pres- 
ent. However, their application to the damping on a 
complete ship model did not lead to good agreement 
with Gerritsma’s test data. The discrepancy may le 
in the assumptions made in the original development of 
the theory for cylindrical bodies, or it may have been 
caused by the three-dimensional effect. The corrections 
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for the latter indicated by the analyses of Havelock and 
Vossers have not diminished the discrepancy. Further 
work is needed in four directions: Recheck of the original 

mathematical work (particularly in regard to physical 

assumptions); experimental verification by oscillation of 
cylindrical bodies; investigation of the effect of non- 
linear damping on the mean value, Section 3.22; and 

further investigation of the three-dimensional effect. 
In view of damping nonlinearity, the three-dimensional 

investigation must also be made for a finite amplitude 
of ship oscillations. The mathematically simple Hol- 
stein-Havelock method of damping evaluation may pos- 
sibly be extended to yield the damping of three-dimen- 
sional bodies oscillating with finite amplitudes. 

In the foregoing projects, heaving and pitching were 
kept directly inmind. Similar projects are recommended 
for side-swaying and for rolling motions. Although the 
basic technique was indicated by Haskind (1946) and 
Ursell (1949a), derivations for the nonsymmetric mo- 
tions were carried out to a lesser degree of completeness. 

Practical evaluation of Haskind’s (1946) work has 
been made in applying it to a Michell-type ship. An 
advanced physio-mathematical project is recommended 
in order to develop a mathematically defined family of 
lines for which the Kotchin-Haskind H function can be 
evaluated without resorting to Michell’s assumptions. 

8.3. Measurements on Full-Size Ships. Measure- 
ments made on full-size ships at sea involve responses of 
a ship to the complex (irregular) sea which occurs in 

nature. These will be discussed later in Chapters 3 and 
5 in connection with ship motions and ship elastic re- 

sponses. 
8.4 Slamming Pressures and Forces. The main 

shortcomings of pressure measurements in slamming, 
both on models and on ships at sea, have been as follows: 

(a) Failure to distinguish between the maximum pres- 
sure causing local plate failure and the total force felt as 
a slam and recorded in the bending stress amidship. 

(b) Failure to consider the extremely sharp peaks of 
the pressure-distribution diagram, given theoretically by 
Wagner’s theory and observed experimentally. 

As an illustration of the former, in the work of M. A. 
Todd (1954) and of Bledsoe (1956) effort was directed 
only at determining the high pressures which were indi- 
cated to be at the edge of the wetted area located at the 
beginning of the bilge turn. These pressures were asso- 
ciated with the maximum value of the total load re- 
corded as slamming by an accelerometer. On the other 
hand, maximum pressures causing bottom-plate damage 
apparently occur in actual ships at an earlier instant of 
impact, when the wetted width is very small and when 
high pressures, resulting from too small a deadrise, are 
present near the keel. While these pressures are high, 
they cover a small area and the total force does not be- 
come significant. In each research project on slamming 
the two separate objectives, local pressure and total force, 

must be clearly kept in mind. 
In connection with the second shortcoming (b), it 

should be remembered that with a small angle of dead- 
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rise, common in ship forms, the pressure peak is extremely 
narrow and moves from keel to bilge extremely rapidly. 
(The distance from keel to bilge is traversed in about two 
thirds of the time it takes for this part of the bottom 
to penetrate into water.) Therefore, reliable measure- 

ments of these peak pressures on models are next to im- 
possible, both because of the physical diameter of a pres- 
sure pick-up and of its frequency response. The expand- 
ing-plate theory also is not reliable in the matter of peak 
pressure for a small deadrise, although it is apparently 

reliable in respect to the total force. 
In experiments on ships at sea it has usually been pos- 

sible to provide only a very limited number of pressure 
gages, so that the probability of recording the peak pres- 
sures is low. Gage readings depend to a large extent on 
an accidental proximity to the pressure peak, so that the 
real meaning of the record taken is uncertain. 

It is suggested, on the basis of the foregoing discussion, 
that a peak pressure is an academic concept to which 
little attention need be paid. Instead it 1s recommended 
that a convention be established for an area over which 
a mean pressure is of interest. In practice this corre- 
sponds to an area of a bottom plate between structural 
supports. Instead of using point-pressure gages in 
models and ships, a movable plate or a large-diameter 
gage can be provided, the total force on which can be 
measured by suitable small-deflection dynamometers.** 
Records of the total force exerted by water on such a 
plate should be more systematic and more applicable to 
design problems than measurements by a few point- 
pressure gages. In addition, it will be possible to ob- 
tain comparable measurements by the same method on 
a ship at sea and on a model in a towing tank. It should 
be emphasized, however, that statement of the maximum 
of the mean pressure over an area is not sufficient. A 
complete time history of the pressure is needed in order 
to evaluate the elastic response of a structure. 

Theoretical research on ship slamming in waves is 
recommended. The procedure of M. A. Todd (1954) for 
computing the slamming force will apply once evaluation 
is made of the relative position of ship and wave and of 
relative ship-water velocity. This subject will be dealt 
with in Chapter 3. The project should be carried out 
first for regular waves and then for irregular ones. Study 
should be made of a ship model for which towing tank 
data on motions and instances of slamming are available. 

Condensed List of Suggested Research Topics 

The following are given approximately in the order of 
exposition in the monograph text. 

1 Evaluation of Added Masses should be undertaken 
for sections characterized by: 

(a) The use of curved lines in conjunction with bilge 
keels. Such sections are common in the middle part of 
a ship’s length. 

32 In this connection attention is called to Ochi’s (1958) work. 
A gage 1 in. diam was used in the models, corresponding to 22 
in. diam on a full-size ship. 
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(b) The use of curved lines in conjunction with dead- 
wood (or skegs) which are common in the stern portions 
of ships. 

(c) The use of curved lines in conjunction with pro- 

peller-shaft bossings which are common in multi-screw 
ships. 

It is believed that these recommended evaluations can 
be accomplished by electric analogy methods (Section 
3.11; Koch, 1933). 

2 Analytical Research for Evaluation of Added 
Masses and Damping in heaving oscillations of ecylin- 
drical bodies (F. M. Lewis’ Sections), floating on the 
free water surface, is recommended for the full range of 
frequencies. This would be an extension of Ursell’s 
(1949b) work on heaving oscillations of a circular cylinder 

(Section 3.12). 

3 Analytical Investigation of Added Masses for ship 
sections the sides of which are inclined is also required. 
These inclinations are particularly prominent in the 
stern section of most ships, and are also present to a 
smaller degree in the bow sections of V-form ships. They 
are present throughout the length of sailing yachts. 
This project involves (see Section 3.12 for details) 
water-surface penetration at moderate vertical velocities 

(not permitting neglect of the gravity forces), the con- 
junction of a deep draft and inclined sides, and move- 
ments both into and out of water. 

4 Analytical Investigation of a Three-Dimensional 
Correction to the two-dimensionally evaluated added 
masses in heaving and pitching oscillation of ships is 
advisable, Section 3.13. The correction is required at 
individual strips (sections of a ship’s length) for use in 
the computation of bending moments. For the com- 
panion project on damping forces see item 17. 

5 Experimental Measurements of Added Masses 
(Section 3.15) for prisms and cylinders of various cross 
sections are needed. The objective of the tests is experi- 
mental verification of the theoretical research listed 
under items l(a), (b), and (ce), 2 and 3. The test bodies 

must span the experimental tanks. Tests preferably 
should be conducted in long towing tanks and particular 

care must be taken to eliminate reflected waves from the 
tank ends. Proper control and reporting of oscillation 
frequencies should be provided. Inertial forces and 
damping forces should be recorded as 180 and 90 deg 
out-of-phase components of the total hydrodynamic 
force. 

6 Experimental Measurements of the Forces and 

Moments Exerted by Waves on ship models are needed, 

Section 3.14-4. Tests at low model speeds should be 

conducted in wide tanks in order to avoid contamination 

by reflected waves. Different model forms should be 

used and waves of different lengths, from 0.75 to 2 times 

the model lengths, are suggested. Amplitudes of forces 

and moments and phase lags should be measured. Wave 

profiles at the model (but not distorted by it) should be 

recorded simultaneously. Inertial (acceleration) and 

velocity-proportional forces should be computed as in- 
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phase (0 or 180 deg) and 90 deg out-of-phase com- 
ponents of the total foree or moment. 

7 The Distribution of Hydrodynamic Wave-Caused 
Forces along the ship length should be determined. This 
can be done either by using a segmented ship model or 
by measuring the pressure distribution over the hull. 
The last method calls for a very large number of pressure 
probes if the pressure integration is to be reliable. The 
method can be made practical, however, if properly 
supplemented by theoretical considerations. Theory can 
be used to indicate all details of the pressure distribution. 
A relatively small number of pressure probes can then 
show the difference between theoretical and measured 
(or measurable) values. 

8 Theoretical Evaluation of Sectional Damping 
Forces Appears to be the Most Pressing Need in the 
theory of heaving and pitching motions and in the 
rational evaluation of ship bending moments, Section 
3.2. A critical review of Grim’s (1953) work is sug- 
gested, since this study is the most advanced in this field 
yet appears to fail in indirect experimental verification, 
Section 3.21. In particular, it is desirable to assess 
the deviations from true physical conditions in setting 
up a mathematical model and if possible to reduce these 
deviations. Attention should be concentrated on the 
range of oscillation frequencies of practical interest in 
ship problems. 

9 Alternate Evaluation of Sectional Damping Forces 
should be undertaken making use of the flow evaluation 
method given by Ursell (1949a). 

10 Alternate Evaluation of Sectional Damping Forces 
and Their Distribution Along the Ship Length on the 
basis of the work of Haskind (1946) and Hanaoka 

(1957) is also advisable. 
11 Theoretical Evaluation of Mean Values of Non- 

linear Sectional Damping (with respect to draft changes, 
Section 3.22) can probably be obtained relatively easily 
by a suitable extension of the Holstein-Havelock source 
method. 

12 Three-Dimensional Damping Considering Non- 
linear Sectional Contributions (Section 3.22, last para- 
graph) can probably be attacked successfully by extend- 
ing the Holstein-Havelock source method. The evalua- 
tion of three-dimensional effects by Havelock and 
Vossers, based on the theory of infinitesimal displace- 
ments, failed to improve the agreement between com- 
puted and experimental damping forces, Section 3.21. 

Since the damping intensity is indicated by the energy 

carried by waves at infinity, and since the amplitudes of 

these waves are governed by wave interference patterns, 

it is suspected that periodically changing drafts at the 

ship ends may be the most important aspect of three- 

dimensional effect. 

13 Theoretical Investigation of Damping in Heaving 

of Sections With Inclined Sides is a companion project 

to No. 3 on added masses. The problem is outlined in 

Section 3.12. In regard to damping the problem is 

further characterized by the fact that water particles at 
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the LWL are given a lateral as well as vertical impulse. 
This is expected to favor the development of progressive 
waves carrying the energy away from a ship and thereby 
to increase damping. The problem can be attacked in 
two ways: 

(a) By suitable formulation of a basic theory. 
(b) Asa correction to the water flow induced by a wall- 

sided section. Guilloton’s ‘‘second-order”’ corrections in 
the theory of ship wavemaking resistance (IXorvin- 
Ixroukovsky and Jacobs, 1954) may prove to be ap- 
plicable in this case. 

This project affects project 11 inasmuch as inclined 
sides can be expected to intensify the non-linear draft 

effect. 

14 Experimental Measurement of Damping Forces 
in heaving of prismatic and cylindrical bodies, Section 
3.21, is a companion project to No. 5. It is expected 
that inertial and damping forces will be obtained from 
analysis of the measured data as real and imaginary parts 
of the total hydrodynamie force. It is suggested that 

measurements be made on Lewis’ (1929) sections for 
which Grim’s (1953) theoretical calculations are avail- 

able. For section fullness greater than that of the semi- 
circle, Lewis’ sections closely resemble those used in 
practical ships. Tests on these sections have, there- 

fore, direct practical interest. 

15 Experiments on Damping Forces at Low Section 

Coefficients are also advisable. For section types finer 
than semi-circular, Haskind’s (1946) sections can be sug- 
gested. Theoretical information on these can be ob- 
tained by reworking Haskind’s three-dimensional anal- 
ysis. These sections have shapes similar to those in the 
bow and stern portions of actual ships, which are charac- 
terized by sloping sides at the LWL. Since the hydro- 
dynamic characteristics of such sections are nonlinear, 
tests must be conducted at a series of amplitudes. 

The measured result at a given amplitude will repre- 
sent the damping coefficient of an equivalent linear sys- 
tem. In the present state of development of ship- 
motion analysis, and in view of the ultimate application 
to ship motions in irregular waves, the author sees 
no need for a detailed description of the nonlinear 

damping. 

16 Evaluation of Sectional Damping Forces by Means 
of Wave-Amplitude Ratio (Section 3.21; Holstein, 1936) 
is suggested as alternate or supplemental to projects 14 

and 15. Such measurements can be accomplished with 
the minimum of special apparatus, and therefore, it is 
hoped, can be collected for a large number of sections 
in the shortest possible time. A towing tank of rec- 
tangular cross section (for a minimum of wave distortion), 
a plunger-type wavemaker hugging the end wall of the 
tank and a good wave-absorbing beach are the required 
equipment, to be found in many laboratories. By meas- 
uring wave amplitudes at several frequencies and ampli- 
tudes of the existing plungers a good deal of useful in- 
formation can be obtained. Much information can be 
obtained by mere re-examination of wavemaker cali- 
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bration data. Further data on various sections can be 
obtained by building plungers of the proper semi-section. 

17 Damping-Force Measurements on Complete Ship 
Models should be made preferably in wide (maneuvering) 
tanks in order to avoid contamination of results by the 
wave reflection from towing-tank walls. This project 
can be subdivided and classified by the method of test- 
ing and by the type of model. 
By the method: 
(a) Tests similar to those of Haskind and Riman 

(1946) and Gerritsma (1957c), in which the model is re- 
stricted alternately in pitching and heaving, and is har- 
monically driven by a spring link. This type of test ap- 
paratus appears to the author to be the best combination 
of simplicity and reliability. 

(b) Tests similar to Golovato’s (1957a, b) in which 

the model is driven alternately in heaving and pitching 
by positive (rigid) mechanism and forces are measured 
directly by small-deflection dynamometers. Good qual- 
ity apparatus and extreme care are needed for proper 
interpretation of results. Corrections for dynamometer 
response must be included. 

(c) Analysis of the coupled pitching and heaving mo- 
tion of a free model (Grim, 1953) excited in one of the 
modes by rotating weights. While only one mode is 
excited, oscillations in the other will develop under ac- 
tion of cross-coupling forces. In particular, the heaving 
induced by directly excited pitching will increase with 
model speed. Unless complete analysis of the coupled 
motion is made, the results will simulate an exaggerated 
effect of ship’s speed on the damping in pitch. 

By the type of model: 
(a) <A theoretically defined (parabolic) model with 

affine sections. The model should be chosen preferably 
from the Haskind (1946) or the Hanaoka (1957) series 
for which complete theoretical calculations are avail- 
able. The object of the test is to compare the measured 
and calculated results on damping and added masses at 
various speeds. The data obtained on these idealized 
ship forms should not be assumed directly applicable to 
actual ships. This project is an extension and _ veri- 
fication of the work of Haskind and Riman and of Hana- 
oka. The author believes that it deserves only low 
priority. 

(b) <A theoretically defined model with sections vary- 
ing from full amidships to V or hollow V at the ends, and 
unsymmetrical fore and aft. The object of these tests 
is dual; i.e., to provide experimental comparison with 
theoretical calculations, and to provide data on a (mathe- 
matically tractable) model reasonably resembling actual 
ships. The author is inclined to assign the highest prior- 
ity to this project, but only after theoretical work on the 
formulation and analysis of these model types, Section 

6.1. 

(c) Tests on models of conventional ships. The only 
tests available to date are those of Gerritsma (1957c¢, 1958, 

and 1960). Additional tests on other ship models are 
needed. These tests will provide the data on actual ship 
forms, and also will provide the information needed to 
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judge the practical value of the models under the pre- 
ceding subproject (b). They will also serve as the final 
check on the strip method of analysis using sectional re- 
sults in conjunction with three-dimensional corrections. 
Comparative evaluation of damping in pitch of various 
combinations of bow and stern sections is particularly 
important in view of the suspected nonlinear effects of 
sections typical for ship ends. 

18 Theoretical Evaluation of Distribution of Sec- 
tional Damping Forces along the length of a ship is 
needed in view of its importance in rational calculations 
of bending moments. Under Michell’s thin-ship as- 
sumptions, this can probably be obtained by recasting 
Haskind’s (1946) and Hanaoka’s (1957) ship-motion 

theories. ** 

19 Distribution of Nonlinear Damping Forces (in 
assumed harmonic oscillation) may be of considerable 
importance in rational bending moment evaluation. 
This project implies a finite beam and finite amplitude 
of motion. It may well be intractable by advanced 
mathematical methods of the type used by Haskind and 
Hanaoka. The author believes, however, that a eruder 

intuitive approach based on Holstein and Havelock’s 
pulsating-source distribution may produce valuable 
results. 

20 Experimental Evaluation of Sectional Damping 
Distribution is necessary to provide direct data for ship 
bending-moment analysis as well as verification of the 
theoretical results of projects 17 and 18. Conventional 
ship models and idealized parabolic models should be 
used.*# 

21 Experimental Evaluation of Sectional Distribu- 
tion of Wave Forces on restrained ship models of various 
forms is needed. This project, listed here under damp- 
ing, is a companion to project 7 on distribution of added 
masses. Preliminary calculations (Korvin-Kroukovsky, 
1955; Korvin-Kroukovsky and Jacobs, 1957) have indi- 
cated that damping (ie., velocity-dependent) forces 
caused by waves may be negligible in defining ship mo- 
tions. They are important, however, in the distribution 
of sectional forces since they appear to have a strong in- 
fluence on bending moments (Jacobs, 5-1958). 

22 Theoretical Evaluation of Hydrodynamic Forces 
and Moments in Side Sway and Rolling is needed for the 
ultimate analysis of ship motions and stresses in irregular 
oblique seas. This broad problem evidently must be 
subdivided into a series of lesser projects. Essentially 
all of the projects listed in the foregoing under heaving 
and pitching can be rewritten to apply to side sway and 
rolling. The subject of side sway and roll has been much 
less developed than that of heaving and pitching. The 
studies of Grim (1956), Landweber (1957) and Land- 

33 Independent theoretical research by Dr. Paul Kaplan of 
8.I.T. is in progress under sponsorship of the Analytical Ship- 
Wave Relations Panel of the SNAME. 

34 A current project under the sponsorship of the S-3 panel of 
the SNAME was mentioned in Section 3.14-4. In this project an 
attempt is made to measure the distribution of sectional hydro- 
dynamic forces. 
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weber and de Macagno (1957) apply only to asymptotic 
cases of very high or very low frequencies. Evaluation 
of added masses and damping forces is needed for the 
complete frequency range of a ship moving in waves. 
Evaluation is needed of sectional forces, of three-dimen- 
sional corrections of these, and of forces for complete 
ships. While it is difficult to list all possible projects fall- 
ing under this broad description, a few suggestions will 

be listed. 

23 Research Based on Haskind (1946) is suggested. 
Haskind formulated the solution for a ship oscillating 
in all six degrees of freedom under action of harmonic 
(but not otherwise defined) wave forces. He has com- 
pleted the solution, however, only for heaving and 
pitching. This project would extend Haskind’s work to 
a complete evaluation of hydrodynamic forces in six- 
component ship motions. 

24 Research Based on Ursell (1949a) is also advised. 
Ursell presented in his 1949a paper a formulation for 
the velocity potential and the stream function about a 
noncircular cylindrical body floating on the water sur- 
face. He completed the solution for the rolling of a 
certain family of ship sections. Research projects are 
suggested for: 

(a) Extension of Ursell’s calculations on rolling to 

other forms of ship sections. 
(b) Extension of Ursell’s basic flow expressions to 

lateral (side-swaying) oscillations. 
(c) Extension of Ursell’s basic flow expressions for 

pitching oscillations. 

25 Experimental Evaluation of Sectional Damping 
of Bilge Keels on systematic series of models is needed. 
While it is evident that bilge keels greatly increase the 
damping in roll of a ship, there exists but few data to 
permit either rational or empirical evaluation of this 
damping. Noncircular cylindrical models spanning the 
width of a towing tank are suggested. The results of 
experimental work seldom cover sufficiently the variety 
of forms and proportions found in actual ships and such 
test results can be better generalized by close correlation 
with a theory. It is suggested therefore that ship sec- 
tions analyzed by Ursell (1949a) be chosen as the first 
subproject. Tests should be made alternately on the 
bare sections and sections equipped with bilge keels of 
various widths. Various draft/beam ratios, should be 
tried, including the one for zero theoretical damping 
(Section 5.33; Ursell, 1949a). 

(a) Tests with a fixed axis of rotation are suggested 
for the best correlation with theory and so the possibility 
of generalization. However, these tests alone may be 

misleading. 
(b) In the rolling of a free body, the bilge keels will 

change the instantaneous axis of rotation and will mod- 
ify the coupling between rolling, heaving and side sway. 
The added energy dissipation of additional motions will 
modify the apparent damping in roll. Alternate experi- 

% The subject will be further discussed under the heading of 
ship motions in Chapter 3. 
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ments on a free floating body with a suitable analysis of 
the coupled motion are therefore suggested. 

In both types of tests just suggested the added masses 
and damping moments are to be obtained as real and 
imaginary parts of the total hydrodynamic moment. 

26 Scale Effect on Damping in Roll is very uncertain 
and conflicting data have been given by various experi- 
menters. Presence of the squared term in equation (31) 
as well as T. B. Abell’s (1916; Section 5.34) measure- 
ments indicate a large viscous effect. A scale influ- 

ence is therefore to be expected. On the other hand, 
Watanabe and Inoue (1958) demonstrated identical 

damping values for a ship and its model. Specific re- 
search to evaluate the scale effect is therefore needed. 
This can best be done by sectional damping measure- 
ments indicated under project 25; larger model sections 
can be used in these tests than would be practical in the 
same tank with a complete ship model. 

27 Speed Effect on Damping in Roll is large as is 
indicated by Figs. 22 and 23 and as is well known from 
experience with ships at sea. It is known, however, only 
qualitatively and theoretical and experimental research 
for its quantitative evaluation are needed. Figs. 22 and 
23 give, of course, quantitative data for particular 
models. The word ‘quantitative’ was used in the 
previous sentence in the sense of generalized quantitative 
data suitable for use in ship design. 

(a) Theoretical approaches to the evaluation of sec- 

tional damping do not indicate the probability of a large 
speed effect. It appears to the author, therefore, that 
these effects stem from (i) the forward (leading) edge of 

bilge keels, (ii) the bow sections of the hull adjacent to 
the stem. Theoretical analyses (at least crude ones) of 
the action of these ship parts can be made by analogy 
with the evaluation of damping of airplane surfaces. 
This can be found in many books on aeronautical engi- 
neering. 

The local water flow at the stem of a ship probably 
can be estimated by assuming it to be two dimensional 
(in horizontal planes) and applying the Schwartz-Christof- 
fel transformation. The instantaneous obliquity of the 

flow is given by the vectorial addition of the forward ship 
velocity and the lateral velocity of an element of the 
stem caused by ship rolling and a given depth of the ele- 
ment below the axis of rotation. 

(b) The following experimental projects on the speed 
effect on damping in roll are suggested: (1) The relative 
contribution of the bilge keel’s leading edge can be esti- 
mated by a successive shortening of bilge keels, cutting 

away the leading edge while retaining the position of the 
trailing edge; (ii) in experiments on the bare ship models, 
the effect of the entrance angle on the damping increase 
with speed is to be evaluated. 

It is probable that the damping can be expressed em- 
pirically by a polynomial in speed with a first term inde- 
pendent of speed. It may be hoped that this first term 
can be evaluated by the strip method on the basis of 
Ursell’s (1949a) or possibly Grim’s (1956) material. 
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The subsequent speed-dependent terms may be evalu- 
ated by the theoretical analysis suggested under sub- 
project (a). Thus a complicated physical relationship 
may possibly be replaced by a summation of assumed 
simple ones, and a crude theory may provide sufficient, 
guidance for the generalization of empirical data. 

28 Measurements of Pressures in Slamming Impact 
are needed. Pressures should be measured in the process 
of normal slamming in waves rather than in artificial 

conditions. The author considers the measurements of 
peak-point pressures neither reliable nor necessary for 
engineering purposes. He suggests instead the measure- 
ment of a mean pressure over an area typical of the un- 

supported area of bottom plating in actual ships. Ochi’s 

(1958) use of 1-in-diam gages on models corresponding 

to 22 in. on a ship, appears to be a good example. It is 

emphasized that the time history of pressure growth and 
decay is needed. The data are to be used in computing 
the elastic response of a ship structure, and this requires 
knowledge of the time pattern of the pressure appli- 

cation. 
29 Impact Characteristics of a Plate on a Rippled 

Water Surface should be evaluated both theoretically 
and experimentally. Theoretically, the problem of plate 
impact on a single crest of a wave of a certain steepness 

(up to the limiting case of 120 deg included angle) may 
be tractable. The results can be generalized by statis- 
tical methods to apply to the impact on a sea surface of a 
typical spectrum. Flat-plate and V-shaped sections of 
small deadrises may be considered. 

30 Total Impact Force in Slamming should also be 
measured experimentally. The measurement (or rather 
estimate) can be obtained from simultaneous accelera- 

tions in heaving and pitching. This will give the magni- 
tude and the position of the impact force. This method 
of force evaluation is applicable to ships at sea as well 
as models in towing tanks. A complete time history is 
required. The very short duration of the impact makes 
it necessary to pay utmost attention to the sensing and 
recording equipment. Because of uncertainty in the 
elastic response of a model, it is suggested that accelerom- 
eters be located near the estimated force position and 
be well secured to a solid block supporting the bottom 
of the model in the impact area. Measurements made 
in regular waves may be used to provide the easiest corre- 
lation with a theory. Measurements in irregular waves 
will correspond to actual ship behavior at sea and also will 
be useful in connection with a statistical evaluation of 
slamming at sea. The results of this project are expected 
to be used in the evaluation of ship bending moments 
taking the elastic response into account. This will be 
discussed in Chapter 5. Tests should be conducted at 
several values of draft and trim, corresponding to the 
range of these values used at sea. 

31 Slamming Impact of Ship Sections of Low Section 
Coefficient must be evaluated theoretically and experi- 
mentally. Such ship sections are typical for bow sec- 
tions of fast ships such as destroyers, cruisers, and air- 

craft carriers. With a sharp deadrise at the keel, the 
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impact force at the initial contact with water is not large, 
but it increases rapidly with submersion (up to the deck 
level) because of the summation of displacement and 

dynamic forces. Theoretically the problem differs from 
that of seaplane impact (Wagner, 1931) by the slower 
rate of immersion which does not permit neglect of grav- 
ity forces. Time history of the foree development and 
decay is needed. 

32 Total Impact Force in Slamming of the fast ships 
mentioned in the above project should also be measured. 

This is a project similar to 30, but it is listed separately 
because the relatively slow rate of acceleration develop- 
ment*® may require different sensing and recording 
equipment. Experiments in towing tanks are therefore 
simpler with fast ship models than with the conventional 
cargo ship models, and a greater number of laboratories 
will be capable of conducting project 32 than 30. On 
full-size ships, however, the elasticity of slender ships 
makes the evaluation of the impact force from accelerom- 
eter readings less certain. 

Nomenclature 

Nore 1: NASA* nomenclature shown herewith is used 
for ship and fluid motions in three dimensions. 

Nore 2: Symbols defined locally in connection with a 
particular topic are not necessarily included in the list of 
symbols. 

Nort 3: The symbols listed on pages 13-15 of the 
Proceedings of the Sixth International Conference of Ship 
Tank Superintendents (Washington, September 10-15, 
1951, published by SNAME) are used whenever appli- 
cable. Symbols not contained therein are chosen from 
the ones frequently used in recent literature on ship 
motions. 

a = a coefficient 

a = coefficient of inertial term in differential equation of 

heaving motion 

a, b = coefficients of equation (31) defining attenuation of 

ship rolling amplitudes 

a = modified value of @ in linearized equation 

@,2,; = coefficients of series expansion, equations (12), (14) 

and (18) 

A = a coefficient 

A = an area; sectional area of a ship 

A = coefficient of inertial term in differential equation 

of pitching motion of a ship (also in rolling when 

considered separately ) 

b = B/2 = half-breadth 

b = a coefficient 

b = coefficient of damping term in differential equation 

of heaving motion of a ship 

b = asymptotic value of damping in heave at w > 0 

equation (53) 

B = beam 

= coefficient of damping term in differential equation 

of pitching motion (also rolling when considered 

separately ) 

% Some data on this will be found in Chapter 5. 
37 National Aeronautics and Space Administration. 
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ae rly 

kio.3 or } 

\ ionyte 

=> 

Rez, yy,z2 

ky 

= L/2 

N(&) 

p 

qd 

= coefficient of restoring 

asymptotic value of B for w + 0, equation (60) 

force in differential equation 

of heaving motion 

wave celerity 

wetted semi-breadth in slamming impact (time 

dependent, Fig. 31) 

coefficient of restoring force in differential equation 

of pitching motion (also rolling when considered 
separately) 

added-mass coefficient in two-dimensional 

based on comparison with that of a circular 

eylinder (Lewis, 1929, equation 15). C, in verti- 

cal oscillation, C;, in horizontal oscillation 

draft 

flow 

= depth at which a source, simulating heaving oscil- 
lation, is located 

amplitude of exciting foree in heaving oscillation 

caused by waves 

= acceleration of gravity 

unit vectors along z, y, 2-axes 

V-1 
moment of inertia 

moment of inertia of a body 

moment of inertia of water displaced by a body 

added moment of inertia 

1/X 

w?/g — wave number 

radius of gyration 

coefficient of accession to inertia 

coefficient of accession to inertia along z, y, z-axis 

coefficient of accession to inertia in rotation of a 

spheroid about the minor axis (Lamb’s notation) 

coefficient of accession to moment of inertia in rota- 

tion about z, y, z-axis 

correction coefficient for free surface effect on added 

masses in heaving motion, equation (19) 

half-length of a ship 

ship length 

rolling moment 

an index or subscript 

amass; mass of a ship 

virtual mass 

added mass 

a moment; pitching moment 

amplitude of time-dependent 

caused by waves 

an index or subscript 

unit vector in direction of 

element 

pitching moment 

normal to a surface 

= number of oscillations 

damping coefficient per unit of a ship’s 

equation (21) 

pressure 

total fluid velocity (equivalent to U often used for 

total fluid velocity) 

radius; radius vector 

radius in polar co-ordinates 

wetted-surface area 

stagnation point (slamming, Fig. 31) 

kinetic energy of a fluid 

wave period; period of undamped oscillation of a 

body 

length, 

= period of damped oscillations 
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Axis Moment about axis Angle Velocities 

Force Linear 
(parallel ; oo : (compo- 

Sym- to axis) ; Sym- Positive Designa- Sym- nent along 
Destination bol symbol Designation bol direction tion bol axis) Angular 

Longitudinal... X X Rolling. ... . L Y~Z Roll. .... o u Dp 
Lateral........ y y Pitching.... M Z—>X Pitch. ... 0 v q | 
Normal...... Z Z Yawing... 2] N X—>Y Yaw..... y w r | 

Absolute coefficients of moment Angle of set of control surface (relative to neutral position), 6. 
hie oe DE ie NS (Indicate surface by proper subscript. ) 
1 GbS vm = 9S mS gbS 
(rolling) (pitching) (yawing) 

U = total fluid velocity 

U = velocity vector in body motions 

Ui.2,3 = velocity components of body motions 

along three axes Haskind, 

Uss,6 = angular velocity components Section 6.1 

U,, = velocity of a body surface element along 

normal to itself 

V = ship speed; velocity of undisturbed water flow 

x, y, 2 = Cartesian co-ordinate axes 

x, y = real and imaginary parts of a complex number z 

X,Y, Z = forces along 2x, y, z-axes 

R~DWBWRR a 

K2( L/X) 

Ko —Tn FOTIA HDHD 

ll 

a complex number 
an angle 

waterplane area coefficient 

an angle 

sectional-area coefficient 

length of prismatic section in terms of ship half- 

length 1 

an increment 

logarithmic decrement 

phase angle 

phase angle 

a complex number 

an angle; pitching angle; polar co-ordinate 

nondimensional damping coefficient, equation (32) 

Haskind’s coefficients defined in Section 6.4 

wave length 

real and imaginary parts of a complex number 

Cartesian co-ordinate system fixed in a ship 

density (in mass units) 

angle of roll or list 

velocity potential; 

velocity potential 

time-dependent velocity potentials defined in Sec- 

tion 6.1 

stream function 

circular frequency (used for frequency in all cases 

in which no ambiguity is involved) 

frequency of wave encounter (used only when dis- 

tinction from wave frequency is necessary ) 

natural frequency of an oscillating body 

modulus of time-dependent 

= total angular velocity in body rotation about three 

axes (Section 6.1) 



CHAPTER 3 | Ship Motions 

1 Introduction 

It was shown in Chapter | that observed sea waves can 
be classified by various statistical methods without re- 

gard to the weather conditions causing them.  Like- 
wise, ship motions, observed visually or with the help of 
various instruments, can be recorded without reference 
to sea waves which caused them. Such records can be 
useful, for instance, in the design of equipment for which 
a certain operational range must be specified. The sta- 
tistical methods of handling ship-motion data of this 
type are identical with those already described for sea 
waves in Section 1-7.!_ A short reference to ship-motion 
records of this type will be made in Section 5.2, but the 
subject will not be developed further. 

The plan of this monograph is to trace the quantitative 
effect of waves on ship motions and on ship stresses. 
Attention is concentrated, therefore, on formulation of the 

functional relationships on the basis of which ship mo- 
tions and stresses can be predicted once the sea waves are 
defined. The definition of sea waves as a function of 
weather conditions was the subject of Chapter 1. The 
waves cause ship motions, reduce a ship’s speed and cause 
bending stress in a ship’s hull. These effects will be 
covered respectively in Chapters 3, 4 and 5. An outline 
of the hydrodynamic information needed in this con- 
nection was given in Chapter 2. 

The ultimate aim of the activity to be surveyed in 
Chapter 3 is to predict quantitatively all motions of a 
ship in a natural (always irregular) sea with various di- 
rections of wave propagation. This broad and difficult 
problem can be solved only by dividing it into a series of 
sub-problems, each of which is sufficiently simple to be 
tractable. The major subdivisions, established only 
within the last few years, are (a) ship motions in regular 
long-crested waves, and (b) motions in an irregular sea 
described by its spectrum. The first of these sub-prob- 
lems is attacked by means of hydrodynamics and the 
dynamics of rigid bodies, and the second mostly by the 
methods of mathematical statistics. This second sub- 
problem consists of mathematical operations on the re- 
sults of the first one. All physical characteristics of 
waves and ships are considered only in the first sub- 
problem. The development of these two subdivisions 
will be outlined in Sections 2 and 3 of this chapter. 

1 Reference to sections, equations, figures and bibliography date 
in preceding chapters will be designated by chapter number and 
section, equation, reference or figure number; reference above, for 
example, is to chapter 1, section 7. 

2 Ship Motions in Long-Crested Harmonic Waves 

A ship traveling obliquely to the direction of wave 
crests will experience a complicated series of translational 
and rotational oscillations. In the analysis, these mo- 
tions are considered as the summation of six components, 
three translational, and three rotational. The trans- 

lational motions are surging along the z-axis, side-sway- 
ing along the lateral or y-axis and heaving along the ver- 
tical or z-axis. The rotations about these axes are roll- 
ing, pitching, and yawing. In the mathematical analy- 
sis of such a motion, a differential equation is written for 
each mode; i.e., six simultaneous equations are formed. 

Generally motion in any one of these six modes brings 
into play forces and moments affecting all other modes, 
so that the analysis becomes rather complicated. 
The general principles have been stated and analysis has 
been made of the much simpler problem of the motions 
of airplanes and airships, but has not yet been accom- 
plished for surface ships. Two special simplified cases, 
however, have been investigated: 

(a) <A ship traveling in a direction normal to the 
wave crests and experiencing only motions in the plane of 
symmetry; 1.e., surging, heaving, and pitching. 

(b) A ship at zero speed in beam seas experiencing 
only rolling, side-swaying, and heaving. 

The two cases have been listed as physically and math- 
ematically consistent. Additional simplifications, to be 
outlined later, are obtained by an arbitrary disregard 
of certain interactions between modes. These are not 
justifiable a prior but can be accepted either on the basis 
of experimental confirmation or because they permit 

evaluation of certain broad trends. 
The two consistent simplified cases will be considered 

first in Sections 2.1 and 2.2. The complete six-com- 
ponent motion will be discussed in Section 2.3. 

The motion composed of the six components just de- 
scribed is often referred to as one in six degrees of free- 
dom. The motion of a rigid body is completely described 
by its six degrees of freedom, but in a practical applica- 
tion this description is adequate only when the stabzlity 
of a body with fixed controls is to be investigated. It is 
not adequate for investigation of the path or trajectory 
of a controlled body’s motion. Uncontrolled submerged 
bodies eventually orient themselves broadside to the di- 
rection of motion and an uncontrolled and unpropelled 
ship will orient itself parallel to the wave crests. Main- 
tenance of a useful trajectory or path of a ship requires 
use of the rudder. A practical ship is, therefore, not a 
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rigid body but has an additional degree of freedom in 
movements of the rudder. This subject will be further 
discussed in Section 2.32. 

2.1 Ship Motions in the Plane of Symmetry: 2.11 
Linear theory of coupled pitching and heaving. Ship 
motions in the plane of symmetry involve surging, 
heaving, and pitching. The oscillatory surging motion, 
along the x-axis, does not appear to be of direct interest 

in defining the seagoing qualities of ships. Previous in- 
vestigations of the stability of airplanes and seaplanes 
have also indicated that surging motion has no effect im- 
portant in practice on the heaving and pitching motions 
of free ships.2. Two mutually interconnected, or 

“coupled,” differential equations of motion, expressing 
Newton’s second law for heaving and pitching, are usually 
sufficient. These equations can be written (on the ha- 
bitual assumption of infinitely small motions) as: 

mz = Z 1) 

Jé=M ( 
where m and J are the mass and mass moment of inertia 
of a ship, 2 is the displacement along the vertical or Z- 
axis, and @ is the angular displacement in pitching. Z is 
the component of the total hydrodynamic force in the 
vertical direction and M/ the total hydrodynamic pitch- 
ing moment. By “hydrodynamic force” is usually 
meant the resultant of those water pressures acting on the 
hull which are connected with relative water velocities 
and accelerations. However the force Z and moment 

M in equation (1) include changes in the buoyancy force 
resulting from ship oscillations. Only the velocities and 
accelerations connected with waves and the oscillatory 
body motions are considered. Water pressures resulting 
from the steady forward speed of a ship and the hydro- 
static pressures in normal flotation are not considered. 
These are balanced by the propeller thrust and the weight 
of a ship. The oscillatory fluctuation of the propeller 
thrust in waves and the moments connected with it are 
insignificant in comparison with other oscillatory forces 
acting on a normal surface ship. They would have to be 
taken into account in a planing-type craft, but this is out- 
side the scope of this monograph. 

The hydrodynamic force Z and moment J can be eval- 
uated by several methods which will be discussed later. 
The results of this evaluation take the form of a poly- 
nomial with various terms proportional to displacements, 
z, 0, » (wave elevation), velocities, 3, 6, 7 and acceler- 
ations, #, 6,7. The terms in z and 6 and their derivatives 
represent the forces connected with a body oscillating 
in smooth water. The terms in 7 and its derivatives cor- 
respond to wave forces acting on a ship restrained from 
heaving or pitching. When this second group is left on 
the right-hand side and all other terms are transferred to 
the left-hand side of equations (1), these equations take 
the expanded form: 

2Tt has been shown theoretically and experimentally (Reiss, 
1956; Sibul, 1956) that surging motion occasionally becomes 
important in towing tanks because of synchronism with the model 
towing system. By the same token it may be important in towed 
and in moored craft. References for chapters 2 and 3 appear at 
the end of this chapter. 

153 

Fei az + bs + cz + dé + c6 + 90 = 7 
Mei 2) Aé+ B6+ Co4+ De4+ Hs + Ge = 

The first three terms on the left-hand sides of equation 
(2) are identical with equation (1) of Chapter 2 repre- 

senting a simple oscillator. 
The last three terms on the left-hand sides are known as 

“cross-coupling” terms and express the influence of pitch- 
ing on heaving motion and the influence of heaving on 
pitching. The coefficients e and # contain simple (dis- 
sipative) damping terms arising from the fore-and-aft 
asymmetry of the hull, and also contain inertial con- 
tributions indicating the transfer of energy from one 
mode of motion to another. Havelock (1955) referred to 

these contributions as “dynamic damping.” This is in 
agreement with the fact, well known in the study of vi- 
brations of coupled mechanical systems, that oscillations 
‘an be controlled by a certain disposition of masses and 
springs, without introducing dissipative damping. 

The forces caused by waves on the right-hand sides of 
equations (2) could have been presented in the same 
form as the first three terms on the left-hand sides; 

1e., as forces proportional to acceleration, velocity and 

displacement. Ina simple harmonic wave, however, the 
relationships among these terms are rigidly defined, and 
the solution of equation (2) is simplified by a compact 

complex notation, with the understanding that real parts 
are tobe taken. These terms can be written as 

ReFe'* = Re(Fve'”)e'" = F\cos(wt + oa) (3 

ReMe' = Re(Mye'")e = Mycos(wt + 7) a 
i) 

F and M are the “complex amplitudes’; i.e., the 
quantities defining both the amplitudes of force and 
moment (/') and J/o) and the phase lag angles (o and 7). 
These latter can be expressed with reference to an arbi- 
trary origin, but the same convention must be retained 
for both the force and the moment. The symbol w is used 
in the foregoing equations to represent the frequency of 

the wave encounter, w,, but the value of F and M also will 

depend on the wave length; 1.e., on the wave’s own fre- 
quency. 

The solution of the coupled differential equations of 
motion (2) is given for the steady-state oscillations 
(KXorvin-Kroukovsky and Lewis, 1955; JXorvin-IXrou- 
kovsky and Jacobs, 1957) as 

QR — PS 
- e (4) 

ete FR — MP 

QR — PS 

where P, Q, R, and S represent the groupings of the coef- 
ficients of equations (2) as follows: 

P= -aw? + ibw +.¢ 

Q = -—dw + teow + 9 = 

R= et nn (5) 
S = —Aw’ + iBo+C 

The symbols Z and @ in equations (4) are the complex 
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Fig. 1 Motions of a destroyer model in waves 1.0, 1.25, 
1.5 and 2.0 model lengths by 1.43 in. high (from Korvin- 
Kroukovsky and Jacobs, 1957). Circles indicate experimental 
data—open for heave, closed for pitch—and curves show calcu- 

lated motions 

amplitudes of motion, expressing both the amplitude 
and the phase lag. Expressed mathematically 

= Zoe J 

— felt (6) 
aN 

where Z and @ are complex numbers given by the solution 
of equations (2) in (4). Zp and @ are real numbers ex- 

pressing the amplitudes of heaving and pitching mo- 
tions, respectively. The —6 and —e indicate lag of the 
maximum of ship motion behind the maximum of the 
wave. 

Jquations (2) are general and represent the dynamics 
of a two-mode coupled oscillation of a body. Hydro- 
dynamics is involved in evaluating the coefficients of 

these equations. The various theories of ship motions 
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Fig. 2. Motions of a 5-ft model of Series 60-0.60 block coef- 
ficient in waves of 1.0 and 1.5 model lengths by 1.25 in. high 
(from Korvin-Kroukovsky and Jacobs, 1957). Circles indi- 
cate Davidson Laboratory experimental data—open for heave, 
solid for pitch—and curves show calculated motions. Tri- 
angles are Taylor Model Basin experimental data, and exes Uni- 

versity of California data 

differ by the methods used in evaluating the coefficients 
and by the approximations involved in these methods. 

Ixriloff (1896, 1898), Hazen and Nims (1940), Wein- 
blum and St. Denis (1950), and St. Denis (1951) neg- 
lected the cross coupling between heaving and pitching; 
i.e.,assumedd =e=g=D=H=G=0._ Kriloff as- 
sumed the coefficients a and A as equal to the ship mass m 
and moment of inertia 7, respectively. Weinblum and 
St. Denis included added water masses which were esti- 
mated by comparison with ellipsoids. They estimated 
the damping coefficients b and B on the basis of Has- 
kind’s (1946) derivations. St. Denis evaluated the co- 

efficients by the strip theory using F. M. Lewis’ (1929) 
material for the added masses in coefficients a@ and A 
(neglecting surface effects), and using Havelock’s (1942) 
method for evaluating the coefficients b and B. All of 
the aforementioned authors used the Froude-Kriloff 
hypothesis (see Chapter 2, Section 3.14) in evaluating 
wave forces Fy and moments d/o. 

The coupled equations (2) were used by Haskind 
(1946), Hanaoka (1957) and Korvin-Kroukovsky and 
Jacobs (1957). A brief outline of the principles used by 
Haskind and by Hanaoka in evaluating the coefficients 
was given in Section 2-6. The mathematical complexity 
limits the applicability of these methods to ships of 
idealized form expressible by simple mathematical for- 

mulae. 
Korvin-Kroukovsky and Lewis (1955), and Ixorvin- 

Kroukovsky and Jacobs (1957) used a strip method in 
which the coefficients of equations (2) were expressed by 
the integration of sectional properties. The details of this 
procedure will be found in Appendix C. In this method 
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Fig. 3(2) Comparison of computed and observed motion 
amplitudes and phases of Series 60, 0.60-block-coefficient 
model: a wave amplitude, Z, amplitude of heaving motion, 4% 
amplitude of pitching angle, a maximum wave slope 6 phase 
lag of heaving after pitching motions (from Gerritsma, 1958) 

the sectional added masses (derived by F. M. Lewis, 1929) 
were corrected for the free surface effect on the basis of 
Ursell’s data (see Section 2—3.12). The damping-force 
coefficients b and B were estimated by the methods of 
Holstein (1933) and Havelock (1942) in the 1955 paper 
and by the method of Grim (1953) in the 1957 paper. 
The Froude-Ixriloff hypothesis, often used in the past for 
evaluation of the wave force Ff and moment J/, was 

abandoned and these forces and moments were calculated 
instead, taking into account the interference of the ship’s 

hull with the water flow in waves. The use of the strip 
theory permits calculations to be made for ships of 

arbitrary form and also provides the data for subsequent 
calculation of bending moments 
2.12 Comparison of computed and observed ship 

model motions. The regular long-crested sea appears to 
be a theoretical concept. It can be well approximated in 
towing tanks but it is not found in nature. The records 

of even ‘regular’ swells are found in reality to consist of a 

0.50 0.15 1.00 L25 1.50 1.75 2.00 
1] 

Fig. 3(6) Comparison of computed and observed motion 
amplitudes and phases of Series 60, 0.60-block-coefficient 
model: a wave amplitude, Z, amplitude of heaving motion, 65 
amplitude of pitching angle, a maximum wave slope, 6 phase 
lag of heaving after pitching motions (from Gerritsma, 1958) 

spectrum of waves of many frequencies. Any compari- 
son of the calculated and observed motions of a ship at 
sea must be deferred, therefore, to Section 3 on irregular 

ship motions. The present section must necessarily be 
limited to comparison of calculated and observed motions 
of ship models in towing tanks. 

It appears that prior to 1955 no comparison of calcu- 
lated and measured ship model motions had been made. 
The first such comparison (for two ship models) was 

given by Worvin-IKroukovsky and Lewis (1955); com- 
parative data for eight ship models were given by Korvin- 
Kroukovsky and Jacobs (1957). Figs. | and 2 are taken 
from the latter work and refer to a destroyer model and a 
series 60, 0.60 block coefficient model. The experimental 
data and calculations? were compared over a range of 

model speeds and at several wave lengths. The com- 
parison covers the amplitudes of the heaving and pitching 

Additional % Caleulated by methods described in Appendix C. 
test data were published by Gerritsma (1960). 
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Fig. 3(c) Comparison of computed and observed motion 
amplitudes and phases of Series 60, 0.60-block-coefficient 
model: a wave amplitude, Z, amplitude of heaving motion, 
amplitude of pitching angle, a maximum wave slope, 56 phase 
lag of heaving after pitching motions (from Gerritsma, 1958) 

motions and the phase lags of these motions. The phase 
lags in particular have been found sensitive to computa- 

tional errors 
It appears that the destroyer form most closely ap- 

proximates the theoretical linearizing assumptions and 
there is good agreement between computed and meas- 
ured data. The agreement is generally satisfactory also 
in the case of the series 60 model, shown on Fig. 2. In 
this case, however, a well-defined discrepancy is observed 
in the amplitude of heaving in the vicinity of synchro- 
nism. Subsequently, Gerritsma’s (1957c and d, 1958; 
see Section 2-3.21) experiments indicated that the dis- 
crepancy was caused by underestimating the damping in 
the heaving motion. It was stated in Chapter 2 that the 
development of more reliable methods of estimating 
damping is the most important need in the prediction of 
ship motions. 

Fig. 2 shows a comparison of the motions of the series 
60, 0.60 block coefficient model as computed by strip 
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Fig. 3(¢@) Comparison of computed and observed motion am- 
plitudes and phases of Series 60, 0.60-block-coefficient model: 
a wave amplitude, Z) amplitude of heaving motion, 6) amplitude 
of pitching angle, a maximum wave slope, 6 phase lag of heaving 

after pitching motions (from Gerritsma, 1958) 

theory and as measured in a towing tank. Gerritsma 
(1958) repeated tests of this model and made motion 
calculations indicated by equations (2), (4) and (5), 
using his experimentally determined coefficients. He 
also made alternate calculations, in which the cross- 
coupling terms were neglected. The comparison of the 
measured motions, the motions calculated by equations 

(2), and those calculated without the cross-coupling terms 

is shown in Figs. 3(a), (b), (c), and (d). A good agree- 

ment is demonstrated between motions as measured and 

as calculated with coupling effects. Neglect of coupling 

results in severe discrepancies in heaving amplitudes and 

in phase relationships. At low Froude numbers, Ger- 

ritsma’s tests confirmed Fay’s (1958) theoretical conclu- 

sion that, through the coupling, pitching strongly affects 

heaving but heaving has a small effect on pitching. At 

the higher Froude numbers, however, both heaving and 

pitching are affected. In particular, Fig. 3(d) clearly 
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shows the coupling-caused transfer of oscillatory motion 
energy from pitching to heaving. 

The most conspicuous deviation of the series 60 form 
from the assumptions of the linearized theory is in the 
large inclination of ship sides in the stern region. In this 
connection it is interesting to note that out of eight models 
used by Korvin-Kroukovsky and Jacobs (1957), the 
two, for which calculations were found to be completely 
invalid, were models of sailing yachts. The lines of these 
models show a large inclination of ship sides throughout 
the model length. The need of investigating the added 
masses and damping of such forms was emphasized in 
Chapter 2. 

To summarize: Reasonably reliable calculations of the 
coupled heaving and pitching motions of conventional 
ships can be made on the basis of the linearized theory 
using the strip method described in Appendix C for evalu- 
ation of coefficients. Further research on the supporting 
material for damping is, however, needed. Various proj- 
ects, directed to this objective, were listed in Section 
2-9. 

2.13 Variable coefficients and nonlinearities. At the 
end of the previous section, attention was called to de- 
ficiencies of the theoretical damping coefficients, the 
values of which are assumed to be constant throughout 
the motion cycle. Discrepancies between theoretically 
computed and experimental ship motions may also be a 
result of the latter assumption. In the linear theory, the 
equations are solved for very small wave heights and very 
small motions, in which case the coefficients are essen- 
tially constant. In the actual fairly large motions of 
models, however, the coefficients are not constant but are 
functions of instantaneous ship position and, therefore, 
functions of time. <A simple explicit solution can be ob- 
tained only when the coefficients are assumed to be con- 
stant and independent of time. The coefficients are 
evaluated in this case with ship sections submerged to the 
normal still waterline (for instance as in Appendix C, 

equation 42). These coefficients can be evaluated, 
however, for any instantaneous position of the water- 
line at a ship section, and thus can be expressed as func- 
tions of displacement from a normal position. The 
solution of equations (2) can be obtained in this case 
only numerically by means of step-by-step integration. 

An important deviation from the assumptions of the 
linear theory occurs in the restoring-force coeflicients c 
and C which depend directly on the width of the water- 
line. For sloping sides, usually found in stern sections 
of ships, these coefficients have a higher value than mean 
at a deeper submergence and a lower value at a shallower 
submergence. There is also an important nonlinearity 
in the case of the damping coefficients b and B because of 
a triple effect: (a) Changes in waterline width with sub- 
mergence, (b) changes of mean draft, (c) a certain de- 
pendence of damping on the square of the vertical ve- 
locity in addition to the first power of velocity i.e., 
b=b(3). 

The significance of item (b) in a ship’s motion was 
demonstrated in an exaggerated form by a towing-tank 
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test of Akita and Ochi (1955), as shown in Fig. 4. The 

solid line with black dots indicates the phase angle (des- 
ignated here as 6,7) between pitching and heaving 
motions. The model was 19.7 ft long, had a flat bottom 
and vertical sides, and was tested at a very shallow draft 
of 9.5 in. in waves 7 in. high. Because of the vertical 
sides and fore-and-aft symmetry, the. model behavior 
should have been linear in all respects except item (b). 
It is clear from the discussion of damping forces, ex- 
pressions 2-(21 and 22), that the damping coefficient 
is sensitive to draft and increases rapidly with decrease of 
draft. In the present case, relative changes of draft and 
damping force with model pitching are large because of a 
small mean draft. Furthermore, since in pitching a de- 
crease of draft at one end is accompanied by an increase 
at the other, the cross-coupling coeflicients e and # of 
equation (2) should be affected. Fig. 4 shows that at 

zero forward speed, the heave lags behind pitch by nearly 
90 deg, as it would in a simple noncoupled system. At 
the speed near 1.4 m per sec, in the vicinity of synchro- 
nism, the heave-pitch lag, however, is reduced to about 
20 deg. Apparently the only cause of this behavior 
is the nonlinearity of damping, which caused large 
eycheally fluctuating cross-coupling terms. It is im- 
portant to realize that nonlinearity of terms of the equa- 
tions of motion becomes particularly important because 
it brings about cyclically varying changes in cross-cou- 
pling terms. The effect of nonlinear damping is unusually 
strong in the Akita and Ochi model because of its shallow 
draft. It will occur, however, in cases of all ships but to a 
smaller degree. 

Demonstrated in the foregoing for damping, the ef- 
fects noted occur in the displacement cross-coupling terms 
(g and @) in ships having inclined sides. This effect was 
discussed by Radosavljevie (1957b). 

The nonlinear behavior of the coefficients of equa- 
tions (2) can be evaluated without difficulty by applying 
the expressions given in Appendix C to instantaneous 
section drafts. While formal solution of equation (2) be- 
comes impossible, numerical solutions can be made easily 
with the help of electronic computing machines. A re- 
search project to carry out such computations is recom- 
mended because of the possibility of a large effect of non- 
linearities on motions for many ship forms. In _ par- 
ticular, phase relationships appear to be strongly af- 
fected, 

So far computation of nonlinear motion has been ear- 
ried out only by Hazen and Nims (1940) using a semi- 
mechanical process. The nonlinearity was limited to re- 
storing moment coefficients, C. This attempt was es- 
sentially premature in that it was applied to an un- 
coupled pitching motion and based on displacement com- 
puted according to the Froude-Kriloff hypothesis. The 
damping coefficient was crudely estimated and was taken 
as constant. Hazen and Nim’s work showed that even in 
harmonic waves the motions deviated considerably from 
the harmonic. However, while these deviations distorted 

the sinusoidal oscillatory trajectory, it has not been dem- 
onstrated to what extent the amplitudes were af- 
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fected. The phases were not discussed, and, indeed, such 
a discussion would have been meaningless without tak- 
ing heave-pitch coupling into account. 

2.14 Significant characteristics of ship motions; sig- 

nificance of phase relationships. It appears that motions 
of a ship can reasonably be predicted either by model 
tests or by calculations. The resultant quantitative data 
must be interpreted, however, so as to obtain a somewhat 
intangible description of the “seagoing qualities” or “‘sea- 
kindliness” of a ship. This description must evidently 
be connected with the nature of a ship’s service. The 
amplitude of motion is important in certain special 
‘ases; the minimum motion is desired for an aircraft 
carrier in order to facilitate airplane landing, and it may 
be desired for naval ships in order to provide a more stable 
gun and missile platform. In commercial ships the am- 
plitudes of motion do not appear to be important by 
themselves, and other phenomena connected with mo- 
tions may be more decisive in determining the seakind- 
liness of a ship. Accelerations, which are proportional 
to the square of the frequency as well as to the amplitude, 
are more important for passenger and transport ships. 
Geller (1940) and Shaw (1954) proved that there is a 
direct connection between accelerations and sea-sick- 
ness. On fishing trawlers accelerations impose hardships 
on the crew at work (Méckel, 1953). On modern cargo 
ships, on the other hand, crew accommodations are not far 

from amidships and accelerations in pitch and heave are 
of minor importance in regard to the crew convenience. 

These accelerations are significant, however, in the de- 
sign of the structures supporting cargoes in the No. 1 
hold. The critical conditions limiting the sea speed of 
‘argo ships appear to be shipping water and slamming, 
the latter occurring mostly in light ship conditions. 
These factors probably also limit the operational speed of 

naval ships. 
Shipping of water and slamming are affected as much 

by phase relationships as by amplitudes of motions. As 
‘an. be seen in Figs. 1, 2 and 3 the phase lag continu- 
ously increases with increase of a ship’s speed, and so 
with increase in the frequency of wave encounter. In the 
case of a simple harmonic oscillator, i.e., equation 2-(1), 
the phase is near zero at low frequency, is 90 deg at 
synchronism, and asymptotically approaches 180 deg at 

high frequency. A similar pattern occurs in coupled 
motion, except that the synchronous speeds in pitching 
and heaving are different and phase angles are somewhat 
modified. The important fact brought out by this 
phase-angle behavior is that a ship tends to follow wave 
motion at a speed well below synchronism with the result 
that slamming and shipping of water do not occur. Ata 
speed above the synchronous one a ship may have the 
same amplitude of motion, but because of a large phase 
angle the descending bow is likely to impinge on the 
flank of an oncoming wave. Thus, conditions are favor- 

able for slamming and shipping of water. This has al- 
ready been discussed in Section 2-7 and made evident in 
Figs. 2-33 and 34. 

2.2 Rolling, Heaving, and Side Sway. Motion in the 
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three modes of rolling, heaving and side sway, with no 
pitching, yawing, and surging, is approximated by a 
ship in side swells without forward speed. Were each 
mode of the motion independent, it would be represented 

by equation 2-(25). The motions, however, affect each 
other and therefore are represented by a system of three 
coupled equations of nine terms each on the left-hand 
sides, similar in structure to the pair of heave-pitch 
equations (2). In the present case, predominating parts 
of the heaving and side-sway motions are caused by the 
orbital motion of water in waves which is essentially of 
equal magnitude in the vertical and horizontal direc- 
tions. It is not definitely known whether or not one of 
these motions can be neglected, thus simplifying this 
problem. The coupling of motions has usually been dis- 
regarded in the literature on ship rolling in waves ex- 
cept in the case of roll stabilization. In the latter case 
(Chadwick and Ilotter, 1955a and b), heaving motion 
was neglected and coupled rolling and side-sway equa- 
tions were treated. 

W. Froude (1861), who first developed a theory of ship 
rolling, is largely responsible for the lack of an explicit 
treatment of coupling. Froude’s simple and elegant 
solution satisfied his immediate needs, and, in fact, ap- 

pears to have provided all the rolling information of prac- 
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tical value to date. However, theoretical research into 

rolling since Froude seems to have been rendered inef- 
fective by adherence to his methods. This does not 
apply to the more advanced theory of roll stabilization. 

By intuitive reasoning W. Froude reduced the three 
conventional coupled equations to the form for a simple 
harmonic oscillator, equation 2-(25), im which he ini- 
tially neglected the damping (coefficient B = 0). He 
assumed that a ship with a small beam and draft in com- 
parison to the wave length moves in the same manner as 
the water which it displaces; 1.e., that its center of 
buoyancy has the same orbital motion as the orbital 
motion of water particles at its depth. He observed that 
the resultant of the gravity and acceleration forces in 
orbital motion is always normal to the water surface at 

any point on the wave. The exciting moment in rolling 
is then simply expressed as the product of this resultant 
force, the metacentric height and the roll angle measured 
between the ship mast and the local normal to the water 
surface. However, Froude neglected the contributions 
of acceleration forces to the magnitude of the resultant 

and used the constant gravity force in computing the 
righting moment. His final result is approximately 
equivalent to roll-side sway coupling, while partially ac- 
counting for the heaving motion. 

In the form used by W. Froude (1861) the resultant 
equation of a simple harmonic oscillator without damp- 
ing takes the form? 

ap — 4 

dt? To" 

where ¢ is the angle between the ship mast and the ver- 
tical and a@ is the local inclination of the water surface. 
Assuming that a ship is upright and at rest before waves 
take effect, the subsequent motions are given by the 
equation 

=. H L ee Py in 2% (8) 
De aN TL, eT € 

~~ WY (6 — a) ( 

where 7) is the natural period of undamped ship rolling 
and T, is the wave-encounter period. The motions of a 

ship are shown, therefore, to consist of two superposed 

systems of oscillations, one at a ship’s natural period 7, 
the other at the wave encounter period 7... In general, 

the resultant motion will show a series of beats of in- 
creasing and decreasing amplitude of individual oscilla- 
tions. As the ratio 7/7, approaches unity, however, 
the oscillations rapidly grow with each consecutive cycle, 
reaching catastrophic proportions. Introduction — of 

damping checks the unlimited growth of oscillations, but 
damping of ships in roll is generally small at zero speed 
and certain characteristics of an undamped motion per- 

sist to a large extent. The most important of these is the 
existence of a high and sharp peak on the curve of the 
magnification factor (@max/@max) at synchronism (79 = 

a): 

‘ The effects of the mass and restoring force are here represented 
in terms of the natural period 75. This corresponds to equation 
2-(32) with « = O and w) = 27/T). 
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Most of the usable information on ship rolling comes 
from the foregoing simple relationships. It consists of 
recognition of the importance of avoiding synchronism 
with the waves, 79/7. = 1, and of having a ship’s natural 
period 7) sufficiently large, i.e., having a metacentric 

height sufficiently small, to avoid synchronism with waves 
frequently met in Nature. These basic conclusions re- 
main valid even when physical conditions of ship opera- 
tion deviate widely from the idealized conditions as- 
sumed by Froude. Ship speed and wave direction were 
later included as factors by others, but only in the sense 
of affecting the period of wave encounter T,.° Charts 

were constructed (Niedermair, 1936; Manning, 1942) 

clearly showing the favorable and unfavorable combina- 
tions of ship speed and heading. A large amount of ob- 

servations at sea (for instance Hebecker, 1940, Méckel, 

1941) clearly demonstrated the advantage of large nat- 
ural roll periods for normal types of surface ships as 
recommended first by W. Froude. 

Under the assumptions made by Froude, a ship moves 
with the surrounding water and, therefore, there is no 

flow of water relative to the ship. The water flow in 
waves is not interfered with and the pressure acting on 
the ship is the same as that which would exist in the water 
if the ship were not there. This assumption which later 
became known as the ‘“‘Froude-Kriloff hypothesis,” is the 
direct consequence of physical conditions for a small ship 
on long regular waves coming exactly from a beam di- 

rection. 

In the foregoing treatment by Froude, water disturb- 

ances caused by a rolling ship and all ship side-sway mo- 

tions with respect to water (i.e., apart from the horizontal 

component of orbital wave motion) were neglected. 
Rankine (1864a) showed that there is a certain effect on 

the water flow in the case of deep draft or short waves. 
Rankine (1864c) also commented on the effects of the 

vertical acceleration neglected by Froude. Under the 

physical conditions assumed by Froude, these considera- 
tions were only second-order corrections and did not 
modify the simple basic conclusions. Apparently the 

matter did not receive further attention. 

2.21 Deviations from Froude’s assumptions. The 
fact that physical conditions change drastically for a long 
ship in oblique waves has largely been overlooked. Under 
such conditions a section of a ship’s length, which is in a 
certain relation to a wave, cannot freely participate in 

the wave motion, being restrained by other parts of the 
ship which are located differently in respect to the wave 
form. The flow of water around each section is un- 

avoidable and it brings about changes in pressure dis- 

tribution and in the forces acting ona ship. These forces 

have not yet been taken into account in the analysis of 

ship rolling. A certain amount of theoretical supporting 

material for the calculation of forces caused by lateral 

water flows can be found in the work of Ursell (1946, 19484 

5 Neither changes of hydrodynamic forces nor couplings with 
other modes of motion were taken into account. These inevitably 
develop with forward speed and with obliquity of wave crests. 
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and b, 1949) and Grim (1956), and also can be derived 
by an extension of Haskind’s (1946) work.® 

Work oriented in this direction was presented in papers 
by Suyehiro (1920, 1924) and Watanabe (1938), but as 
yet, a straightforward formulation of the problem in the 
form of a set of conventional coupled differential equa- 
tions of motion has not been presented. 

Three-mode rolling, heaving and side-swaying motion 
in smooth water was described by Ueno (1942) and, in 

connection with evaluation of hydrodynamic pressures, 
by Grim (1956). It was shown that, in this case, heav- 
ing motions do not exert a significant influence on roll and 
side sway. This, however, has no significance as far as 

the influence of heaving on rolling in waves is concerned. 
This was discussed as an isolated feature by Rankine 
(1864a).7 Side sway is significant in defining the total 
amount of motion damping. In general, without a fully 
stated mathematical formulation for rolling in waves, 
similarities and differences between rolling in waves and 
rolling in smooth water cannot be brought to light. 

Suyehiro (1920, 1924) and Watanabe (1938) presented 
experimental data on ship rolling in side waves with par- 
ticular attention to side sway and side drift. The hori- 
zontal component of the orbital motion of a ship’s center 
of gravity in beam waves was found to vary from 0.71 to 
1.24 of the movement of water particles in waves; 1.e., 
of the amount assumed by W. Froude (1861). As a re- 

sult, the apparent center of rolling shifted over a range 
from below the keel to above LWL. It also shifted to the 
lee side of a ship, indicating a heaving component in the 
motion. 

Under Froude’s assumption, conditions are symmet- 
rical on the lee and windward sides of a rolling ship 
since the passing simple gravity waves are assumed to be 
undisturbed by the ship. In reality, there is a large 
amount of ship-wave interference. The energy dissi- 
pated in damping as a result of rolling and side-swaying 
is taken out of the wave, reducing its amplitude. Visu- 
ally, a relatively becalmed area is found on the lee side of 
a ship. The forces exerted by waves are, therefore, 
greater on the windward side, and a net force causing a 
ship to drift to leeward is generated in addition to that 
caused by the wind. 

As has been mentioned earlier, the only features of the 
rolling problem considered in practice are the significance 
of synchronism and the importance of damping in con- 
trolling ship motions. Realization of the significance of 
synchronism leads to specification of the period of roll 
which is controlled by choosing a suitable metacentric 
height. In the past other aspects of the rolling motion 
had only academic interest and were not visibly con- 
nected with practical needs. They become important, 

6 Investigations of a long ship in oblique waves, neglecting the 
water flow effects, were made by Kriloff (1898) and Cartwright 
and Rydill 1957. In the last reference cross couplings were not 
considered. 

7 The effect of heaving may be important for a small ship in 
steep beam waves. The reduction of the apparent gravity force 
by the water acceleration at wave crests may drastically reduce 
the righting moment. 
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Fig. 5 Magnification factor plotted versus tuning factor in cal- 
culated steady nonlinear rolling of a ship in regular waves (from 
Vedeler, 1953). Here ‘amplitude’ designates ratio of roll- 
ing amplitude to maximum wave slope, and 7 = T,/T., where 
Tis natural period of rolling for very small amplitudes and T, is 

wave period 

however, if coupling with other modes of motion is con- 
sidered. This will be discussed later. 

2.22 Nonlinearities in rolling in side waves. 

Later studies of the rolling of ships concentrated almost 
entirely on the effects of nonlinearities. As will be dis- 
cussed later in connection with motions in irregular seas, 
this does not appear to be a fruitful direction. The ex- 
perimental work concentrated on nonlinearity of damp- 
ing while the theoretical work emphasized the nonlinear- 
ity of the righting moment. The first has been discussed 
in Sections 2-5.3 and 5.32, and Fig. 2-21 shows that non- 
linearity of damping does not affect significantly the na- 

ture of free rolling. 
The righting arm h is connected with metacentric 

height GM by the expression 

h = GMsin ¢’ 

where ¢’ is the angle of inclination of a ship with respect 
to the water surface. For simplicity, W. Froude (1861) 
made the usual assumption that for small angles of roll 

h=GMg¢’ (9) 

Froude showed that this expression (with GM assumed 
as constant) was true in fact for a ship form closely re- 
sembling the battleships of his day. The rolling motion 
resulting from the foregoing assumption is ‘‘Ssochro- 
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nous”; i.e., the natural period 7 is constant and inde- 
pendent of the angle of roll. 
Subsequent theoretical studies concentrated on the 

dynamics of nonisochronous motion; i.e., the motion re- 
sulting from a righting arm differing from the one shown 
by equation (9). Two relatively recent examples of such 
work will be cited.’ Vedeler (1953) assumed the equa- 

tion of motion for rolling in smooth water to be 

} + bid + bod? + w (6 — kd’) = 0 (10) 

In this case nonlinearity in damping as well as in right- 
ing arm is included. Wheu a simple harmonic exciting 
function is put on the right-hand side and the equation is 
solved, the “magnification factor” (the ratio of the am- 
plitude of rolling to the wave slope) is found to be (after 
sufficient time to damp out transients) that shown in Fig. 
5. In this figure n designates the “tuning factor” n = 

DoE. 
The dotted curve, peaked at n = 1, indicates the usual 

form of the magnification-factor curve for a simple har- 
monic oscillator. The dotted curves swinging upwardand 
to the left result from nonlinear equation (10). To the 
left of n = 0.80 the curves indicate an unstable condition 
and only the part to the right, shown by a solid line, is 
considered to apply in reality. This part is character- 
ized by the discontinuous jumps from one branch of 
theoretical curve to the other along vertical lines B-C and 
B'-C’" 

The other example is from Baumann (1955). The 
equation of rolling in regular side waves is written as 

Jé + B(T,) + All + BM] h@) = 0, (11) 

where 

J = moment of inertia added water 
masses) 

angle of ship with respect to vertical 
angle of ship with respect to the normal to 
wave surtace (i.e., to “apparent vertical’) 

B = damping coefficient as a function of period 
of ship oscillation of a given amplitude 

(including 

ll ¢ 
$’ = 

A = weight of a ship 
B = vertical acceleration in waves in terms of 

gravity acceleration 
h (¢') = righting arm as a function of inclination ¢’ 

T, = ship period as a function of amplitude of os- 
cillation 

Froude investigated the motion only for small am- 
plitudes of rolling for which equation (9) can be assumed 
valid. Baumann investigated equation (11) for all 
angles up to the angle ¢, at which the righting arm 
vanishes. Baumann evaluated the equation numerically 
and presented the results in numerous graphs for dif- 
ferent forms of righting-arm curves. An example is re- 
produced in Fig. 6. The abscissa is the ratio of the 
square of the period of rolling in waves 7), to that in 
smooth water at small angles 7). The ordinate is the 
ratio of the amplitude of the angle ¢, designated as 4, 

8 An additional paper by Robb (1958) has just appeared. 
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Fig. 6. Calculated steady nonlinear rolling of a ship in regular 
waves (from Baumann, 1955). @ is rolling amplitude ¢, angle 
of list at which righting arm vanishes , Ti is period of rolling in 
waves and T, (QO) is natural period of rolling at very small 

amplitudes 

to the angle ¢, for the vanishing righting arm. The in- 
sert sketch shows the curve of righting arm for which com- 
putations were made. The curves are labelled according 
to the wave height-to-length ratio, and the data repre- 
sent the steady ship rolling after transients are damped 
out. 

The appearance of the curves in Figs. 5 and 6 is strik- 
ing and has been used by some to explain lurching. An 
extremely important feature is, however, overlooked; 

namely, these figures describe a fully established motion, 
which results from a sustained action of regular waves 
after all transients are damped out. However, waves in 
nature are never regular, and the sustained excitation 
needed to develop the indicated behavior does not occur. 
Even the so-called “regular swells’? show on the records 
a large degree of irregularity. It should be emphasized 
that the behavior indicated by Figs. 5 and 6 will not 
manifest itself after a few oscillations, but requires a 
continuous sustained excitation. In realistic sea con- 
ditions, high waves usually are encountered in small 
groups, and two or three waves in such a group may ex- 
hibit an apparent regularity. This is not sufficient to 
bring about the odd behavior described in the figures. 
It is, therefore, the author’s opinion that this type of re- 
search in rolling has taken an artificial direction. It can- 
not be too strongly emphasized that investigations of ship 
motions in regular waves are meaningful only when con- 
sidered as the material to be further operated upon by 
statistical methods in order to represent the ship behavior 
in the natural irregular sea. 

W. Froude (1861-1875) did not discuss explicitly the 
behavior of ships in irregular seas but he did emphasize 
transient behavior in rolling. In this respect his con- 
clusions appear to be more realistic than the conclusions 
of later writers based on the implied regularity. The 
author suspects that if transient instead of sustained be- 
havior were considered in the foregoing examples, the ac- 
tion of a nonlinear system in the first few oscillations 
would not differ materially from a linear one, with suit- 
ably chosen constant coefficients. 
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2.3. Six-Component Ship Motions in Waves: 2.31 
Motions with rudder fixed. In Sections 2.1 and 2.2 two 
simple and yet realistic cases were considered in which a 
ship’s motions are confined either to the longitudinal 
plane of symmetry or to the transverse yz-plane. For 
both of these cases the motion was described completely 
by three coupled differential equations, and was well ap- 
proximated by two. A ship traveling obliquely to the 
direction of wave crests, on the other hand, moves in all 

six modes. Assuming that the rudder is fixed in neutral 
position, such a motion can be described by six coupled 
differential equations. Kriloff (1898) formulated these 

equations and presented a thorough discussion of their 
solution together with numerical examples. This analy- 

sis appears to have been ahead of its time and no further 
use of it was made in naval architecture. Later, the sub- 
ject was developed by Bairstow, et al (1915-1914, 1916— 
1917) in connection with aeronautical engineering and the 
information on it can be found conveniently in Jones 

(1933). These methods of analysis have subsequently 
been applied to the investigation of stability of sub- 
marines and torpedoes. A reference to the SNAME T. 
and R. Bulletin No. 1—5° will be useful in this connection. 
It appears, however, that in all references certain features 

not essential to the particular problem on hand were left 
out and the reader is warned to be cautious in this connec- 

tion. 
The large number of parameters involved in the six- 

mode motion makes it necessary to deviate from the pre- 
viously used simple notation for the coefficients and to 
follow a notation generally similar to the one used in the 
above-mentioned references. The symbols will corre- 
spond to the NACA convention included in the list of 
symbols in Chapter 2. The complexity of the motion and 
the many angles involved make it advisable to establish 
a co-ordinate axes system fixed in the ship with the 
origin at the center of gravity. The accelerations, de- 
fining the inertial forces in the following equations, are, 
therefore, those measured by accelerometers installed in a 
ship so as to read translational accelerations along the 2, 

y, and z-axes of the ship’s co-ordinate system or rotational 
accelerations about these axes. Equations (1) repre- 

senting Newton’s second law for heaving and pitching, 

are now extended to: 

m (uv — vr + wq) = X 
m (@— wp + ur) = Y 
m(w— ug+ovp) = Z 
Lp+ Ud,—-T,qr = L 

Lg-+ Uz = 12)rp 
l¢+ dd, —I12)pq = N 

ll — — 

The left-hand sides of the equations now include dy- 
namic (often referred to asgyroscopic) coupling terms. In 
the case of a surface ship, the hydrodynamic forces X, Y, 
Z and moments L, MW, N depend on positions, velocities 
and accelerations so that, for instance, 

Treating the Motion of a Submerged Body Through a Fluid,” 
SNAME, April 1950. 
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NX = X(2,Y,2,0,0,Y,U,0,W,P,G,7,U,0,W,p,g,r) (13)? 

and similarly for Y, Z, L, WM, N. 

If a hydrodynamic force, for instance Y, is known and 
designated Yy at a certain instant ¢, its value at ¢ + dt is 
expressed by a linearized Taylor expansion as 

oY oY 
— ah ——7 — dz ...ete. eS a dy + 3 dz...ete. (14) 

covering all terms in equation (13). 

There are, therefore, 18 coefficients (derivatives) de- 

fining hydrodynamic forces on the right-hand side of 
each of equations (12) or 108 coefficients in the set of six 

simultaneous equations. These coefficients refer to a 
ship oscillating in smooth water. Additional terms must 
be added to represent the wave-excited forces. 

Equations (12) are written for the body axes, so that, 
for instance, moments of inertia remain constant despite 

changing attitude of a ship. The quantities on the right- 
hand sides of these equations depend on the relative 
instantaneous orientation of body axes with respect to the 
moving axes in which the xy-plane remains parallel to the 
mean water surface, or, in other words, on the angle be- 
tween the z-axes of these two co-ordinate systems. A 
suitable transformation of the hydrodynamic and hydro- 
static forces into the forces with respect to body co- 

ordinates must, therefore, be carried out. For instance, 
an added vertical buoyancy force acting on a rolled and 
heaved ship must be resolved into its components along 
the ship’s z and y-axes.!! 

In application to airplanes the problem is simplified in 
that the forces do not depend on position, and aerody- 
namic forces acting on wings (with certain exceptions) 
do not depend on accelerations. Coefficients of the 
form ON /dx, and OV /O7 vanish, therefore, and only six 

coefficients depending on linear and angular velocities u, 
v, W, P, Y, P remain in each equation. 

For a submarine the forces do not depend on position 
but do depend on accelerations. Derivatives with re- 
spect to 2%, 0, Ww, p, g, * are therefore retained. 

For a ship floating on the water surface, the forces also 
depend on position, and the complete set of derivatives in- 
dicated by equations (13) and (14) must be retained in 
principle. In all applications, however, a few deriva- 
tives can be omitted, by inspection, as having zero or near 

zero value. 

Even in the simplest case of an airplane which in- 
volves only 37 derivatives (Jones, 1933), it is not possible 

to solve formally the set of six equations (12) as this has 
been done for the simple two-mode system shown by 
equation (2). Only a numerical step-by-step integration 
is possible, the laboriousness of which did not permit 

10 The reader’s attention is called to the two systems of fre- 
quently used notations: u = i,u =#; ¢ = 6, qd =4; and so on. 
The data on co-ordinate transformations will be found in 

SNAME T. and R. Bulletin 1-5 and in St. Denis and Craven, 1958. 
A thorough discussion of co-ordinates will be found in Kriloff 
(1898). 
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such a solution in the past.!2 With the present avail- 
ability of high speed computing machines the solution 
probably can be accomplished. 

In application to a surface ship, it Is necessary to 
evaluate the complete trajectory of a ship moving in 
waves, since the submersion of the bow o1 of the gunwale, 
for instance, must be found, as well as accelerations in 
various directions. In the case of airplanes the problem 
was further simplified by applying the equations of mo- 
tion to the study of stability rather than trajectory. 
Furthermore, the most important practical airplane prob- 

lem is stability in straight flight. For infinitesimal devia- 
tions from straight flight, equations (12) separate into 
two sets of three coupled equations. The first set rep- 

resents the motion in the plane of symmetry and in- 
volves the first, third, and fifth equations. The second 

set represents asymmetric motions governed by the 

second, fourth, and sixth equations. Alternately, the 
properties of steady three-dimensional motion, such as 
spinning of airplanes, were investigated considering the 
balance of forces, but not the stability. This elimi- 
nated the dotted terms on the left-hand sides of equations 
(12). 

Despite the complications involved in application of 
equations (12) to surface-ship motion in waves, the 
author believes that an effort in this direction should be 
made. The primary objective is to establish the relative 
significance of various derivatives and of the degree of 
coupling between equations. Large labor saving in 
future work will result from the elimination of any equa- 
tion which will be demonstrated to have but a weak ef- 
fect on other equations. Since only orders of magnitude 
are required in this connection, the work can be at- 
tempted despite the fact that many derivatives can be 
only crudely estimated at present. A complete step-by- 
step integration once accomplished for a typical ship will 
permit the devising of simplified calculations in’ the 
future by justifying neglect of certain cross-couplings and 

of many derivatives. 

In using step-by-step integration, equations (12) are 
not limited to small disturbances, only each increment of 

time dt must be small. Large total motion can be rep- 
resented by assigning suitable values of coefficients for 
each successive step. One of the most important. ef- 
fects in a six-component motion is the drastic cyclic vari- 
ations of the coefficient ON /Oow (i.e., the yawing moment 
due to the angle of yaw) caused by the bow submergence 
and emergence. It becomes particularly important in a 
following sea and at w—~0it may possibly lead to broach- 

ing. 

12 Except in a few limited cases (Jones, 1933, p. 125). Kriloff 
(1898) presented an example of a complete solution for the motions 
of a cruiser at three forward speeds. This was based on the 
assumption of the fore-and-aft mass distribution symmetry and 
on the ‘Froude-Kriloff hypothesis.’’ Under this hypothesis all 
external forces acting on a ship were assumed to be caused by 
hydrostatic water pressures corrected for the pressure gradient in 
waves (for the ‘“‘Smith effect’’). The distortion of the water flow 
by the presence of a ship was neglected. Kriloff’s work is par- 
ticularly important in that the trajectory of the motion was com- 
puted and transient responses were included. 
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2.32 A degree of freedom added by the use of a 
rudder. For investigations of the directional stability 
of ships, sinusoidal motions of the rudder with a prede- 
termined amplitude were sometimes used, producing a 
sinusoidal ship path and a harmonic rolling. The effect 
of the rudder so used can be represented in the equations 
of motions as an added exciting side-swaying force and a 

yawing moment. Such a predetermined motion of the 

rudder would no more assure the maintenance of the 
specified mean heading in waves than would a stationary 

rudder. 

To maintain a specified mean heading, the rudder must 

be moved in response to ship motions induced by waves 
and the nature of the rudder motions is not known in ad- 
vance. Ordinarily the rudder is moved only in response 
to a yawing disturbance, but its motion generates a side- 
swaying force as well as the desired yawing moment.!% 
Furthermore, the rudder neither is capable of immedi- 
ately checking the yawing motion, nor as a rule, produces 
the corrective yawing moment at the same time the ex- 

citing moment due to waves occurs. The time relation- 
ship between the wave-excited yawing moment and the 
rudder-produced corrective moment is a complicated 
function involving the phase lag in the ship response to 
waves as well as the properties of the rudder-controlling 
devices. The force and moment exerted by the rudder 
are generally proportional to the rudder angle of attack 
and therefore are not only functions of the rudder angle 
6 but also of the ship yawing velocity r. They are, fur- 
thermore, affected to some extent by the pitching atti- 
tude 6 and velocity 6 = g. The rudder angle 6 is, there- 
fore, a time-dependent variable (not known in advance) of 
the same significance as the ship-displacement variables, 

x,y, 2, 9, 6, and y. Seven degrees of freedom are in- 

volved here. 

The six equations (12), must be supplemented by an 
equation defining the rudder angle 6 as a function of the 
ship yawing angle, 6 = 6(W), in which the integral and 
first and second derivatives of y may be included. Right- 
hand sides of the first six equations will have terms de- 
pendent on 6 of greater or lesser importance. Right-hand 
sides of the second and sixth equations will have the 
important added terms (OY /06)d6 and (ON /06)d6. Addi- 
tion of only these two terms will suffice in linear stability 
analysis based on infinitesimal ship deviations from 
steady rectilinear motion. In a step-by-step integration 
for large deviation from steady conditions, and in the 
analysis of a ship’s turning, the foregoing terms will be 

modified by the obliqueness of the water flow at the rud- 

der. These derivatives become functions of the yawing 
velocity (OY /06) = Ys=Ya(r) and (0N/06) = Nz = N;5(r). 

The effect of a ship’s trim on the rudder-force deriva- 
tive also may be taken into account; 1.e., V5 Y';(0) 

and N; = N;(@). This effect of ship’s trim 6 becomes par- 

ticularly important during a part of the oscillating cycle 

13 The importance of the side-swaying force in a ship’s response 
to rudder motions is brought out by Davidson and Schiff’s (1946 ) 
theory of dynamic stability of ships on course and of a ship's 
turning. 
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in which (ONV/Ow) acquires a large positive (1.e., desta- 
bilizing) value because of the submergence of the bow and 
emergence of the stern, while the value of the (ON/06) is 
reduced. 

The presence of the gyroscopic coupling terms on the 

left-hand sides of equations (12), in addition to the less 
evident couplings due to derivatives on the right-hand 
sides of equations, spreads the effects of the rudder mo- 
tions through all six equations. 

A limited problem of rudder-controlled motion will be 
discussed in the next section. 

2.33 Approximations based on a limited number of 
degrees of freedom. In towing-tank tests, artificial 
limitation of the degrees of freedom of model motion can 
often be useful. This may permit a relatively simple 
analysis of a few tree modes and evaluation of certain 
derivatives or wave-excited forces. However, the sub- 
ject of this section will be a simplified analysis of the 
motion of free models in regular long-crested waves, based 
on a more or less justifiable neglect of certain cross- 

couplings or, in other words, an analysis based on the as- 
sumption that the motion can be described by 9. few 
selected degrees of freedom. 

(a) Two quasi-rational cases. First, two cases will be 
cited which, although not mathematically rigorous, can 
be accepted intuitively as mathematically and physically 
compatible. In the first of these cases, it is assumed that 
surging motion has no significant effect on other motion 
modes. This is an extension of the practice of neglect- 

ing the effect of surging on coupled heave-pitch motion. 
The six equations (12) with 108 stability derivatives are 
thereby reduced to five with 75 derivatives. An illus- 
tration of practical application of the five-degrees-of-free- 
dom analysis to a relatively simple airplane case will be 
found in the paper by Westerwick (1957), in which fur- 
ther references are also given. This paper is an ex- 
cellent example of the application of the five equations 
of motions (with some derivatives omitted by judgment) 
to the determination of the desirable automatic control 
function to achieve a specific objective. 

The second quasi-rational multi-mode case is obtained 
by further assuming absence of rolling; 1.e.,¢ = ¢ = ¢@ 

= 0.'! The system of equations is thus reduced to four 
with 48 derivatives on the right-hand sides. Gyroscopic 
cross-coupling moments on the left-hand sides of equa- 
tions (12) are also eliminated since p (i.e., d) = 0. More- 
over, a good deal of the difficulties in relationships be- 
tween co-ordinate svstems fixed in a ship and fixed in 
water surface is eliminated, because the rolling angle 

is the only angle which normally reaches large values. 
The author feels that application of this simplified anal- 
ysis to model experiments in oblique waves is one of the 
most useful projects which can be undertaken with cur- 
rently available theoretical and physical facilities. 

The case just, outlined corresponds closely to physical 
reality in the case of roll-stabilized ships. Various means 
of roll-stabilization reduce the roll angles to such small 

14 This case was suggested to the author by Prof. E. V. Lewis 
of the Davidson Laboratory, Stevens Institute of Technology. 
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values that the cross-coupling effects of rolling become 
quantities of second order. Stabilizing water tanks evi- 
dently have no effect on hydrodynamic derivatives. An- 
tirolling fins, in a conventional arrangement near amid- 
ships, would cause such a small lateral foree and yawing 
moment as to be negligible in comparison with other 
forces and moments acting on a ship. 

After the solution for motions is completed with ¢ = 
¢ = ¢ = 0, the values of the variables determined can 

be inserted into the fourth equation of (12). This will 
yield the amplitude and phase of the rolling moment 
which must be developed by the roll-stabilization system; 
1.e., will lead to a rational design of this system. 

(b) Arbitrary selection of motion modes. Often an 
analysis limited to a few degrees of freedom will furnish 
information on a particular aspect of the motion despite 
the lack of physical reality in such a limitation. It is 
necessary, however, to remember the nature of the 
limitation, to be satisfied with an answer limited to cer- 
tain conditions and not to expect a universally valid solu- 
tion. 

Rydill (1959) has undertaken such a limited approach. 
His objective was to find the amplitude of yawing oscilla- 
tion of a ship in long-crested waves with and without 
rudder control, to evaluate the amount of rudder motion 
and to appraise the effect of alternate rudder-control 
functions with 6 = 6 (fydt, y, ¥, w). Two linearized 
coupled equations in side sway and yaw, 1.e., the second 
and sixth equations of (12), were considered and the 
possible effect of all others was neglected. Since the mo- 
tions are limited in the linearized theory to small values 
of the variables, the rudder forces and moments were 
taken as proportional to the rudder angle 6, and the (in 
this case) second-order effect of the yawing velocity = 
r on the rudder angle of attack was neglected. The 
analysis was first made for long-crested regular waves and 
was subsequently generalized to long-crested irregular 
waves. This last step was based on the spectral analysis 
methods which will be described in Section 3. 

The action of the rudder involves a chain of successive 
events. First, there is a lag in a ship’s response to wave 
excitation which implies lag in the reading of the sensing 
elements of a control mechanism. Next, there are vari- 
ous lags of other responses to the signal before the de- 
sired rudder motion is accomplished. Finally, there is a 
lag in the ship’s response to the rudder movement. 
While these features can be incorporated in the dif- 
ferential equations of motion, Rydill demonstrated how 
they can be better analyzed by the servomechanism 
theory. 

Probably the most valuable result of the paper is the 
demonstration that ship responses to rudder movements 
are large at low wave-encounter frequencies and become 
small at high frequencies. The frequent and rapid rud- 
der motions induced by conventional control systems in 
head seas are, therefore, practically useless in reducing 
ship-yawing motions. The motions with and without 
rudder control are essentially the same in this case. The 
rudder control becomes indispensable in quartering seas 
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at low frequencies of wave encounter. Various charac- 
teristics of the rudder-control function 6 = 6 (/ydl, y, 
y) were brought out, verifying and extending the previous 
work of Schiff and Gimprich (1949). 

While giving a large amount of useful information, the 
results demonstrated at the same time the apparent in- 
adequacy of the linear theory and of neglecting coupling 
with the pitching motion. The amplitude of ship yaw- 
ing in waves found by the above analysis appears to be too 
small judging by observations at sea. The tendency of a 
ship to yaw in quartering and following seas appears too 
weak in the theoretical results and does not explain the 
steering difhiculties encountered on ships. In particular 
theoretically found yawing does not lead to broaching. 
The conclusions therefore appear doubtful at we > 0. 

As stated earlier, the author believes that practical 
steering conditions at sea depend primarily on the 
cevclical variation of the derivatives ON /Ow with bow and 
stern immersion and emersion. From Rydill’s findings, 
the effect of this variation becomes more important with 
the decrease of frequency in following seas. These ef- 
fects can be brought out by a numerical step-by-step in- 
tegration of four coupled equations of motions; i.e., neg- 
lecting surging and rolling. The work of Davidson 
(1948) on broaching can be cited as an example of the 
limiting case w, = 0, and the use of step-by-step integra- 
tion. The equation for surging was not formally con- 
sidered, but the action of a wave in increasing the speed 
of a ship poised on its advancing flank was taken into ac- 

count. 

The aim of Rydill’s project was determination of the 
most advantageous rudder-control method. Rydill called 
attention to the fact that De Santis and Russo (1936) 
and Allan (1945) cited sea observations indicating the in- 

fluence of rolling on the directional control of ships. 
Nevertheless this effect was considered less important 
than other yawing moments, and rolling was neglected. 
Other limited groupings of degrees of freedom may be 
chosen in order to bring out the rolling characteristics 
of ships. Rolling is recognized as one of the most dis- 
turbing motions of ships at sea and its more pronounced 
manifestations were forcefully described by Captain 
Patterson (1955). While rolling can seldom be relieved 
by reduction of speed, it frequently delays ships by 
necessitating course changes. Even if it were assumed 
that most of the modern passenger liners will be equipped 
with antirolling devices, most of the cargo ships prob- 
ably will not and improvement of rolling characteristics 
must remain an important item of research. 

In Section 2.2 analysis was made of rolling in side 
waves at zero speed and in these conditions many coupling 
effects are inactive. They all come into play with in- 
crease of a ship’s forward speed and with obliqueness of a 
ship’s heading to wave crests. The couplings may act 
as added excitation forces and moments or as restraining 
ones. These latter may cause more rapid attenuation of 
rolling amplitudes than can be expected from the damp- 
ing in roll alone. From observations at sea and during 
tests in oblique waves in a towing tank, the author has 
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gained the strong impression that rolling motion was 
controlled (rather than excited) by waves and differed in 
nature from the free rolling in smooth water. An in- 

vestigation of coupling effects in a ship’s rolling motion 
appears, therefore, necessary for a realistic presentation 
of rolling at sea. The coupling effects result not only 
from the hydrodynamic derivatives on the right-hand 
sides of equations (12), but also from the gyroscopic 
couplings indicated on the left-hand sides of these equa- 
tions. These latter are suspected to be important in view 
of the generally small damping in pure rolling and the 

small moment of inertia J/,. 

It is known from empirical experience in connection 

with ship behavior at sea that cross-coupling of rolling 
and yawing motions is important. The significance of 
strong yaw-heel (and therefore yaw-roll) coupling has 
been forcefully brought out by the experience of gyro- 

stabilizing the SS Conte-di-Savoia (De Santis and Russo, 
1936). The stabilization system was not adequate to 
control rolling of the ship as designed, but apparently 
became much more effective when a skeg was added, in- 
creasing the directional stability of the ship. 

The investigation of rolling of ships in waves can be ap- 
proached by two methods. In the first method, it may 
be assumed that rolling is strongly influenced by other 
motions, but that it has little effect on these other mo- 
tions. Analysis of a four-mode motion (five degrees of 
freedom including the rudder motion) can first be made 
as outlined in Section 2.33 (a); 1.e., omitting surging and 
rolling. The resulting values of all time variables can 
subsequently be inserted into the fourth of equations 
(12), expressing the equilibrium of moments about the 
z-axis. The solution of the differential equation in @ will 
describe the rolling motion. The author believes this ap- 
proach to be a close approximation to physical reality. 

A second and reasonably realistic method of roll deter- 
mination may consist of omitting the equations in surg- 
ing and heaving and considering an assumed four-mode 
motion in side sway, rolling, pitching and yawing, only. 
The author considers this approach less realistic and at 
the same time much more difficult than the first because 
of the complications connected with various co-ordinate 
systems at large angles of rolling. 

The author has already emphasized the important ef- 
fect of the ship bow submersion on yawing motion; 
strong roll excitation by the yawing can also be expected 
in this case. The usefulness of the small-displacement 
solution of the differential equations of motions, i.e., with 
constant coefficients, is therefore questioned. The 
analyses are expected to yield realistic results if step-by- 
step integration is used with variable coefficients appro- 
priate to the state of motion at each particular instant. 
Among other aspects of realistic motion in waves, the 

described analyses will yield information for estimating 
the probability of a ship’s capsizing in following or quar- 
tering seas. Deep bow submergence and stern emer- 
gence create strong yawing instability simultaneously 
with decreased rudder effectiveness. Violent yawing mo- 
tion can therefore develop leading to a large yaw-induced 
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rolling moment. The situation is particularly dangerous 

for a small ship on an advancing flank near the crest 
of a large wave. The subtraction of the vertical ac- 

celeration of orbital water motion from the force of gray- 

ity leads to a reduction of the righting moment at the 
time when the above mentioned rolling moment occurs. 

The wind force acting on the superstructure will further 

ageravate the situation. 
The analyses can also be expected to lead to improve- 

ment in the rolling characteristics of ships through 
better proportioning of appendages. Since rolling is 
caused by waves directly and also is induced by yawing, 

the resultant amplitude of roll depends on the magni- 
tudes and relative timing of these two effects. Certain 
proportions of the appendages (skegs and bilge keels) may 
secure the optimum relationship of these effects. Thus, 
considering the stability of an airplane in circular flight, 

Korvin-Kroukovsky (1929) pointed out the fact that the 
ratio (yawing moment due to yawing velocity) /(yawing 
moment due to side slip) strongly predominates over all 
other factors in determining the airplane behavior. Fur- 
thermore this ratio is much more important in defining 
the stability of an airplane than the absolute values of the 
moments. Simple empirical design rules were then for- 
mulated, based on this ratio, for proper proportioning of 
wing dihedral and vertical tail surfaces. This simple 
action was possible, however, only because a complete 
investigation of the problem by Bairstow and his asso- 

ciates was available. 
Information on miscellaneous coefficients of equations 

(13) and (14) can be obtained by: 
i Experiments in towing tanks with suitable re- 

straints on models and the use of oscillators and/or ro- 

tating arms. 
ii Theoretical methods, following the procedure for- 

mulated by Haskind (1946, section 2-6) and extending 
it to evaluate derivatives in unsymmetrical motion. 
This is limited to idealized ship forms. 

iii Theoretical method using strip theory, closely fol- 
lowing the procedure used by Korvin-Kroukovsky and 
Jacobs (1957) for motions in the plane of symmetry and 

extending it to unsymmetrical motions. The supporting 
work of Ursell (1949), Grim (1956), and Landweber and 

de Macagno (1957) was described in Chapter 2. This 

method is applicable to normal ship forms. 

3 Ship Motions in Irregular Seas 

Chapter 1 of this monograph is a digest of all the infor- 
mation currently available on the nature of ocean waves. 
After the sum total of the knowledge on generation and 
propagation of waves is distilled, there emerge several 

basie tenets upon which ship motions investigations may 

be carried forth. 
There is, first of all, no existing analytical expression 

that describes the behavior of the surface of the sea for 
any specified time and/or space. There are however 
several semi-empirical expressions which purport to de- 
fine the energy-frequency characteristics of waves. Of 
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these wave-spectrum descriptions (Section 1-6) none 

has gained widespread acceptance, although each has 
been verified to some extent by measurements. 

Then too there are fairly reliable methods for observa- 
tion and spectrum analysis of waves at sea and these 
have been thoroughly discussed in Section 1-8. 

Finally, there is a hypothesis which suggests that a 
good model of the sea surface is achieved by the linear 
superposition, in random phase, of an infinite number of 
sinusoidal wave components of all frequencies and in- 
finitesimal amplitudes. 

Perhaps it will be worth while to discuss the implica- 
tions of these results as they apply to the three methods 
of studying ship-motions problems (theory, model tests 
and full-scale tests). The spectral representation of the 
sea surface forces statistical treatment of ship motions in 
all three investigative media. Wave measurement sup- 
plies a time history of the waves, made in a certain way, 
which can be reduced to an estimated spectrum of the 
seaway which in turn may define some statistical char- 
acteristics of the waves. The wave profile lends itself to 

a restricted deterministic treatment of ship motions both 
theoretically and in the model tank. The hypothesis 
defining the composition of surface waves complements 
the hypothesis that the response of a ship to a sum of sine 
waves equals the sum of the ship responses to the indi- 
vidual sine waves (if the system is linear). Thus the 
discussion in Section 2 of this chapter, on the solution of 
hydrodynamic equations of motion for sinusoidal in- 
puts, becomes a basic building block, for ship-motions 
prediction based on the linear superposition principle. 

The intent of this section is to review the work done in 
the application of present knowledge of waves to ship 

motions in irregular seas. 
3.1. Probabilistic Versus Deterministic Methods. 

These two philosophies were touched on briefly in See- 
tion 1-8 where the probabilistic approach to the descrip- 
tion of the seaway was justified on the grounds that a 
general deterministic representation was unknown and 
that statistics of waves derived from the energy spectrum 

were adequate to define the state of the sea. In the case 
of ship behavior there are arguments in favor of a deter- 
ministic solution to the problem of ship-wave interaction. 
There is little that may be said against the derivation 
of the time history of a ship motion from the given time 
history of the waves at some point. This is particularly 
useful in predicting the occurrence of short-duration 
phenomena such as slamming and bending moments. 
There is also the notion of reproducing an actual time 
history of waves in a towing tank (Fuchs, 1956) so that 

models may be tested in the most realistic conditions 

appropriate to long-crested irregular waves. Advocates 

of the statistical approach argue that the basic pertinent 

information on ship behavior is available through energy 

spectrum considerations, for considerably less effort, 

and that any predicted time history of a ship motion 

neglects the short-crestedness of the waves and is still 

unwieldy and must be reduced to statistics before the 

essence of its potential is realized. 
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Fig. 7 Analysis of pitching and heaving of a ship model in irregular waves (from Fuchs and MacCamy, 1953) 

In the statistical treatment of waves, Section 1-8, sea 
conditions were assumed to be stationary; 1.e., the sta- 

tistics of the waves remain unchanged with translations 

in time and/or space. In reality, wave conditions change 
rather slowly with respect to the observation time and 
under such conditions the change in the seaway may be 
approximated by a succession of discrete stationary 
events. Ship motions, since they result from such sta- 
tionary sea conditions, are considered (and are observed) 
to be likewise stationary and are treated as such. The 
deterministic method does not require the stationary as- 
sumption, but like the statistical approach, interpreta- 
tion of nonstationary events produced by nonstationary 
events is a problem of no small magnitude. 

A deterministic method of calculating ship response 
will be discussed in the next subsection. The bulk of this 
section will be devoted to the review of statistical meth- 
ods of treating ship motions, because almost all research 
effort to date has been in this direction and it appears to 

be the most fruitful approach at this time. 
3.2. A Deterministic Method for Studying Ship 

Motions in Irregular Seas. ‘The only known deterministic 
treatment of ship responses is due to Fuchs (1952) and 
Fuchs and MacCamy (1953) based on previous work by 
Kreisel (1945). 

Fuchs’ (1952) paper provides the mathematics for es- 
tablishing the relationship between two simultaneously 
occurring phenomena. Following Ixreisel, the relation- 
ship between the surface wave elevation and the pressure 
record measured at a certain water depth is discussed. 
The relationship between wave elevations at two nearby 
points, the forces acting on piles, and motions of a ree- 

tangular block in waves are also discussed. In Fuchs 
and MaeCamy’s (1953) and Fuchs’ (1954) papers, these 
mathematical methods are applied to a ship’s heaving 
and pitching motions at zero speed in irregular long- 
crested waves. The phase relationships, as well as the 
amplitudes of motions, are evaluated. 

The work of Fuchs and MacCamy is a special case of 
the earlier (1952) work of Fuchs in linear-prediction 
theory. Fuchs’ theory is extended to accommodate 
irregular waves and thereby results in the less general 
linear case. Their treatment is best described by the 
following quote from their 1953 paper: ‘...the oscilla- 
tions of a ship in a complex system of progressive waves 
of small steepness can be expressed as the convolution 
type integral of the recorded wave motion and a kernel 
function which is the Fourier integral of the response of 
the ship to a sinusoidal forcing function. Ixernels for 
pitching and heaving are computed explicitly for a freely 
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Fig. 8 Empirically determined response factors for heaving of 
ship model (from Fuchs and MacCamy, 1953) 

floating rectangular block using experimental values of 

added masses and damping coefficients, as determined 
from oscillations in still water. These kernel functions 
are applied to recorded irregular wave motions and the 
predictions are compared with values read from 35-mm 
motion picture records of the motion. The experimental 
work has been reported separately by Sibul (1953). 
Similar investigations have been made with a model 
ship. In order to avoid the laborious numerical inte- 
grations involved in computing the response functions, 
these were determined experimentally.” 

The theory of Fuchs (1952) is applied to a ship motion 
in long-crested irregular waves so that the heaving and 
pitching motions are expressed by the aforementioned 
convolution integral 

7 1 fa : 
a(t) = Van ie n(t) Kp(t — r)dr (15) 

where the kernel function is given by 

& 1 a | 5 —twT a 
K,(7) = ar ie T (w)e dws (16) 

T,(w) is the response of the block to a unit amplitude 
sinusoid of frequency w. Since the kernel function is a 
form of transfer function by virtue of 7';(w), it is seen 
that the heave or pitch function, /(t), is a deterministic 
response which results from linear superposition of a 
number of simple responses to regular wave trains. 

Fig. 7 shows the results of computations made from 
equation (15) where K,(7) was determined for a tow- 

ing-tank model. The upper curve is the record of the 
water surface elevation, the middle one shows heaving 
of the model, and the lower one pitching of the model. 
Solid lines show the measured model motions and the 
broken lines show the motions computed by equation 
(15) using the responses 7';(w) measured in a series of 
sinusoidal waves. Figs. 8 and 9 show the real and imag- 
inary parts of these responses for heaving and pitching 
respectively. 

In equation (15), the kernel is independent of the par- 
ticular wave system encountered and consequently needs 
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Fig. 9 Empirically determined response factors for pitching of 
model (from Fuchs and MacCamy, 1953) 

to be computed or measured only once for each sea- 
keeping event of each ship. This is the case in the sta- 
tistical treatment as well, as will be shown. The appeal 
of equation (15) lies in the fact that in one operation it 
separates 7(t) into its Fourier components, multiplies the 
Fourier components by their respective unit responses 
and synthesizes the results into the predicted motion 
E(t). 

The solution of the inverse problem, that of evaluating 
the model’s frequency-response function 7’;(w) from tests 
in irregular long-crested waves is accomplished by not- 
ing that the recorded wave surface elevation can be rep- 

resented by 

1 i 
a(w)e""de 

V29 J-« 

while the dependent function H(t), shown by equation 
(15) can, in view of (16) and (17), be written as 

1 ie 

VI0 J-« 

Designating the Fourier transform of equation (18) by 
b,(w), the frequency-response function is obtained as 

ba(w) 
a(w) 

n(t) = (17) 

E(t) = T (w)a(w)e"da (18) 

T;(w) = (19) 

The application of Fourier transform pairs here is rem- 
iniscent of the statistical treatment of ocean waves in 
Section 1-8 and indeed it will be shown that an expression 
similar to (19) is obtained from the wave and motion 
spectra, both of which may be considered as Fourier 
transforms of particular realizations of their respective 
time histories. In fact, it will be seen that this mathe- 
matical model of ship response to waves is essentially 
equivalent to the statistical model. It fails, however, to 
achieve the generality of the statistical model in that it 
treats only the case of long-crested irregular waves. 

3.3 Ship Motion Studies Based on Linear Superposi- 
tion. R. E. Froude (1905) wrote: “Irregular waves such 
as those commonly met when at sea...are only a com- 
pound of a number of regular systems (individually of 
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comparatively small magnitude) of various periods, rang- 
ing through the whole gamut (so to speak) represented by 
our diagrams fof behavior in regular waves] and more. 
And the effect of such a compound wave series on the 
model would be more or less a compound of the effects 
proper to the individual units comprising it.” 

This pronouncement of Froude, which antedates the 
conclusion of oceanographers concerning a realistic model 
of the sea surface, has become the basic hypothesis for 
ship motions studies. Fuchs and MacCamy (1953) used 
it in their deterministic approach, as has been discussed. 
These, however, were not the first applications of the 
idea of linear superposition. 

Legendre (1933) used this principle in investigating the 
rolling characteristics of two cruisers by means of theory, 
towing-tank tests and observations on ships at sea. 
He summarized his findings as follows: 

1 “Rolling computed on the basis of the mean ob- 
served wave does not have the character and is much 

smaller than the observed rolling. 
2 “The summation of roll angles, computed on the 

basis of the observed wave, decomposed into its sinu- 
soidal components, has for its period the natural period 
of the ship. It is of the same order of magnitude as the 
observed rolling. 

3 “In order to predict the rolling of a projected ship 
it is necessary to investigate the general characteristics of 
the actual wave.” 

Actually the work of Legendre was ahead of his time 
since neither mathematical nor physical tools were then 
developed sufficiently to permit a thorough analysis. 

Section 2.1 of this chapter treated the ship response to 
simple harmonic waves and such results in conjunction 
with a given input (either an energy spectrum or a time 
history) lead to an output which represents the ship mo- 
tion. The transfer function, which depends on the geom- 
etry and physical characteristics of the ship as well as 
ship speed and relative heading, is determined either 
theoretically or by model tests. It will be worth while to 
discuss the transfer function, before the statistical 
method is demonstrated. 

It was shown in Section 2.1 that the heaving and pitch- 
ing amplitudes of a ship’s motion in sinusoidal waves are 
expressed as complex amplitudes 

Z= Ze" = Z, (cos6 + 781n 6) (20) 
6 = hye"* = % (cos e + 7 Sin €) os 

where Zp and 6 are the real amplitudes and 6 and « are 
phase lags of a ship’s motions with respect to wave form. 
When a ship’s response to waves is obtained by model 
tests, the real amplitudes Zp) and 6) and phase lags 6 and e 
are measured directly from the test records. When the 
amplitudes are computed by the methods outlined in 
Section 2.1 and Appendix C, the result is first obtained 
in the form, C + 7Q, and is subsequently converted to 
the form indicated by the left-hand sides of equations 
(20). 

For use in connection with irregular wave inputs, the 
foregoing ship-motion amplitudes are referred to the unit 
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sinusoidal wave amplitude to obtain 

a Li LZ Zo. ; 
T(w) = — e® = cosh + i — sind = E(w) + 7G.(w) 

a a a 

Ti A 6 09. ; : 
Ty(w) = ee = Seoose +i sine = Co(w) + tGa(w) 

a a a 
(21) 

and in this form are known as “frequency-response 
functions” (Press and Tukey, 1-1956). St. Denis and 
Pierson (1-1953) used the term “response amplitude oper- 
ator” for the square of the absolute value of the fre- 
quency-response function. In what follows, one mode of 
a ship’s motion will be considered at a time, and the sub- 
scripts z and @ will be dropped. It should be empha- 
sized, however, that the single mode response includes all 
the effects of coupled motions. The symbol 7'(w) was 
used by Press and Tukey for the frequency-response 
function. In the present exposition it will be used only 
for the absolute value: 

T(w) = Z,/a or 6/4 (22) 

The symbol 7';(w) will be used for the complex form 

shown by equations (21); ie., indicating both the 

amplitude and the phase lag. 
3.4 Statistical Methods For Studying Motions in Ir- 

regular Waves. St. Denis and Pierson (1-1953) treated 

the relationship between the wave spectrum and a ship’s 
motion spectrum as given by 

P(w,) = E(w) T*(,) (23) 
which states that the energy spectrum of a particular 

seakeeping variable, ® (ship motion, strain, ete.), at a 

given heading and speed, equals the product of the en- 
countered wave spectrum and the response operator 

(transfer function) for those conditions. This presenta- 
tion introduced, for the first time, probability concepts in 
conjunction with the linear-superposition theory. 

A practical use of this expression is illustrated by Fig. 
10. The upper part (A) of this figure shows a wave spec- 
trum, in this case a Neumann spectrum for a 40-knot 

wind, corrected to the ship’s speed of 12 knots (this will 
be explained subsequently). The symbol w, designates 
the frequency of wave encounter. The middle part of the 
figure (B) is a plot of 7?(w,), i.e., the square of the ab- 
solute value of the frequency response function. The 
lower part of the diagram (C) is the spectrum of the 
ship’s pitching, ®(w,). At each abscissa, corresponding 
to a given frequency w, = 27/T7., the ordinate of the 
lower section is the product of the ordinates of the upper 
and middle sections. Once the spectrum ®(w,) 1s com- 
puted, various average characteristics of the ship’s mo- 
tion are obtained from it, by means of relationships given 
in Section 1-8.6. 

Care must be taken in the interpretation of the events 
depicted in Fig. 10. The Neumann spectrum given there 
is a scalar wave spectrum; that is, it embodies the di- 
rectional properties of the waves it describes but does not 
permit a quantitative evaluation of energy distribution 
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Fig. 10 Energy spectra and response of a ship model in an ir- 
regular sea. Series 60, 0.60-block-coefficient model 5 ft long, 
expanded to 500-ft ship (from Korvin-Kroukovsky, 1956; ab- 

stracted from Lewis and Numata, 1956) 
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Fig. 11 Motion spectra predicted by three different methods 
for destroyer model 1723 in irregular long-crested sea: (a) By 
direct analysis of motions in irregular waves (solid lines). (6) 
By calculation from wave spectra and experimentally measured 
responses to regular waves (dash lines). (c) By calculation 
from wave spectra and analytically computed responses to regu- 
lar waves (+) (from Korvin-Kroukovsky and Jacobs, 1957) 
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with direction. This is equivalent to measurement of the 
wave spectrum at a fixed point or to measurement of the 

directional spectrum and then integration with respect 
to direction. In either event, the directional aspects 
are not recoverable from the scalar spectrum. When the 
wave spectrum is transformed to a wave-encounter spec- 

trum (for instance, for a ship speed of 12 knots in head 
seas), the directional implications of the spectrum are 
ignored so that the computed response presupposes that 

all the waves traveled in the same direction. If that is 
the case (a spectrum of swell, for example), the work rep- 
resented in Fig. 10 is valid; if not, the wave spectrum 
is inadequate and the transfer function is likewise in- 
adequate, since it was only made for the head-seas condi- 
tion. Fig. 10 apples to towing-tank tests in irregular, 
long-crested waves so the procedure is here valid. 

The most significant feature of the St. Denis-Pierson 

work is that it permits evaluation of ship motions in ir- 
regular short-crested seas by embodying the product of a 
directional spectrum with a “directional transfer fune- 
tion.’ In so doing, it was necessary to develop a com- 
plex frequency mapping based on 

v COS ws? U OS x (24) 

q 

in order for all terms of (23) to be in the w, domain. The 
difficulty in such a mapping arises in the inverse trans- 
formation which is not unique but results in a quadratic 
expression which forces the authors to make their trans- 
formation in three separate regions to avoid confusion. 
A further contribution to the elegant treatment of the 
frequency mapping is the inclusion of the Jacobian in 
the transformation in order to retain the total energy in 

the spectrum being mapped. 

The true significance of equation (23) is accomplished 
by a decomposition and resynthesis of its elements to ar- 

rive at the response spectrum. 
The directional spectrum (either measured or as- 

sumed) is divided into three nonoverlapping parts ap- 
propriate to the regional divisions just mentioned, so that 
unique inverses obtain when mapping into the w, — x, 
plane by equation (24) 

E(w,x) = Ei(w,x) + Be (w,x) + Fs (@,x) 

Each term in equation (25) is multipled by the square 
of the response-amplitude operator (transfer function), 

such that three expressions of the form 

E(w,x) Ta(w,x,v), @ = 1,2, 3) 

result. Each of the terms in equation (26) is then 
mapped into the w, — xy, domain to give three terms of the 

form 

(25) 

(26) 

E(w, Xe) Te, (, x), G = I, I, II) (27) 

The spectrum of the ship response is then obtained by in- 

tegration of the terms in (27) 

The symbol x represents the relative heading of ship to wave 
as given in St. Denis and Pierson (1953). This is equivalent to 
éin Chapter 1 and is retained in this account of their work. 
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(b) 2.0 Ft/Sec-I2 Knots (Ship) 

Fig. 12(2) Samples of ship pitching and wave records in ir- 
regular head seas (from Lewis and Numata, 1956) 

P(w,) = [ Blox) Tow xddx. 
I 

+{ E(o,, x.) To! X.)dXe 
ll 

+f E(w,,x,) Te(w.,x.)dx, (28) 
1 

where the subscript on the integral sign indicates the 
transformed region where the operation is performed. 
Aquation (28) is the realization of the hypothesis given 
in equation (23) for short-crested irregular waves. 

The transfer function for certain ship motions may be 
estimated analytically or measured in a towing tank 
which permits oblique seas testing. A formal descrip- 
tion of the foregoing procedure directly applicable to tow- 
ing tanks was given by Marks (1957). In this case, 
Ts (w,, x.) i8 obtained directly from model tests and the 

frequency mapping is performed on /'(w, x) alone, before 
the product in equation (27) is taken. 

Equation (23) assumes essentially that an irregular sea 
is a stationary random process which can be represented 
as a summation of a very large number (or as an integral 
of an infinite number) of sinusoidal waves of different 

periods and directions superimposed in random phase. 
A ship’s response is likewise represented as a steady-state 
response to these regular waves; i.e., it is assumed that 

no transient responses exist. Finally, the relationships 
are assumed to be linear so that the end result can be ob- 

tained by superposition. 
The practical applicability of these assumptions, for ir- 

regular long-crested waves only, was verified by Lewis 
(1954a@ and 1954b, 1955), Lewis and Numata (1956) and 

Lewis and Dalzell (1957) by towing tank tests. Typical 
results are shown in Fig. 11 and in Table 1. It will be 
observed that good agreement was secured between ship 
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Wave Height 

Heave Acceleration 

Fig. 12(6) Samples of ship motions recorded aboard an aircraft 
carrier in a state 5 quartering sea at a ship speed of 16 knots 

(courtesy Taylor Model Basin) 

Table 1 Comparison of Near-Maximum* Destroyer Model 
Motions in Towing Tank Irregular Head Seas, as Obtained by 

Three Different Methods 

Heave, in. Pitch, deg 
0 2.53 0 2.53 

speed fps speed fps 

By direct analysis of model motions 
in irregular waves... .. Sae@ elas Leslee Daa 

By calculation from wave spectra 
and experimentally measured re- 
sponses to regular waves..... ea 

By caleulation from wave spectra 
and analytically computed re- 
sponses to regular waves....... leds pall 

bo ~“I 

2 Mean of !/i highest amplitudes. 

motions measured directly in irregular waves, and those 
computed by equation (23) from two alternate  fre- 
quency-response functions. One of these alternates was 
based on towing-tank tests in regular waves and the other 
on computations formulated by Korvin-Kroukovsky and 

Jacobs (1957). 
dxpression (23) can also be used in its transposed form 

[T(w,) ? = (29) 

which permits evaluation of the square of the absolute 
value of the frequency-response function from the 
recorded motions of a ship in irregular model-tank waves. 

This procedure can be considered as a possible alternate 
to series of tests in regular waves, and promises a cer- 
tain saving of experimental effort. It was tried by Lewis, 
Numata, and Dalzell in long-crested irregular waves, with 
reasonable success. In this application a ship’s responses 

are not completely described, as only the real part of the 

P(w,) / H(w,) 
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frequency-response function is evaluated and the phase 
relationships remain unknown. Complete determina- 
tion of the amplitude and phase responses is made pos- 
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sible by cross-spectrum analysis which will be discussed 
shortly and by the method of Fuchs and MacCamy (1953) 
described in Section 3.2. 

3.5 Analysis of Ship Motions Data—Single Param- 
eter. In Section 1-8.1, the random properties of 
waves were discussed. Ship motions, caused by wave 
motions, are likewise random and never repeat. Fig. 
12(a) is an example of wave and pitch motions recorded 
in the model tank. From the striking similarity between 
the wave and pitch records it is not difficult to conclude 
that both of these phenomena may be analyzed and in- 
terpreted in the same way. However, many observed 
wave and ship motions are quite dissimilar in appearance 
as evidenced by Fig. 12(b). In such cases, like treat- 
ment of ship and wave records is predicated on the hy- 
pothesis that a stationary random process (waves) excit- 
ing a linear system (ship) produces a stationary random 
process (ship motions). To further validate this hy- 
pothesis, some ship-motion records, made in irregular 
waves in a towing tank, were analyzed to determine 
whether points chosen at random were distributed ac- 
cording to the Gaussian law and whether the peak-to- 
peak oscillations in the ship motions were distributed ac- 
cording to the Rayleigh distribution, these properties hav- 
ing already been assigned to wave records in Chapter 1. 
The results appear in Figs. 13 and 14. It is fairly well es- 
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Fig. 14 Distribution of wave, pitching, heaving, and bending-moment amplitudes in towing-tank tests of 
Series 60-0.60-block-coefficient model at 2 fps in high irregular head seas (from Lewis, 1956) 
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Fig. 15 Analog-filter computation of roll spectrum of a Liberty 
ship in a state of 5 sea (head seas, 4.5 knots) 

tablished that ship motions, like waves, can be repre- 
sented by a stationary random process so that ship-mo- 
tion spectra may be interpreted in the same way as are 
wave spectra. 

The obvious starting place for evaluating ship motions 
is the energy spectrum ®(w,). If the linear superposi- 
tion hypothesis as applied by St. Denis-Pierson is used, 
®(w,) results directly from computation (model tests may 
be used to obtain hydrodynamic coefficients). Towing- 
tank tests of the type shown in Fig. 10 also result in 
®(w,) directly. If the deterministic approach of Fuchs 
and MacCamy is used, a motion record E(t) results which 

may be converted to ®(w,) by the numerical or analog 
methods described in Section 1-8. The same applies to 
motion measurements at sea and to motion measurements 

in irregular waves in model tanks. In any case, ®(w,) is 
obtainable and the statistics of a single ship-motion pa- 
rameter derive from ®(w,) in accordance with the pro- 
cedure outlined in Section 1-8.6. 

Although not directly pertinent, it would be scarcely 
fitting to end a section dealing with ship-motions spectra 
without showing some typical examples. This obliga- 
tion is fulfilled in Figs. 15 and 16. It should be remem- 
bered that it is incumbent upon the investigator to show 
that such spectra result from stationary, random, Gaus- 
sian processes, before the statistics derived from them 

can be interpreted properly. 
3.6 Cross-Spectrum Analysis. Section 3.5 dealt with 

the analysis of single variables and consequently there was 
no question of phase relationships. However, true insight 
into ship-motion behavior can only be derived through a 
more intimate understanding of how the input spectrum 
(waves) and transfer function combine to produce a ship- 
response spectrum. In this case, one can study as before, 
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Fig.16 Analog-filter computation of pitch spectrum of a liberty 
ship in a state 5 sea (head seas, 4.5 knots) (from Marks and 

Strausser, 1959) 

the effect of the seaway upon the ship in eliciting a motion 
response. In addition, the phase of the response, relative 
to each frequency component of the wave spectrum, can 
be studied. This will depend on the point of wave meas- 
urement so that distances between observation points 
become important. One may also investigate the rela- 
tionship say between heave and pitch, without regard to 
waves. The mechanism for providing information on 
phase as well as amplitude is the cross-spectrum. 

Consider any two ship-motion parameters y(t) and z(¢) 
recorded simultaneously. If, for example 7(t) represents 

the wave input and z(t) represents the ship response to 
y(t), then equation (23) suggests the necessary response 

amplitude operator (here the terminology of St. Denis 
and Pierson is more appropriate than the label “transfer 
function’’). If, however, phase responses are desired, it 

is necessary to consider the response amplitude operator 
and the motion spectrum as complex quantities. 

P,.(w.) = Cy2(w.) + tQye(o.) (30) 

The real part of equation (30) is called the co-spectrum 
and indicates the energy associated with the in-phase 
components of the response, while the imaginary part 1s 
called the quadrature spectrum and indicates the 90-deg 
out-of-phase components of the response. The magni- 
tude of the cross spectrum is the amplitude spectrum 

B(w,) = { [ey(we) ? + [qe(o.) ?} 2? (31) 

and the phase lag is 

e(0,) —tan | tele. | (32) 
Cy2(@,) 

The ratio of the cross spectrum of any two seakeeping 
variables to the scalar wave spectrum together with equa- 
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Fig. 17 Average motions phase angles compared with regular 
wave data (Model 1445, 2.9 fps broad spectrum) (from Dalzell 

and Yamanouchi, 1958) 

tion (30) results in the complex transfer function 

Plo.) = Cy2(@.) ae 1qy:(We) (33) 
E(w.) E(w,) 

The kernel function A;,(7) of Fuchs and MacCamy (16) 

requires the transfer function in the form 

UG AON ate Oey 
E(,) 

while the St. Denis-Pierson transfer function is given 
by 

T;(w,) =a 

Ta.) = (34) 

[ey(@e) ? + [ave(w.) 
[E(w,) ? 

If the wave spectrum E'(w,) and the response spectrum 
®(w,) are measured independently, a transfer fune- 
tion given by equation (29) results. From equations 
(29) and (35) a quantity called the coherency (y,.) is 
defined 

[T,(w,) ? = (35) 

, : [e,.(@,) 2 ae [q,:(w.) }? yA 
Tyz 

EH (o¢) P(w,) 
a 

where /(w,) and ®(w,) are the energy spectra computed 

from y(t) and z(t), respectively. The coherency is a 
measure of the linear dependence of two trigonometric 
components of the same frequency in two spectra and de- 
termines whether the system being studied is indeed 
linear. At the suggestion of Pierson, Dalzell examined 
the effect on coherency of increasing the number of 
spectral estimates. The result was an increase in co- 

herency between signals which had by their nature sug- 
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Fig. 18 Coherencies (Model 1445, 2.9 fps broad spectrum) 
(from Dalzell and Yamanouchi, 1958) 

gested a strong linear relationship but which had showed 
low coherencies originally. These results are, as yet, 
unpublished. 

Pierson (1957) has shown that theoretically y = 1 for 

the long-crested case but that in the short-crested case 
complications arise because the same frequency of en- 
counter can result in quite different phases in the re- 
sponse, depending on the relative angle with which the 
different wave trains encounter the ship. In general, 
when c is large and q is small, the same frequency com- 
ponents are in phase. When c¢ is small and q is large, 
they are 90 deg out of phase. When c = gq, the com- 
ponents are 45 deg out of phase. 

Dalzell and Yamanouchi (1958) studied the phase 
relationships between waves at the midship section of 

a model and heave or pitch. The result for the aver- 
age of six tests is shown in Fig. 17 where zero phase 
means maximum pitch up at the bow or maximum up- 

heave when the wave crest is at the midship section. 
Phase lag means that maximum motion occurred after 
the wave crest reached the midship section. Comparison 
between phase relationships obtained in regular and ir- 
regular wave experiments shows good agreement. 

Dalzell and Yamanouchi (1958) also plotted the coher- 
ency (y) between the parameters just discussed and these 
are shown in Fig. 18. If y > 0.85 is used as the limiting 

criterion for a linear system, it is seen that heave-pitch 
fails at the very low and very high frequencies while wave- 
heave and wave-pitch fail in a large part of the fre- 
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quency range. Dalzell and Yamanouchi offer these pos- 
sible reasons for y < 1: 

“(a) Experimental effects such as the surging of the 

model. 
“(b) The possibility of short-crestedness resulting 

from tank side reflections. 
“(e) The shape of the tank section. 
“(d) Noise in the records and the effect of the smooth- 

ing process and other computational error. 
“(e) Possible minor nonlinear effects in responses.” 

In other words the coherency for any frequency will 
be less than 1, if: 

(a) The ratio of the amplitude of that frequency com- 
ponent in y(t) to the amplitude of the same frequency 
component in 2(t) is not constant throughout the record. 

(b) The phase relationship, at that frequency, be- 
tween y(t) and z(t) is not constant throughout the record. 

(c) Noise is present in either y(t) or z(t) at that fre- 

quency. 

The measure of coherence between two seakeeping 
parameters is perhaps the single most important con- 

tribution of cross-spectrum analysis. If linearity 
(through coherency) cannot be confirmed in model tanks, 

either the superposition theory for long-crested waves 
is in grave doubt, or the towing tank as a reliable test 
medium is questionable. Tests similar to those of 
Dalzell and Yamanouchi are being conducted independ- 
ently at the Taylor Model Basin, where the tank section 
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is wider and deeper, in order to eliminate the possible 
difficulties set forth in items (b) and (ce). 

This discussion of cross spectra would not be complete 
without some examples: Fig. 19 shows the co- and quad- 
rature spectra for wave (amidships) and pitch of a model 
in irregular long-crested seas. The same frequency com- 
ponents are in phase for the lower frequencies; above 

10, they are 45 deg out of phase. The wave-heave 

relationship; for the same model is shown in Fig. 20 
where the same frequencies are generally in phase up to 
w = 8.8, equation (32), where they are 45 deg out. of 

i — 

phase. The phase difference increases to 90 deg at w = 
10. 

3.61 Covariance-digital method. The popular digital 
method of cross-spectrum analysis is an extension of the 
autocovariance—Fourier transform method outlined in 
Sections 1-8.3 and 8.4. Consider any two seakeeping 
parameters y(t) and z(t); the covariance function is 
given by the convolution integral 

et | ty 
R,.(7) = lim al y(t) 2(t + r)dt (37) 

Toolao 

and the cross-spectral density function becomes 

1 = 
®,.(we) = ae il Jie Gaiam her (38) 

Where #,.(7) is now an odd function and the cross spec- 
trum is written in complex notation according to (30). 
When (38) is combined with (30) the resulting co- and 
quadrature spectra are 

Cy:(@,) = 2 ie (Bx 4 eto) COS wet dr 
0 

(39) 
oo a) a a 

! i) (Belo = Beton) sin w,7 dr 
m Jo 2 

For the digital process, where simultaneous equally 

Qyz (w,) Gast 
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spaced points provide the data for analysis, the ap- 
proximate covariance functions associated with the co- 
and quadrature spectra are given by 

a Sp S_, 
» 2 

(40) 
(sige ae an Se 

P 9 

F, and G, are the digital forms for the expressions inside 
the parentheses of equation (39). 

where 
9 N-p>b Z 

S — — t Z t > 

> N-p >» Yt) Alot) 

(41) 
' 2) 4S? ) Z(t) 

Ss., == Ea i Pp N-p >» y( me) ( q 

The raw estimates of the cross spectrum are then given 
by 

m—l1 

Tees @ 119 eS Bc a oe rh) 
m = m 

(42) 
1 m—1 Tp 

Liq.) = — (« +2 >> G, sin — ie G,, sin rh) 
; m =a m 

The rough estimates are smoothed according to equa- 
tion ree 

Or Qyz Jo = 0.5 Io aE 0.5 Ly 

Gr he - = 0.25 L,1 + 0.5 LD, + 0.25 Dy 

U(Cye Gam = 0.5 Da + 0.5 D 

3.62 Analog methods. The analog-filter method of 
analysis in which a seakeeping parameter is recorded in 
the form of a fluctuating voltage signal on magnetic tape 
has been discussed in Section 1-8.5. The extension to 
cross-spectrum analysis of two signals is quite similar. 
Each signal is scanned simultaneously and separately 
by identical filters. The outputs of these filters are in 
one instance multiplied to yield the co-spectrum and at 
the same time the output of one filter is phase shifted 90 
deg and then multiplied by the output of the other filter 
to yield the quadrature spectrum. This is analogous to 
the cosine and sine transformations in (39). The clear- 
est description of this procedure was given by Smith 
(1955) and his paper is included as Appendix D. The 
difficulties associated with this method concern the 
matching of filters and the electronics associated with 
phase shifting. 

Another (rather unique) method involves the use of one 

filter and the sum of the input signals as recorded as well 
as the sum of one signal and the derivative (or integral) of 
the other. Consider the simultaneous sum of the two 
signals y(t) and z(t). The covariance function of such a 
record is 

(43) 
m 

= lim 
Too 

i pes 
R(r) = { MOM) NOCeeeone Bir eae 

T Jo 
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a ee a [y(t) y(t + 7) + 2(t)e(t + 7) 

+ z(t) yt + 7) + 2+ 7) y(t)|dt (44) 

The Fourier transform of R,+-(7) results in 

D4(0,) = G,(o,) + 2.(o,) = 2¢,,(,) (45) 
In a similar fashion, the Fourier transform of the covari- 

ance of the sum of one signal and the derivative (or in- 
tegral) of the other is: 
Differentiation 

P,4: (w,) = = ®,( ,) ar Wes ®.(w,) =F (2/wWe) dy+2(We) 

Integration 

®,4r.(w,) = B,(w,) + (1/we”) B.(w,) + (2/we)g,+(w.) (46) 

If then, the spectra of the two signals are determined 
separately and subtracted from (45) and (46) the result is 
the co- and quadrature spectra, respectively (after their 
coefficients are cancelled). The price of eliminating 
matched filters and phase shifting is the additional time 
required to make the foregoing four analyses. Such a 
method is the basis of a cross-spectrum analyzer reported 
by Chadwick and Chang (1957). Tucker (1950, 1952) 
reported on a photoelectric correlation meter based on 
somewhat the same principle. 

The literature abounds with papers on spectra and 
cross-spectra. To start the reader off, some current 
works will be cited that quite well cover the field of spec- 
trum analysis. The reader can follow his own inclina- 
tion from the many references given in each of these 
papers: Liepmann (1952); Press and Houbolt (1955); 
Press and Tukey (1956); Rosenblatt (1955); Goodman 
(1-1957); Pierson (1957). 

Generalized harmonic analysis is treated well in the 
following books: 

H. M. James, W. B. Nichols, and R. 8. Phillips, 

“Theory of Servo-Mechanisms,’”’ McGraw-Hill Book 

Co., 1947. 
H. 8. Tsien, “Engineering Cybernatics,”’ 

Hill Book Co., 1954. 
J. Haleombe Laning, Jr. and Richard H. Battin, 

“Random Processes in Automatic Control,’’ McGraw- 
Hill Book Co., 1956. 

3.7. Rolling of Ships in Natural Irregular Waves. 

The only material on spectral analysis of ship rolling in 
irregular waves can be found in papers by Cartwright and 
Rydill (1957); Kato, Motora and Ishikawa (1957); 
and Voznessensky and Firsoff (1957). 

Kato, Motora, and Ishikawa experimented with the 
rolling of a ship model in natural beam waves and wind. 
The model 2m (6.55 ft) long was placed about 100 ft off- 
shore in water about 10 ft deep. The model was re- 
strained by strings and springs to remain in a fixed posi- 
tion. Wave height, model roll angles, and wind-speed 
fluctuation were recorded. The model’s natural rolling 
period was varied by changing ballast disposition. The 
response-amplitude operators (the real parts of the fre- 

McGraw- 
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Fig. 21 Energy spectra of a ship model’s rolling in natural ir- 
regular waves. Results of direct analysis of rolling records are 
shown by dotted lines. Results of wave-energy spectrum multi- 
plied by model’s frequency-response functions are shown by 

solid lines 

quency-response function) were measured in a towing 
tank. Fig. 21 shows the comparison of the spectra ob- 
tained by analysis of the model’s rolling with the spectra 
computed on the basis of wave spectra and frequency- 
response functions. The over-all agreement is very 
good, although there are certain differences in the forms 
of the spectra. In particular, the lower two diagrams in- 
dicate that the spectrum of actual motion is more nar- 
rowly concentrated around the natural frequency than 
has been indicated by the linear superposition theory. 
As far as the mean amplitude of the '/3 highest rolls is 
concerned, the agreement was excellent as shown by 
citation of the five cases in Table 2. 

Table 2 Rolling Amplitude Obtained 

By actual By com- 
measurement, putation, 

Case deg deg 
il 12.4 1325) 
2 Weed, 11.6 
3 18.9 20.6 
4 10.9 11.3 
5 17.8 18.3 

Attention should be called to the fact that the ex- 
cellent agreement shown in Table 2 was for the predic- 
tion of average ship rolling which is based on the spectral 
area (zero moment). Were the inverse problem at- 
tempted, that of evaluating ship-response functions from 
the wave and rolling records, the results would have been 
quite unsatisfactory. This is evident from a comparison 
of the ordinates of the solid and dotted lines at various 
specific frequencies. Heavy damping in heaving and 

pitching motions made the inverse problem practical 
as far as those modes were concerned. It appears to the 
author that the inadequacies of the superposition theory 
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make solution of this inverse problem impossible in 
rolling. 

It should be emphasized, furthermore, that the fore- 
going experiments were limited to beam seas, zero for- 

ward speed, and artificially restrained model. The 
method of calculations used, which was based on St. 
Denis and Pierson (1953), cannot be expected to apply to 
a ship at sea with forward speed and in oblique wave di- 
rections. Under these conditions the rolling of a ship 
will be excited by: 

1 Direct wave action. 
2 Ship yawing caused by waves and wind, 
3 Rudder action. 
4 Rolling moment caused by wind. 
Although rudder movements are made in response to 

wave and wind yawing disturbances, they are not 
uniquely connected with these. A certain indetermined 
response function is involved here. Furthermore, the 
rudder causes not only a yawing moment but also a 
lateral force. Analyses of ships’ turning indicate the im- 

portance of considering this lateral force in the balance 
of forees and moments. 

Kxato, Motora, and Ishikawa provided some data on the 
rolling due to wind. They indicated that if wind and 
waves were not correlated, the rolling excited by each 
could be computed and the results of both added to- 
gether. Under storm conditions, however, one should 
expect a certain correlation between waves and wind.' 

If an attempt were made to derive frequency-response 
functions from wave and ship-rolling records alone, the 
motion resulting from several separate causes would be 
artificially attributed to one. It appears to be clear that 

no consistent results could be expected under these condi- 
tions. In this connection, attention should be called to 
the fact that Press and Tukey (1956, equations 45 and 46) 
indicated briefly a method of cross-spectral analysis for 
multiple disturbances. Within the author’s knowledge, 
this method has not yet been applied to the analysis of a 
ship’s rolling. 
A certain confirmation of the difficulties with rolling 

(which may have been caused by transient and multiple 
responses) can be found in the paper by Cartwright and 
Rydill (1956). These authors applied cross-spectral 
analysis to the ship’s pitching and rolling records in con- 
junction with wave records and compared the resultant 
responses with theoretically computed ones. In this 
comparison, the derived pitching amplitude responses 
either agreed with or showed a systematic deviation from 
theoretical curves with a reasonable scatter of data. 
The derived rolling amplitude responses, on the other 
hand, scattered widely and irregularly about theoreti- 
cally computed curves and “agreement” could be estab- 

16 The reader will find the wind-tunnel data on side force and 
heeling moments acting on several ships in steady side wind in the 
paper by Kinoshita and Okada (1957). Kato, Motora, and 
Ishikawa (1957) established the near-Gaussian distribution of 
wind pressure. Firsoff and Fedyaevsky (1957) developed theo- 
retical formulas and furnished necessary empirical coefficients for 
calculating the impulsive lateral force and heeling moment caused 
by a sudden change of wind velocity and direction. The data on 
gust distribution in storms are, however, still lacking. 
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lished only in the broadest sense of a mean order of mag- 
nitude and of tendency to maximum at synchronism. 

3.71 Work of Voznessensky and Firsoff. In the pre- 

ceding sections, a particular ship’s response to a specifi- 
cally defined seaway was discussed. Voznessensky and 
Firsoff (1957) on the other hand, treated typical forms of 
seaway and the rolling responses of typical ships. Voz- 

nessensky and Firsoff’s definition of the sea spectrum was 

discussed in Section 1-6.6. The form of scalar wave 
energy spectrum was defined by two parameters a and 8 
asa function of the total spectrum area or, in other words, 
in terms of the significant wave height. The frequency- 
response function in rolling was taken to be that of a 
simple harmonic oscillator in terms of the damping coef- 
ficient and the ship’s natural frequency in roll. To equa- 
tion (23) was applied a corrective factor which took into 

account short-crestedness of the sea and also the reduct- 
tion of the true frequency-response function in very short 
waves. Formulas and curves were given for estimating 
all factors needed for computations. Finally a ship’s 
rolling amplitude in waves of a specified significant height 

was predicted. Application to six ships showed this pre- 
diction to hold within 25 per cent of the observed value. 
The main cause of the differences is the variability of the 
sea form (i.e., variability of parameters a and 8) within 

a given significant wave-height specification. 
The particular value of Voznessensky and _ Firsoff’s 

(1957) paper appears to he in its presentation of a very 
large amount of sea data obtained by instrumentation 

and in the classification of the data in terms of two 
parameters as a function of the significant wave height. 
Another valuable step is the introduction of a correction 
factor for transition from an idealized scalar spectrum to 
the true sea conditions. 

The shortcomings of the method lie in failure to con- 
nect the sea state parameters a and 8 with wind condition 

and in the uniformity of the characteristics of all ships 
used in the analysis. 

The latter remark can be amplified by a_ historical 
sketch. At the beginning of the steamship era, ships 
were built with excessive metacentric height and very 
short rolling period. Possibly an extreme example is the 
SS Great Eastern with its displacement of 22,500 tons and 
rolling period of 6 see (Dugan, 1953; Wm. Froude, 1861). 
Ships of this type would roll heavily when hove-to head- 
oninastorm. Later, the advantages of a low metacen- 

tric height and a long rolling period (up to 20 sec) were 
demonstrated, both theoretically and by sea observations 

(Wm. Froude 1861; Méckel, 1941). Rolling of ships of 
this kind was treated by Manning (1942), and it was 
found that the most critical condition occurred in quar- 
tering seas. Lately, there has been a tendency to in- 
crease the metacentric height and shorten the rolling 
period. A rolling period of about 12 sec has become 
typical for ships of 60 to 70 ft beam. These ships roll 
most heavily in a sea from approximately beam direc- 

tion. Voznessensky and Firsoff’s treatment was limited 
to these conditions. 

The loading of cargo ships, however, varies widely and 
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excessively short periods of rolling are frequently en- 
countered (Patterson, 1955). Investigations of ship 

rolling should not be limited, therefore, to beam seas but 

should aim at universality. 

4 Model Tests in Waves 

Many towing tanks were equipped at an early date with 
devices for generating regular waves. Model experi- 
ments in waves were conducted by R. E. Froude (1905), 

Kent (1922, 1926), Kempf (1934, 1936) and many others. 

Since only long narrow tanks were available, tests were 
limited to head or following regular waves. Kent also 
experimented with an irregular sea generated by manu- 
ally changing the wave-maker speed, without specifically 
defining the nature of the resultant irregularity. 

For a long time no attempt was made to compare the 
test results of various tanks. The need for such a com- 
parison was finally realized, and a program for action was 
devised at the Sixth International Towing Tank Con- 
ference in Washington in 1951. Results of the experi- 
ments in the various tanks on a model of the series 60, 
0.60 block coefficient hull were collected and reported by 
Vedeler (1955a) at the Seventh International Conference 

on Ship Hydrodynamics in Norway, Denmark and 
Sweden. The data obtained in the different towing tanks 
for regular head waves demonstrated very poor agree- 
ment in amplitude of pitching motions and sometimes 
even in the frequency at which synchronism was ob- 
tained. Subsequently, a task group was formed under 
the auspices of the Seakeeping Characteristics Panel of 
Hydrodynamics Committee of The Society of Naval 
Architects and Marine Engineers in order to organize a 
new series of comparative tests in small tanks in the 
United States. Again a series 60, 0.60 block coefficient 
model was used, one 5 ft long. The results of these tests 
were reported by Abkowitz (1956a, 1957d) at the Elev- 
enth American Towing Tank Conference and at the 
Bighth International Towing Tank Conference in Ma- 
drid. A satisfactory degree of agreement among the four 
participating tanks was obtained at higher speeds." 
The comparison included amplitudes of heaving as well 
as of pitching. The most important sources of previ- 
ously encountered discrepancies were found to be the ir- 
regularity and uncertainty of the wave amplitude and the 
lack of precision in recording the data. The improved 
agreement, compared to the poor international one, re- 
sulted from improved wave generation, improved wave- 
height recording and because the results were referred to 
the wave height actually measured rather than to the 
nominal, specified wave. The recording apparatuses also 

were improved, and more painstaking care was used in 
conducting the experiments. 

At lower speeds (roughly below 1.5 fps for a 5-ft model) 
the data appear to be affected by wave reflections from 
tank walls. Comparative tests in a conventional narrow 
tank and a newly available wide tank are planned. 

7 At speeds above the synchronous one in wave length equal to 
ship length. 
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4.1. Towing Tanks and Equipment. ‘Towing tanks 

first were built for the purpose of measuring resistance 
and propulsion characteristics. Since these are affected 
by model seale, tanks and models as large as possible 
were used. Models 16 ft long were considered the small- 
est acceptable. It was subsequently shown by David- 

son (1936) that, by using artificial turbulence stimula- 

tion, satisfactory results also can be obtained in smaller 
tanks, with models 5 ft long, or even smaller depending on 
the type of ship. Since then a fairly large number of 
small towing tanks have been constructed and operated 
throughout the world. These tanks have been particu- 
larly active and useful during the recent upsurge of in- 
terest in the behavior of shipsin waves. As early as 1861, 
W. Froude showed that wave-making was a primary 
cause of energy dissipation and damping in rolling of 
ships, thus indicating that viscous forces are secondary. 
As a result of all comparisons of test results with calcula- 
tions based on the potential theory, it appears clear that 
potential hydrodynamic forces predominate strongly. 
This being the case, small models can be expected to 
give as good results as large ones in the investigation of 
ship motions, certainly as far as heaving and pitching 
are concerned since these depend primarily on the shape 
of the hull itself and not on appendages. The only 
direct experimental studies in this connection were made 
by Szebehely, Bledsoe, and Stefun (1956) and by Ger- 
ritsma (1957b). Their work appears to corroborate 
the foregoing statements, but is not extensive enough 
to be conclusive. 

Probably the earliest data on model motions from 
small tanks were obtained at Newport News Shipbuild- 
ing and Dry Dock Company. Results were published 
by Hancock (1948) and Niedermair (1951). Recently 
a large amount of research in waves has been conducted 
in a 140-ft towing tank at the David Taylor Model 

Basin (Todd, 1954), a 100-ft tank at Stevens Institute 

of Technology (various papers by E. V. Lewis), a 100- 
ft tank at Massachusetts Institute of Technology 
(Abkowitz and Paulling, 1953), and a 200-ft tank at the 

University of California (Pauling, 1955). 
Towing tanks generally can be divided into two classes, 

according to method used to tow a model. One is by 
carriage and the other by means of a long cord and a 
falling weight. Recent descriptions of the latter type 
were given by Todd (1954) and by Abkowitz and Paull- 
ing (1953). Model motions in such cases usually are 
obtained by analysis of a series of photographs. Ab- 
kowitz (1956b) described a method of recording pitch- 
ing by using gyros in the model. Tanks using carriages 
have the advantage of a plane of reference. Motions 
are recorded either mechanically or more often by using 
electric pick-ups at the model and recording galvanom- 
eters on the carriage or on shore. The apparatus is 

designed to permit freedom of a model in surging, 
heaving and pitching, while restraining it in yaw and 
preventing it from rolling. Descriptions of this type of 
apparatus have been given by F. H. Todd (1954), 
Korvin-Kroukovsky (1954), Pauling (1956) and Ger- 

ritsma (1957a). 
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A self-propelled model may be left completely tree to 

surge, but usually the model has to be towed so that a 
certain degree of restraint is present. In the apparatus 

described by Todd, Itorvin-Kroukovsky, and Paulling 
only a short cord, two pulleys and a weight equal to 

model resistance were used, providing a minimum. of 
inertial or frictional restraint. However, occasionally 
it Is necessary to use light springs to limit excessive drift- 
ing of the model due to unbalance between towing weight 
and resistance. In systems using towing weights at 
the ends of the tank and a long towing cord, the masses 
involved are larger and the cord connecting them to the 
model has a certain degree of elasticity. Sibul (1956) 

and Reiss (1956) have shown that in certain cases par- 
tial, and particularly elastic, restraint of a model in surg- 
ing may seriously affect the record of model motion. 
This happens, however, only at certain model speeds or 
frequencies of wave encounter. 

Additional measuring instruments also may be in- 
stalled in the model itself. E. V. Lewis (1954a, 19566) 
described the apparatus and the procedure for measur- 
ing bending moments acting on a ship model in waves. 

4.2 Tanks for Tests in Oblique Waves. Until  re- 
cently only tests in head or following seas were possible 
because of the long and narrow tanks originally designed 
for resistance testing. During the past 4+ years there has 
been some activity on the design and construction of 

towing tanks in which models can be tested in oblique 
waves. Five such facilities exist or are under con- 

struction at the time of writing. The first fully equipped 
one in operation is at Wageningen, Holland (van Lam- 

meren and Vossers, 1955; van Lammeren, 1957). 

Seaplane and ship models had been tested earlier in 
oblique waves in an outdoor pool (Schulz, 1954), but the 
model guidance means and the recording system used 
at that time are not believed to have been of sufficient 
precision to permit valuable quantitative measure- 
ments.!8 Next such a facility was constructed at the 
Davidson Laboratory (ETT) of Stevens Institute of 
Technology (E. V. Lewis, 1956a). Two very large in- 
stallations are being built at the David Taylor Model 
Basin (Brownell, 1956; F. M. Todd 1957 NSMB 

Symp.) and at the Admiralty Experiment Works, 

Haslar, England. 

4.3. Wave Generation. Many types of wave-making 
machines have been used in towing tanks with essen- 
tially equal success. Some of these were described by 
Kent (1922), Abkowitz and Paulling (1953), Caldwell 
(1954), Bisel (1954) and Allen (1957). Waves of un- 

usually good regularity are produced by wave-makers of 

the pneumatic type (Todd 1954; Brownell, Asling and 
Marks, 1956; Gerritsma, 1957a). Until recently only 
(nominally) regular waves were produced, the degree of 
regularity depending on the design and the condition 
of the wave-maker, its control system, and the shape of 

the tank. These often left much to be desired.  In- 
terest in producing irregular waves in towing tanks arose 

18 These have since been improved but apparently no new de- 
scriptions of the facilities have been published. 
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after the publication of a paper by St. Denis and Pierson 
(1953) on ship motions in irregular waves. At the same 
time, the definitions of sea-wave energy spectrum by 

Darbyshire and Neumann (see Chapter 1) indicated that 
irregular waves cannot be taken as mere disorderliness 
of wave motion, but must contain definite statistical 
characteristics. Artificially produced irregular waves 

must have the type of energy spectrum found at sea. 

Working with a plunger type of wave-maker, E. VY. 
Lewis (1955 and 1956b) produced irregular waves by 
varying the potential supplied to the driving motor from 
stroke to stroke by means of a mechanically driven step 
switch. The connections of 25 alternate potentials were 
arranged randomly and the resultant waves were found 
by analysis to resemble a partially developed Neumann 
spectrum (Lewis and Numata, 1956). Although the 
electric potential was varied step-wise, by the time the 
motor was accelerated or decelerated and by the time 
the waves were generated, the spectrum became con- 
tinuous. When a fixed stroke of the plunger is used, 
the amplitudes of short waves become excessive. This 
is corrected by the use of light plastic foam floats, so 
proportioned as to act as filters attenuating short waves, 
while having little effect on the long ones. In E. V. 
Lewis’ work, waves were produced of spectra similar to 
typical irregular sea spectra. Fuchs (1956), on the 
other hand, attempted to reproduce a specific wave 
pattern obtained from a sea record. 

The waves just described have parallel crests normal 
to the tank length, and are irregular only in the sense 
of periods and amplitude variation. Such waves us- 
ually are referred to as ‘“‘long-crested”’ and approximate 
the so-called regular swells in Nature, which in reality 
are never regular. The normal wind-produced sea is 
“short-crested” and is visualized as composed of wave 
components of many directions. The generation of 
such waves in rectangular or square tanks now becomes 

of interest. A brief summary of this process of wave 
generation was given by Marks (1956). 

4.4 The Nature of Activity in Towing Tank Testing 

in Oblique Seas. In the foregoing paragraphs reference 
was made to descriptions of equipment used for model 

testing in oblique and irregular waves. These are now 
becoming available for commercial use and _ research. 
Literature on contemplated types of testing and on or- 

ganization of research activities in these tanks however, 
is alarmingly meager. The only publications in this field 

appear to be those of Korvin-Kroukovsky and Lewis 

(1955a) and E. V. Lewis (1956d). Newton (1957) pre- 

sented a formal discussion at the Eighth International 

Towing Tank Conference. Discussions of prospective 

testing activity are valuable in stimulating research and in 

eliminating pitfalls which are encountered in model testing 

in waves. Such discussions also will improve interpreta- 

tion of test data. In this connection a determined effort 

should be made to advance the three-dimensional theory 

of ship motions, 1.e., in six or seven (with rudder) degrees 

of freedom, in order to prevent errors and to assist in the 
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interpretation of results. 
for valuable achievement. 

The activity of oblique-wave towing tanks can be 
broadly divided into: 

1 Tests in which the model behavior is assumed to 
represent directly the ship motions at sea. 

2 Tests made in connection with the development 
and application of a ship motion theory. 

4.41 Tests of practical nature; conditions of simi- 

larity. This heading is used for brevity to cover tests 
in which the model behavior is considered to represent 
directly the ship motions at sea. While this definition 
eliminates use of theoretical calculations beyond the 
usual reduction of test data, the theory of multimode 
ship motions must be kept in mind for the proper design 
of experiments and in the interpretation of the data. 
Because of the current lack of a sufficiently developed 
theory, “practical” tests probably will predominate in 
towing-tank activity in the near future, as has been 

emphasized by Newton (1957). For want of a developed 
theory also the following discussion must be limited to 
qualitative and intuitive aspects. 

If the model behavior is to represent ship motions cor- 
rectly, a complete similarity of ambient conditions must 
be provided. Lack of a workable theory makes it im- 
possible to apply corrections for deviations of model 
test conditions from true ship conditions. In addition 
to the traditional conditions, the law of similarity applies 
to the following factors (in growing order of importance) : 
(a) Mass distribution; (b) Rudder control; (c) Wave 

structure. 

The proper scaling of weights and of moments of 
inertia has always been observed in towing tanks. In 
connection with tests in oblique waves it becomes neces- 
sary also to observe the proper orientation of the prin- 
cipal axes of inertia. The major practical difhculty 
here probably is the securing of sufficiently detailed 
information on the mass distribution in actual ships. 

The powerful yaw-roll coupling of ships makes it 
necessary to observe similarity of rudder control used 
to maintain a model and a ship on course. In the 
theoretical literature the rudder-control function is 
usually described in the form 6 = 6 (SYydt, ¥, ¥, W), 
in which a limited number of the functions is chosen. 
It has been recommended (Dalman and Vossers, 1957) 
that such a control be used in model tests. While this 
may give a realistic control presentation for future 
ships, it is not realistic for most contemporary ships. 
It appears that the current practice at sea is to shift to 
manual control even in slightly rough seas because of 
imperfections of the automatic steering devices. It 
becomes important, therefore, to investigate empirically 
properties of commonly used manual steering and meth- 
ods of reproducing it in a model. Conceivably this can 
be accomplished by a suitable application of statistical 
theory. Simultaneously obtained records of a ship’s 
yawing and rudder motions are needed as basic material 
for such a study. 

It is evident that towing-tank waves must correspond 

There are many possibilities 
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closely to typical sea waves in Nature. These are 
invariably irregular and = short-crested. The first  re- 
quirement is to have available quantitative data on 
natural seas; it has been shown in Chapter 1 that such 

data are meager and uncertain. The directional wave 
spectra are required.'’ There is evidently no such thing 
as a single typical sea. A towing tank must possess “a 
library” of typical seas. A convention as to the charac- 
teristics of these laboratory “ must be established 
to make possible a comparison of test results of different 
laboratories. It appears that such data on seas as are 
available at present have not been given sufficient atten- 
tion in the construction of towing tanks. Several tanks 
have provided facilities for generation of waves in two 

mutually perpendicular directions, but have not con- 
sidered such directional wave spectra as have been 

measured at sea to date. 
Short-crestedness and irregularity of long-crested 

waves are both particularly important in determining 
a ship’s rolling and yawing characteristics. It is well 
known that due to low damping in roll the ship’s re- 
sponse has a sharp peak. In other words a ship acts as 
a narrow-pass filter in regard to its response to excita- 
tions in roll. In an irregular sea a ship responds pri- 
marily to the excitation near its natural frequency, 
and rollmg has a narrow normal period distribution 
around the natural period of a ship. This is usually 
quite different from the period of pitch. In model 
tests made in regular oblique waves, an artificial con- 
dition is imposed on the model: 1.e., it 1s forced to roll 
and pitch regularly with the same period. Because of 

the strong coupling influences on rolling of other modes 
of motion, there is apparently no practical way of 
estimating a ship’s behavior in irregular short-crested 
seas from tests made in long-crested regular ones. 
Certain theoretical methods, to be described in the next 
section, are too laborious for practical use and do not 
give sufficiently complete information. 

In connection with the foregoing remarks, the ob- 

jectives of work in oblique seas should be stated. There 
is little doubt that irregular head seas produce the most 
critical conditions for ship behavior connected with 
pitching and heaving; 1.e., vertical accelerations, ship- 

ping water, slamming and vertical bending moments. 
These can be determined generally in conventional nar- 
row tanks. Wide tanks will provide more reliable data 

for below-synchronism speeds, but need no further dis- 
cussion in this connection. It appears to the author 

that the research in oblique waves must be oriented 
primarily to an investigation of the rolling and steering 
characteristics of ships, and, connected with it, lateral 

bending moments. These motions are strongly in- 
fluenced by both the cross couplings and the short- 
crestedness of the sea. Cross couplings define the 
dangerous pitch-yaw-roll motion in near-broaching condi- 
tion, and short-crestedness, probably in conjunction with 
the yaw-roll coupling, defines a ship’s rolling in bow seas. 

” 

seas 

19 Various methods of measuring directional spectra of sea waves 
were discussed in Chapter 1, and these are also applicable to tow- 
ing tanks. The author considers Barber’s method to be the most 
practical. 

181 

4.42 Tests connected with theory development and 
application. ‘The development of a theory for multi- 
mode ship motions is necessary : 

(a) To permit reliable interpretation of test data. 
(b) To permit generalization of the test data to 

ship forms and sea conditions other than those covered 
by laboratory tests. 

A comparison of two ship models in identical wave con- 
ditions is one of the most useful types of practical tests. 
Any action taken to improve the inferior model is, how- 
ever, based on intuition. Equations (12) show that a 

ship’s behavior is governed by 108 derivatives, plus a 
complicated mass distribution effect, plus the exciting 
forces. Even if it were assumed that only a few of these 
discrete characteristics are significant, the effects of the 
significant ones are still too numerous for the human mind 

to trace empirically. The judgment of a naval architect 
would be facilitated and made more reliable were a sam- 

ple of theoretically computed motion available as a 
guide. Provision of such a sample generally requires 
the theoretical calculations and their verification by a 
towing tank test. Test data on a typical ship” in long- 
crested oblique seas would be useful here. Tests should 
be made in regular and irregular seas. Additional tests 
in short-crested irregular seas are desirable in order 
to bring out the different effects of these three wave 
conditions. By using a linear theory, Rydill (1959) 
indicated that two most critical conditions as far as the 
rudder control is concerned occur with waves propagating 
towards a ship at 60 deg from the bow and 45 deg from 
the stern. The author suspects that a much smaller 
angle from the stern may prove to be most critical if the 
bow submersion were taken into account. The set of 

tests, just outlined, will provide most useful experimental 
material to stimulate theoretical activity and to verify 
its conclusions. In this particular test series, it is not 
important how typical of an actual sea the wave con- 
ditions are; the primary requirement is that towing- 
tank wave characteristics be completely and correctly 
reported. 

Evaluation of the second, quasi-rational, theoretical 

approach suggested in Section 2.33(a) also appears to be 
desirable. This will require an additional series of tests 
in which a model will be restrained from rolling but left 
free in all other respects. Restraint in surging does not 
appear to be possible without interference with other 
motion modes. While rolling motion is restricted, the 
rolling moments can be measured. This will provide 
data for the design of stabilization devices and also will 

provide the verification of a theoretical evaluation of 
rolling moments with all coupling effects taken into ac- 
count in the second project of Section 2.33(a). 

(a) Measurements of hydrodynamic forces and mo- 

ments. The exciting forces and moments exerted by 
waves, as well as the derivatives in equations (12), (13) 

and (14), can in principle be evaluated by a series of 

2 A series of 60, 0.60 block coefficient model has recently been 
investigated with regard to heaving and pitching in head seas. 
It would be desirable to continue with the investigation of its 
properties in oblique waves. 
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model tests in regular long-crested waves using suitable 

restraints and oscillating devices. This procedure will 
be an elaboration of the one used for heaving and pitch- 
ing motions by Haskind and Riman, Golovato, and Ger- 
ritsma. Extending these measurements to all param- 
eters involved in equations (12) would be a very large 
undertaking of questionable usefulness. It is the author’s 
opinion that this work should be preceded by a step-by- 

step integration of equations (12) based on the best 

available theoretical estimates (however crude) of the 

parameters. Further theoretical and experimental work 
can then be directed towards a more complete evaluation 
of the limited number of parameters of greatest signifi- 

cance. 
(b) Tests connected with a statistical theory. A statisti- 

cal project was described by Marks (1957). In this proj- 
ect a ship’s responses are to be measured in a series ofwave 
lengths and wave directions at a series of forward speeds. 
Ship responses, considered independently in each motion 
mode and combined with the wave directional energy 
spectrum, will give the spectrum of ship motions in each 

particular mode. The average characteristics of each 
mode are then given by the Longuet-Higgins relation- 

ships. The procedure is an exact repetition of the one 
described in Section 3 for heaving and pitching motions 
in irregular long-crested head seas and used by Lewis 
and Numata (1956). It is made, however, more com- 
plicated by consideration of a directional wave spectrum 
which necessitates the use of the “frequency mapping.” 

A few questions arise in connection with this project. 
The necessity of making tests at a series of wave direc- 

tions, in addition to a series of wave lengths and ship 
speeds, makes the experimental program so large that it 
is questionable whether it remains practical. It appears 

to the author that this program can be carried out once 
for the verification of the statistical theory, but that it 

is too cumbersome for either ship-design use or motion 
evaluations under specific weather conditions. The 

method, as described by Marks, may still be valuable 
for computational prediction of ship-behavior char- 
acteristics on the basis of theoretically evaluated re- 
sponses to regular long-crested waves. Once the pro- 
gramming of computations is established, application 
to individual cases may not be laborious. The results 
of computations can be verified by comparison with the 
model test data described in Section 4.41, as well as 

with ship tests at sea. 
The author feels, however, that scientific foundations 

of the procedure described need further investigation. 
In the case of the heaving-pitching motion, the super- 
position principle for ship motions is compatible with 

the linear superposition of velocity potentials on which 

all hydrodynamic forces depend. The nonlinearities ap- 
pear to be of secondary importance in these motions. In 
six-component motions, defined by equation (12), the 

products of velocities are found on the left-hand sides. 
Is their superposition permissible? Apart from mathe- 
matical principles, the practical significance of this 
question depends on the motion mode under considera- 
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tion. In the pitching motion the hydrodynamic forces 
are expected to predominate strongly over the gyro- 
scopic components of inertial forces. The procedure 
described by Marks can be expected, therefore, to give 
good results. In the rolling motion the hydrodynamic 
moments L are small and gyroscopic forces can be ex- 

pected to exert large influence. In the yawing motion, 
sixth of equations (12), there is no restoring force in 
y and the factors (/, - /,) and often p, are large. The 
applicability of Marks’ independent consideration of 
motion modes needs, therefore, further investigation 
in application to rolling and yawing, which are the par- 
ticular characteristics of interest in connection with 
oblique waves. An investigation of the yawing be- 
havior of ship models at large roll amplitudes and short 
rolling periods is desirable in view of the important posi- 
tion of the rolling velocity ¢ = p in the sixth equation 
(12). 
The non-constant behavior of coefficients is much more 

important in the case of yawing (and yaw-induced roll- 
ing) than in the case of pitchin g because the most signifi- 
cant derivatives ON/Ow and ON/ov change their signs 

with bow emergence and submergence (and the opposite 
movements of the stern). This behavior of the coef- 

ficients indicates that linear theory, generally satisfactory 
for pitching, is probably inadequate for yawing. Yet, 
the evaluation of the coupled rolling and yawing char- 
acteristics represents the most important objective of 
model testing in oblique seas. An experimental evalua- 
tion of these aspects of ship-motion theory is needed 
and can be accomplished by applying Marks’ recom- 
mended procedure to the model motions in oblique ir- 
regular long-crested waves at one or two headings, and 
one or two forward speeds. Such a limited test program 
and computations can be carried out easily. 

5 Observations on Ships at Sea 

The bulk of the quantitative information on ship be- 
havior at sea has been obtained by theoretical methods 
and by towing-tank tests. The need of obtaining data 
by observations of actual ships at sea has been felt for 
a long time, but has been difficult to fill. The dif- 
ficulty lies in the technical complexity of recording and 
interpreting the complex motions of a ship at sea, and 
also in the prodigious cost of comprehensive investiga- 
tions. It is presumed that governmental naval research 
establishments, such as the David Taylor Model Basin 
in the United States, the Admiralty Experiment Works 
in England, and the Bassin d’Essais des Carénes in France 
have maintained contact with other naval activities and 
have conducted many trials. Most of their observa- 
tions, however, have not been published and so are not 
available to naval architects in general. Independent 
laboratories have need for a close contact with the opera- 
tion of ships at sea. Steps have been taken to fill this 
need even though only to a limited extent. Thus, J. L. 
Kent (1924, 1927a), of the National Physical Labora- 

tory in England, made research voyages on six ships. 
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G. Kempf and Hans Hoppe (1926) of Hamburgische 
Schiffbau Versuchsanstalt, Hamburg, Germany, took 
observations on a passenger liner. Iurthermore, a 
special division was established at the latter laboratory 
for the specific purpose of collecting data on ships at sea 
(“Sammelstelle fiir Fahrtergebnisse’’). 

Observations aboard ships at sea are made for the pur- 

pose of establishing environmental conditions and 
evaluating a ship’s response to these conditions. The 
first kind consists of quantitative descriptions of wind 
and waves. This subject was treated in Chapter 1 of 
the present monograph. Historically, however, suf- 
ficient oceanographic data had not been amassed in the 
time of Kent and Kempf. The first substantial organ- 
ization of such data by Sverdrup and Munk (1946, 1947) 
took place some 20 years later, and was directed pri- 
marily at the evaluation of swells. Furthermore, the 
changeable nature of the sea requires that there be close 
co-ordination between investigations of wind and waves 

and of ship responses. Therefore, environmental con- 
ditions have formed an important part of all ship ob- 
servations at sea. 

The response of a ship to wind and waves can be con- 
sidered under three headings: 

1 Ship resistance and propulsion characteristics. 
2 Ship motions. 
3 Ship stresses, deflections and vibrations. 
The first will be considered in Chapter 4, the second 

in the present chapter and the third partially in the pres- 
ent chapter, but more completely in Chapter 5. How- 
ever, a complete separation in the discussion of all these 

aspects is not possible. In most tests at sea all are con- 
sidered and usually reported together. Furtbermore, 
taken together, all three aspects define the seagoing 
quality of a ship. 

Treatment of sea observations is divided into: 
(a) A detailed investigation of wind, wave, ship 

motion, and stress phenomena. 
(b) Astatistical tabulation of the data. 
The establishment of a quantitative cause-effect re- 

lationship is sought in the first part. Ship motion is 
evaluated in terms of the wind and waves which cause 
it. Structural loading is evaluated in terms of water 
pressures and ship accelerations. A complete instant- 
by-instant history of ship behavior under certain given 

conditions is the aim of such detailed investigations. 
In the second part, the aim is to establish, on a statis- 

tical basis, quantities which occur in Nature. <A large 

number of simple quantitative observations of a single 
characteristic is collected and presented in the form of 
tables or plots. Data on one characteristic, for example 
pitch angles or stresses in a certain part of a ship, are 
collected independently of another. The only connec- 
tion between recorded quantities of two characteristics 
is that they were recorded simultaneously. Direct 
causal relationships between any two characteristics 
cannot be obtained. Only a general correspondence of 
averages over a given time interval is established. For 
instance, the information may be given in a table show- 
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ing the number of times a certain high bending stress 
was reached in a given period of time during which the 

wind had a certain average or maximum velocity. 
Statistical information is needed in order to establish 

the levels of severity of various sea and ship-behavior 
characteristics with which ship designers and mariners 

must cope. More detailed information is needed for 
design purposes, particularly for establishing the effect 
of a ship’s form on its seakindliness. All characteristics 
of ship behavior at sea are so complex that useful deduc- 
tions can be made only by frequent reference to theore- 
tical work and towing-tank data. Such references are 
found, therefore, in most papers reporting sea observa- 
tions. 

The treatment of sea observations outlined in the fore- 
going is typical of past practice and applies to the ab- 
stracted data presented in the following text. The last 
two paragraphs above, in particular, refer to the “histo- 
grammatic” approach. Of the recently developed 
statistical approach, based on the properties of time 
series, which was described in Section 3, the only pub- 
lished applications to a ship at sea are in Cartwright and 
Rydill (1957) and Cartwright (1957, 1958). This ap- 
proach occupies an intermediate position between the 
two described in this section. While it provides in- 
formation on causal relationships among waves, ship 
form and ship motions, the results are given in the form 
of statistical averages rather than as a detailed history. 

5.1 Observations Considering Sea Action on a Ship: 

5.11 Observations of Kent, Kempf and Hoppe. J. L. 

Kent (1924, 1927a) made six ocean voyages on three 
passenger liners, one express cargo ship and two tankers. 
In 1924 he reported on the methods of measurement and 
the results for four ships under the following headings: 

1 A general description of the observations taken 
and the manner in which they were obtained. 

2 Description of the wind and waves encountered, 
and the effect of the former on the latter. 

3 Analysis of the part played by the weather in 
reducing ship speed under various weather conditions. 

4 Effect of the wind and ship form on steering of 

ships. 
5 Summary of the principal factors causing loss of 

ship speed at sea. 
The data on two passenger liners were reported in 1927 

under the following headings: 
1 Wind speed and wave dimensions. 
2 Speed and power during voyages. 
3 Fine weather propulsion data. 
4 Rough weather propulsion data. 
5 Propeller thrusts. 
6 Weather producing propeller thrusts. 
7 Fluctuation of torque on propeller shafts. 
8 Pitching experienced on both ships. 
9 Rolling experienced on both ships. 

10 Comparison of rolling of the two ships. 
11 Notes on pounding data. 
12. Notes on steering data. 
All of the observations were made by J. L. Kent alone. 
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Fig. 22 Curves of vertical accelerations observed at bow, amid- 
ships, and at stern of SS Hamburg in waves reaching maximum 
heights of 6 m. Ship’s double amplitude of pitching about 12 
deg (from Kempf and Hoppe, 19262). Uppermost part of 

figure is a typical strain diagram 

Mostly standard ship equipment was used. 
pieces of special portable instrumentation were in- 
troduced; namely, an anemometer, an apparatus for 

measuring roll angles by sighting on the horizon, and a 
long-period pendulum for measuring pitch angles. No 

description of the latter was given, but it apparently 
consisted of a suitable recording-pen device and a heavy 
flywheel having a slightly eccentric suspension. The 
pitch angle, therefore, was the only continuously re- 
corded characteristic. Wave data were obtained vis- 
ually, and periods of wave encounter were measured by 
a stop watch. The mean of about five consecutive 
waves was taken and the observations were repeated 
three or four times. 

The ships were equipped with logs for speed measure- 
ments, and all but one were equipped with torque meters 
on the propeller shafts. The only ship without a 
torque meter was run by a reciprocating engine, the 
power of which was estimated from indicator ecards. 

Only a small part of the collected material was pre- 
sented in IXent’s papers. This is also true of practically 

all the other papers which will be diseussed later. It 
is almost impossible to analyze and to report in a paper 
of practical length all of the material which can be col- 

Only three 
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Fig. 23, Maximum pitching and heaving of SS Hamburg under 
wave conditions described in Fig. 22. These waves and ship 
motions caused a reduction of speed from 16.35 to 12 knots 

(from Kempf and Hoppe, 1926) 

lected on a single voyage. In the two papers by Kent 
(1924, 1927a) tables of weather conditions, of ship 
motions, of rudder motions and of power consumption 
were given separately. Different record numbers often 
are used in compiling different tables, so that it is dif- 
ficult for a reader to build a comprehensive picture of 
ship behavior, J. L. Kent’s own interpretations and 
comments are probably the most valuable part of these 
papers. The experience gained by Kent on these six 
voyages was reflected in all subsequent papers listed 
under his name in the bibliography of this monograph. 
The latest published work (IXent, 1950) is a compre- 
hensive summary based on these voyages, on many 
towing-tank tests in waves, and on the elementary 
theory of oscillations. 

Kent’s description of sea waves emphasized the irregu- 
larity of the sea, but his final data were given in terms 
of average wave length, height and period. Ship oscil- 
lations in pitch and in roll were shown to increase to 
maximum and then to decrease with a certain degree of 
regularity. IXent listed the number of individual oscil- 
lations between periodically occurring high motion 
amplitudes. This characteristic also was reported by 
Kempf and Hoppe (1926) who observed that the 
passenger liner Hamburg had its maxima of pitching 
amplitude at about S80-sec intervals. These ‘‘beats’’ 
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Fig. 25 Strain diagram for location 7 at keel (from Kempf and Hoppe, 1926) 

had all the characteristics of a superposition of two oscil- 
lations—one at a regular wave frequency, the other at 
the ship’s own frequency, such as was demonstrated by 
W. Froude (1861) for undamped rolling. Wkempft 
and Kent gave this explanation for the “beats”? observed 
in pitching. However, they considered the average 
wave as the regular one and neglected the heavy damp- 
ing in pitching and heaving. In reality, as has been 
shown since, these “beats” occur in an irregular wave 

formation, and are explained by superposition of many 
wave trains. 

In his work J. L. went also gave data on rudder motions 

and steering characteristics of ships under the influence 
of wind and waves. This is particularly valuable be- 
cause very little data on this subject can be found in 
literature. 
Kempf and Hoppe (1926) measured the SS Ham- 

burg’s speed by a log and visually estimated the average 
wave height and length encountered. The log consisted 
of a body towed by a cable from the end of a pole ex- 
tending a sufficient lateral distance from the side of the 

ship. The speed was obtained from the body drag on 
the basis of previous calibration. The average speed 
given by the log was compared with daily average speeds. 

The instantaneous readings of the log were affected, 

however, by wave impacts and by the ship’s pitching. 
An apparatus for direct measurement of the ship’s 
motions was not available but the pitching and heaving 
motions were defined by accelerometer readings at the 
bow, amidship and stern. The angle of pitch was com- 
puted from the acceleration and the observed period. 
Fig. 22 shows a sample accelerometer record, ilustrat- 
ing an apparent “beat” of 83.5 sec. Fig. 28 gives the 
extreme instantaneous positions of the ship in waves 
which were taken in the analysis to be regular. These 
conditions correspond approximately to synchronism 

between a ship’s natural pitching frequency and the 
frequency of wave encounter. 

Special efforts were made to observe ship deflections 
and strains. The location of the strain gages is shown in 
Fig. 24. Ship deflections were obtained by sighting 

targets at the bow and stern. Fig. 25 shows the varia- 
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tion of keel stresses during one cycle, and also during a 
period of about 270 sec. It can be observed that the 
irregularity of ship-stress variations is similar to the 
irregularity of accelerations. Kempf and Hoppe com- 
mented on the fact that simultaneous measurements of 
strains and accelerations are necessary for a complete 
analysis of ship stresses. However, the means for such 
simultaneous measurements were not available. Table 

Table 3. Range of Stress in Longitudinal Members (from 
Kempf and Hoppe, 1926b) 

Measured 
Maximum, —Maximum at sea from 

Loca- entire Outward Home In £0,9\25) 
tion voyage bound bound port 1926 

1 (750) — 400 — 29.4 
2 1000 (350) 525 750 14.4 
3 (700) = 475 — 26.4 
4 (950) 800 600 — 29.4 
5 (750) —_ 300 — 25.4 
6 850 500 375 500 13.4 
1 600 (150) 275 350 15.4 
8 925 625 450 650 12.4 
9 700 (150) 400 450 16.4 

10 9 9 6.5 = 12.4 

All stresses (item 1 to 9) in kg/em?. 
Item 10—deflections of ship ends in centimeters. 

3 shows the maximum range of stress (hogging plus 
sagging) as measured by Kempf and Hoppe. The authors 
called attention to the fact that the stresses caused by 
different ship loadings while in port are of the same order 
of magnitude as the stresses caused by waves at sea. 
The waves met on this voyage of the SS Hamburg were 
20 ft high and 425 ft long, corresponding to a wind 
strength of 9 on the Beaufort scale. Kempf and Hoppe 
expressed the opinion that these waves and the resultant 
ship stresses represented a degree of severity not likely 
to be greatly exceeded in the ship’s normal service. 

5.12 Voyage of the MS San Francisco. In 1934 Dr. 
Georg Schnadel organized an observational voyage on 
the well-instrumented MS San Francisco. Descriptions 
and results of the voyage were given by several partici- 
pants as follows: 

Schnadel (1936, 1936/37, 1938)—General Descrip- 
tion and Ship Stresses. 

Horn (1936)—Ship Motion and the Instrumentation 
Used in This Connection. 

Weiss (1936)—Instrumentation for Measurement of 

Wave Contours on Sides of a Ship. 
Weinblum and Block (1936)—Stereophotographic 

Measurements of Wave Contours. 
Later the hydrodynamic properties of this ship were 

investigated by Kempf (1936) in a towing tank. 
The MS San Francisco is a shelter deck cargo ship of 

13,070 tons displacement, 130 m (426.5 ft) long BP, 
with a 18 m (59 ft) beam, a 6.9 m (22.6 ft) draft forward, 

and a 7.61 m (25 ft) draft aft. The block coefficient 

is 0.744. This ship was chosen because of its simple 
design. The strength deck is continuous through a 
large part of the ship’s length, and only a light super- 
structure is located above it. The space between the 
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weather deck and the strength deck provided acces- 

sibility for installing strain gages on both sides of the 
strength deck. A two-stroke-cycle five-cylinder MAN 
engine delivered 4200 metric horsepower at 90 rpm and 
gave the ship a 13.2-knot speed in smooth water. 

The instrumentation used for measuring the ship’s 
motions consisted of a gyroscopic apparatus for record- 
ing pitching and rolling angles and several types of ac- 
celerometers for measuring vertical accelerations. The 
locations of these are shown in Fig. 26. 

A wide variety of accelerometer types was employed 
to fill special needs. An attempt was made to obtain a 
specially designed long-period accelerometer for deter- 
mining heaving motions. Accelerometers of lesser ac- 
curacy were available for this purpose. Also needed 
were accelerometers capable of recording for long periods 
of time at not readily accessible locations. A thorough 
discussion of the accelerometer theory was given by 
Horn (1936). 

The wave profiles on both sides of the ship were de- 
termined by means of electric contacts (Weiss, 1936). 

The contacts were installed at six positions along the 
length of the ship as shown in Figure 27. At each posi- 
tion one contact was placed at the edge of the keel and 
16 contacts located at equal vertical distances apart were 
installed on the starboard and port sides. Sea water 
in rising waves closed the contacts and lighted signal 
lamps. These lamps left traces on a film in a special 
recording apparatus. The wave profiles on both sides 
of the ship were constructed from the wave height taken 
at the longitudinal six locations. It also was possible to 
estimate the shape of a wave longer than the ship by 
extrapolation of the recorded profile. 

The voyage was made from Hamburg to Vancouver 
and back, with both crossings taking the ship through 
the Panama Canal. On the outgoing voyage the ship 
was lightly loaded, but it was fully loaded on the home- 
ward voyage. Throughout most of the voyage the 
weather was light, but two unusually severe storms 
were encountered in close succession during the home- 
ward journey in the eastern North Atlantic. The first 
lasted from 11:15 am on December 11 to 2:15 am on 
December 12.24. The second from 11:40 am to 1:37 pm 
on December 14 and 4 pm on December 14 to 8:15 pm 
on December 15. Schnadel (1936) emphasized the fact 
that the first storm developed very rapidly—the highest 
waves were reached in 4 or 5 hr. The wind, described 
as of 9 to 11 strength on the Beaufort scale, reached 12 
for a few hours. At the beginning of the storm the ship 
was traveling with the wind. At the height of the storm 
the ship hove-to with the bow against the wind and sea. 
The largest waves reached a height of 52.5 to 59 ft, as 
shown by the extrapolation of the wave profile at the 
ship’s side and by stereophotographic measurements. 
By eye from the bridge the waves were seen to be at least 

49 ft high. 
Fig. 28 shows a sample of the ship’s motion record in 

21This statement of the time is needed in connection with 
Tables 4 and 5. 
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Fig. 26 Disposition of motion-measuring apparatus on board MS San Francisco (from Horn, 1936) 
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= Strain Gage Station (Gages on both sides of Plate) 
Longitudinal Axis indicates direction of Strain Measurement 
(Some other Gages were used, Positions not stated) 

e Water pressure Gages, Gages Nos.1,2,4,6&9 near ¢,Gages 
Nos. 3 & 8 near Turn of Bilge 

@ Optograph (Deflection Camera) Targets in special Passage Way 
Constructed at Ship's side below Strength Deck. 

$ Bands of Wave Profile Indicators P&S I-VI 

Fig. 27 Disposition of instruments for stress, deflection, wave profile, and water-pressure measurements on MS San Francisco (from 
Admiralty Ship Welding Committee, 1953) 
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Fig. 28 Motion record of MS San Francisco in hove-to condi- 
tion at 17 hr 34 min of December 11, 1934. Heaving motion is 
computed from heaving accelerations. Dotted line at the bow, 
light solid line at the stern, heavy solid line amidships. 6— 
accelerations in m/sec”; v—vertical velocity in m/sec; s—heave 

in meters; 6—pitch angle in deg (from Horn, 1936) 
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the storm during a hove-to condition. A maximum 

double amplitude of pitch of 22 deg was reached in this 
condition. Tig. 29 shows the ship’s motions in a mod- 
erate bow sea, and also when hove-to in a severe storm. 

In his paper Horn (1936) gave many curves showing 
the distributions of amplitudes and frequencies of pitch- 
ing and rolling. In discussing the characteristics of 
instruments he introduced the concept of irregular 
summation of harmonic disturbances. However, all 

analyses of wave and ship motions were based on the 
average harmonic wave. 

The forces acting on the ship and its responses were 
obtained from several strain gages, a few water-pressure 

gages at the ship’s bottom, and from measurements of 
hull deflections. The latter measurements were ob- 
tained by a method similar to the one used on the SS 
Hamburg, namely four targets forward and four aft 

of the midship plane were photographed simultaneously 
by a telescopic camera (“optograph’”’). The locations 
of these instruments are shown in Fig. 27. The in- 
struments were of two kinds; those recording during 
short observational periods and those recording con- 
tinuously, unattended. Table 4 shows sample data 
from the first group and Table 5 shows data from the 
second. 

Data from the first group were subjected to a detailed 
analysis with reference to measured wave profiles, water 
pressures, and accelerations. It was found that 

measured stresses were considerably lower than those 
computed by conventional methods using the recorded 
wave profile. Schnadel introduced the concept of 
“effective wave height”? (wirksame Wellenhdhen). This 
is the height of an imaginary quasi-static wave which 
would give the same stress or deflection as the actual 
measured wave. It is designated in Table 4 as H’, 
when computed from stresses (aus ¢) and H”,, when com- 

puted from deflections (aus f). Other notations in the 

tables are 

Stress—Spannung o 
Wave hollow (sagging condition)—Tal 
Wave crest (hogging condition)—Berg 
Tension—(+) Zug 
Compression—(— ) Druck 
Bending moment——Biegemoment J/ 
Deflection—Durchbiegung f 
Slam—Stoss 
Schnadel arrived at the following conclusions: 

(a) “The waves met by a ship at sea exceed pre- 
viously assumed heights and steepnesses. To the ef- 
fective wave height of some 5.5 m (18 feet) corresponds 

an actual height of 9 to 10 m (29.5 to 32.8 feet) by 130 m 
(426.5 feet) in length. 

(b) “For the hogging stress of a ship, the observed 
wave heights must be reduced. The reduction is stronger 

than is given by the so-called Smith effect. The reduc- 
tion probably can be attributed to the disturbance of 
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Table 4. MS San Francisco (from Schnadel, 1936) 

Tatel I. Statistik’). 

Optographen-Rolle 14" ergibt Werte fur f, HH). Ritzapparat 3146, Spt. 89/90 ergibt Werte fir o, M, H, 
H,, und Hj, Witksame WellenhOhen, aus Spannung bezw. Durchblegung errechnet. 

Durchbiepung / Weilendaten 

+ Tal |{ Prat > H},.aus Ao(Tal) 
— Berg i i H’ 

w (Berg) 

11,3} 200 

13,3] 275 | 

85 | 110 | 

1,97] + 33:8 

*) Die Tafelwerte enthalten den Anteil der Vibrationen an der Beanspruchung nicht. 
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Table 5 MS San Francisco (from Schnadel, 1936) 

Tafel IIL. Statistik. 

Maximale Sturmwerte?®). 

Megstelle M 46 

Spannung o 

Zeit und Datum 

Nacht vom 10. XII. zum 11 XII. 

11. XII. 1215 bis 14613 

” 145 30 bis 17430 

» 185 40 bis 23 00 

. XII. 23520 bis 12. XII. 14407 

. 12h 00 bis 13h 30 

14h 30 bis 15h 37 

1645 49 bis 18h 32 ... 

185 69 bis 21400 . . . 

21¢ 25 bis 23450... 

0h 20 bis 16. XII. 9415 

9h 35 bis 11430... 

124 30 bis 13h30 .. . 

14400 bis 17400 . . 

184 00 bis 20401... . 

21401 bis 22h16 .. 

erat | °Tal| Berg 
kgm? | Operg 1000 mt 

— 460 | 0,92 

720 | 1,38 
(— 630) ] (1.21) 

(— 660) 
— 675 
(— 630 

— 720 
(— 650) 

— 540 
— 450 

Wirkéame 

Wellen- Biegemoment M 
_hodhen 

1,38 

1,43 
Ermitteit 
aus M 4U 

StoB! 

(4+. 26,4) 
+ 32,0 
+ 30.1 
+ 33.9 

(+ 27,6) 
StoB! 

StoB! 

StoB! 

+ 22:6 

18,8 

Anm.: Bei den cingeklammerten Werten ist der Anteil des StoBes abgezogen. 

*) Die Tafelwerte enthalten den Anteil der Vibration. 

99 
orbital velocities of water particles by the ship’s body.”? 

(c) “In sagging conditions the stresses are larger than 
in hogging because of the impact of waves against a 
ship’s bottom. 

(d) “The calculations of the longitudinal strength 
of ships must be modified. For the real stresses of ships 
at sea, higher wave heights must be taken for sagging 
than for hogging conditions. The relationships can be 
taken from the foregoing research for ships of low engine 
power. [or faster large ships these must be increased. 

(e) “The usual methods of calculation of bending 
moments, bending stresses and deflections from moments 
and compressive forces are satisfactory for practical pur- 
poses. The wave length equal to ship length must be 
chosen for calculations as before.” 

Slamming was observed during the storm. The 
slamming accelerations were low because the ship was 
in the hove-to condition. 

“2 Unexpectedly low bending stresses were found later by E. V. 
Lewis (1956b) in towing-tank tests. This phenomenon can be 
readily explained on the basis of the work of Korvin-Kroukovsky 
and Jacobs (1957), and Jacobs (5-1958). It was shown that the 
Smith effect is approximately doubled with inclusion of the body- 
wave interference effect. 

Stereophotographic measurements by Weinblum and 
Block (1936) had no direct connection with the ship’s 
motions and stresses. They recorded the sea surface 
contours a short distance in front of the ship. They 
vividly demonstrated the irregularity of the storm sea 
and confirmed the magnitude of the wave heights ob- 
tained by extrapolation of the profile measured at the 
ship’s sides. However, it is virtually impossible to 
apply these data to the quantitative study of wave 
properties by modern statistical methods because stereo- 
photographs give samplings of small sea areas at isolated 

instants. 

5.13 Admiralty Ship Welding Committee—SS Ocean 

Vulcan. Observations aboard the SS Ocean Vulcan were 

made as a part of a broad program initiated by the Ad- 

miralty Ship Welding Committee (England). Under 

this program the structural responses of riveted and 

welded ships were compared. The entire work was 

described in the following reports.”* 

23 These reports are obtainable from H.M. Stationary Office, 
P.O. Box 569, 8.E. 1, London, England, or in the United States of 
America from British Information Services, 30 Rockefeller Plaza, 
New York 20, N. Y. 
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Fig. 29 Motions of MS San Francisco. Upper, at beginning of storm, wind and waves 45 deg off bow. Ship at 10.13 knots. 
Lower, hove-to during storm at zero speed. Vertical scale enlarged 2.5 times (from Horn, 1936) 
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Fig. 30 Disposition of instruments, accelerometers, and miscellaneous equipment (from Admiralty Ship Welding Committee 
1953) 
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Table 6 Summary of Instruments Used on MS Ocean Vulcan 
(from Admiralty Ship Welding Committee, 1953) 

EFFECT TO BE MEASURED INSTRUMENTS FITTED 

Normal water pressure | 63 pressure gauges 

Wave profiles at ship's | 700 wave profile indicators 
side arranged on 12 transverse sec- 

tions 

Accelerations 4 accelerometers, each capable of 
measuring accelerations in three 
directions 

Angles of roll and pitch | Gyroscopic roll and pitch re- 
corders 

Angles of yaw Repeater from ship’s gyro-com- 
pass 

| Wind force ana direction} 3 anemometers 

Chernikeeff log (also ship's Walker 
log) 

Ship's speed 

Ienyine revolutions Tachometer on main shaft 

Shaft horse power Ford torsionmeter, also strain 
gauges on shaft 

20 complete groups of strain 
gauges giving a heart of plate 
stress 

Stresses on transverse 
section near amidships Instrumencs simultaneously recording on the Main Panel 

Survey of wave heights | One pair of cameras for stereo- 
photography 

Stresses and accelera- 
tions at particular 
places 

Two portable strain gauges and 
one portable accelerometer 

Statistical data on mag- 
nitude and frequency 
occurrence of large 
waves 

An automatic statistical gauge 
(fitted after sixth voyage) 

Slamming phenomena..| Visual observations of pressure 
gauges, stress gauges, accelero- 
meters, etc. 

F 

: 
: 
3 
| 

Hogging and Sagging Tests on All-Welded 
Tanker MV Neverita. 

R.2. Hogging and Sagging Tests on 

MV Newcombia. 
R.6 Ocean Vulcan Static Experiments. 
R.7 Clan Alpine Static Experiments. 
1.8 SS Ocean Vulcan sea Trials. 

tiveted Tanker 

R.9 } 

R.10- Detailed Analysis of Ocean Vulcan Sea ‘Trials 
R.11) 
2.12 Structural Trials on SS Ocean Vulcan and SS 

Clan Alpine. Discussion and results. 

Report No. 8, prepared by IF. B. Bull (1953), is par- 
ticularly relevant to the subject of the present mono- 
graph. Since the report is of recent origin and is readily 
available, only a brief description will be given here. 
Observations pertaining to the structural loading and 
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stresses will be for the most part deferred until Chapter 
5. In this chapter attention is concentrated on ship 
motions. 

The SS Ocean Vulcan is a largely welded ship built 

in 1924 in the United States for the British government. 

The design is based on a small standard British 10,000- 

ton tramp design, of which the riveted SS Clan Alpine 
is typical. These ships are close to American Liberty 
ships. The principal dimensions are: 

eno th Rt—iiencs senna) nee 

Breadth molded, ft-in................. , .96-10°/4 

Draft molded (Summer), ft-in...... oreo 26-101/s 
Displacement (Summer), tons. ............... 13752 
Engine: triple-expansion reciprocating, ihp.... 2500 

The ship was instrumented extensively. A list of 
instruments is given in Table 6 and the arrangement of 
the instruments is shown in Figs. 30 and 31. The dis- 
position of the wave-profile indicators and the pressure 
gages along the contours of the ship’s sections is shown 
in Figs. 32, 33 and 34. 

Most of the relationships between stresses and im- 
posed loads were to be obtained by static tests in smooth 
water. The sea trials of the SS Ocean Vulcan were 
conducted for the primary purpose of evaluating loads 
imposed on the ship structure by waves. The loads 

were evaluated from records of pressure gages, wave- 

profile indicators, and accelerometers. However, a 
ship section at frame 7715 was instrumented with strain 
gages disposed as shown in Fig. 35. Fig. 36 shows the 
comparison of bending moments deduced from strain 
gages with those deduced from pressure gages, accel- 
erometers, and so on. 

The instrumentation was designed for recording water 
pressures and relatively long-period acceleration cycles, 
disregarding such rapidly occurring phenomena as 
slamming. Under these conditions correct accelerometer 
readings were obtained by using pick-ups designed to 
have a short resonant period (80 cps). 

Cameras for stereophotographic measurements were 
installed. The shutters of the camera were synchronized 
electrically, while the film-winding mechanism was 

power-driven and set to make exposures automatically 
at about 2-see intervals. The cameras were in exposed 
positions on the flying bridge and were difficult to main- 

tain in working order despite the protection provided. 
It was not considered worth while to take records under 
mild or moderate sea conditions since the analysis of 
such cases would be difficult owing to the absence of 
identifiable features in the sea. During severe weather 

the stereophotography was hindered by rain and spray 
collecting on the lenses. On the whole the results were 

unsatisfactory although some successful records were 
obtained. These did not represent maximum sea con- 
ditions. The remarks made in reference to Weinblum 
and Block’s (1936) stereophotographic data (Section 

5.12) also apply to those for the SS Ocean Vulcan. 

Most sea conditions were obtained by visual observa- 
tions of the wave length, height, and direction. Wave 
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lengths also were estimated from the periods of encounter 
using relationships valid for trochoidal waves. ‘“‘Fore- 
cast” estimates of swells made by the Admiralty Mete- 

orological Department also were taken into account. 

Wave profiles recorded on the ship’s sides were used for 
the detailed analysis of bending moments. 

When planning the sea trials, the Admiralty Ship 
Welding Committee decided that the trials should ex- 

tend over a minimum period of 12 months. Eight round- 
trip voyages were made during the period from Decem- 
ber 29, 1945 to June 2, 1947. This period totalled 521 
days, during which 290 days were spent at sea, 203 days 
of which (.e., 39 per cent of the total) were in the open 

ocean. A study of eight cargo ships, chosen at random, 
was made. On an average they were found to be in the 
open ocean 35 per cent of the time. The voyages were 
made between [english ports and the east coast of North 
America (Montreal, New York, and Boston), except 
one voyage to Galveston, Tex. The conditions were 
mostly mild, but the sixth voyage was much rougher 
than any of the others. However, even on this voyage 

a wind force of 8 to 9 on the Beaufort scale occurred only 
on one day. 

Ship motions and ship stresses are affected mostly 
by the ratio of the wave height to its length, generally 
referred to as “steepness.” Fig. 37 shows the wave 

height plotted versus the wave length taken from data 
obtained by several observers. Fig. 38 shows the data 
collected on voyages of the SS Ocean Vulcan. The 
solid line on the latter figure corresponds to the dotted 
one in Vig. 37. 

A summary of the ship-motion data was given in 

Disposition of wave-profile indicators and pressure gages (from Admiralty Ship Welding Committee, 
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Fig. 32. Locations of wave-profile indicators (—) and of pres- 
sure gages (@) along contours of ship sections (from Admiralty 

Ship Welding Committee, 1953) 

Admiralty Ship Welding Committee 
as charts of amplitude and period distribution. The 
motions were generally mild. The greatest amplitude 
of pitching observed during the trials was +7.6 deg. 
The greatest angle of roll recorded throughout the trial 
was 20 deg. The observations were made by photo- 
graphically recording the instrument panel at intervals 
of about 0.4 sec so that continuous curves of pitching 

teport No. 8 
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Fig. 33. Locations of wave-profile indicators (—) and of pressure gages (@®) along contours of ship sections (from Admiralty Ship 
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Fig. 34 Locations of wave-profile indicators (—) and of pres- 
sure gages (@) along contours of ship sections (from Admiralty 

Ship Welding Committee, 1953) 

and rolling angles were not obtained. Of particular 
interest are the charts reproduced here in Figs. 39 and 
40. The first shows the relationship between the pitch- 
ing period and the period of encounter. At the periods 
of encounter up to the natural period (or possibly 
slightly higher) a ship pitches with a frequency ap- 
proximately equal to the natural one. At longer periods 
of encounter it pitches with the frequency of encounter. 
Fig. 40 shows that rolling periods of a ship at sea are 
concentrated around the natural rolling period of the 

ship. 
Fig. 41 shows the relative ship and wave position as 

reconstructed from records. The upper diagram shows 
the ship in a following sea. The ship log entry recorded 
the wind as having a strength of 7 to 8 on the Beaufort 
scale. The observers (and the Admiralty forecast) 
declared it to be 8 to 9. Waves were visually observed 
to be 35 ft high and 300 to 600 ft long. The record dem- 
onstrates an apparent absence of phase lag and this is 
typical at a low frequency of encounter. 

The lower diagram in Fig. 41 shows the ship in head 
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Fig. 35 Positions of electric resistance strain gages (from Admiralty Ship Welding Committee, 1953) 

seas. A wind of strength 6 is indicated. Waves were 
observed to be 10 ft high and 200 ft long. The average 
daily ship speed was reduced to 5.5 knots. The ship’s 
motions appeared to correspond to synchronism, the 
phase lag being about 90 deg and the highest angle of 
pitch occurring when the wave crest was amidship. 
Fig. 41 is particularly interesting in that it shows the 

ship’s position 15 sec before and after a slam. 
The first digits in the designations in Fig. 41 are the 

voyage numbers. The letter following designates an 
eastward or westward crossing and the numbers after 
the letters are the consecutive observation numbers 

during each crossing. 
The SS Ocean Vulcan trials were not designed to in- 

clude detailed measurements of slamming phenomena. 
Certain general observations were made, however, on 
the conditions tending to produce slamming. Slam- 
ming was encountered only on the west-bound crossings 
during which the ship was in a ballast condition with the 
forward drafts ranging from 8-ft-2 to 10-ft-1. Slam- 
ming was experienced on 31 days, or nearly one day in 
every three in which the ship was in a ballast condition 
on the open ocean. It is estimated that the ship ex- 

perienced between 2000 and 4000 slams during the 17- 

month period of the trials. 
Quoting from Report No. 8: ‘The period of the hull 

vibration set up by slamming was measured by a stop 
watch on several occasions. It was found to be constant 
at 100 cycles per minute, which corresponds to the fre- 
quency of the two-node vertical vibration for the ballast 
condition. The vibration following a heavy slam could 
still be clearly identified by those on board 30 seconds 

after impact.” 
Report No. 8 stated that slamming caused a greater 

increase in the sagging stresses amidship than in the 

hogging stresses. This confirms the findings of Schnadel 

(1936, 1937/38). Further discussion of stresses will be 

deferred to Chapter 5. It should be mentioned, how- 

ever, that the relatively small increase in bending stress 

as a result of slamming on the MS San Francisco and 

SS Ocean Vulcan can be attributed to the low power and 

low speed of these ships. Larger stress increases can be 

expected in faster ships. *4 

24 See Section 5.16—Warnsinck and St. Denis (1957), and also 
Jasper and Birmingham (1958). 
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Fig. 36 Curves showing agreement between computed bend- 
ing moments (from Admiralty Ship Welding Committee, 1953) 

5.14 W. Mockel’s observations on fishing trawlers. 
Captain Walter Méckel (1953) made several voyages 

in fishing trawlers and reported on the comparative per- 
formance of four ships engaged in the same service in 
the same waters. A particularly valuable part of his 
report can be found in the correlation of the opinions of 
the crews with the data on accelerations. The latter 
were either measured or deduced from amplitudes and 
periods. This information is reproduced in some detail 

in Table 7. 
A model of the most seakindly of the four ships—the 

SS Stralsund—was tested later in a towing tank (Numata 

and Lewis, 1957; KKorvin-Kroukovsky and Jacobs, 
1957). The speed for synchronism with waves in head 
seas was found to be low which is typical for full ships 
of a high displacement-length ratio. However, the 
trawling operations were conducted at a speed well be- 
low synchronism with waves equal to the ship’s length. 
The high speed used in traveling to and from fishing areas 
was well above synchronism; the ship was in a “‘super 
critical” condition, as defined by E. V. Lewis (1955). 
The ship was thus in favorable circumstances during all 
phases of its service. 

THEORY OF SEAKEEPING 

Table 7 Behavior of Fishing Trawlers at Sea (from Mockel 

1953) 

Maxi- 
mum 
angle, 

Ship deg —Maximum acceleration— 

Rolling 

A 20.6 2.25 ft/sec? 0.687 m/sec? 
B 17.0 1.92 ft/sec? 0.586 m/sec? 
Cc 29.0 4.81 ft/sec? 1.470 m/sec? 
D 28.0 2.83 ft/sec? 0.862 m/sec? 

Maxi- 
mum 
angle, 

Ship deg —Maximum acceleration—~ Crew’s views 

Pitching 

A 18 12.6 ft/sec? 3.86 m/sec? Good 
B 26 14.4 ft/sec? 4.38 m/sec? Too hard pitch 
C 16 12.1 ft/sec? 3.68 m/sec? Too violent roll 
D 20 9.6 ft/sec? 2.92 m/sec? Very good 

Another outstanding feature of Méckel’s (1953) re- 

port is the vivid description of a near-foundering of a 
trawler in a following sea. While traveling at high speed, 
the trawler was flooded by the breaking of a high wave 
over the stern. The flooding of the deck well was so 
severe that the ship lost its freeboard and stability and, 
for half an hour, was on the verge of capsizing. After 
drastic reduction of speed, it continued traveling without 
further difficulty. 

In looking for explanations of the phenomenon, one 
should recollect the statement of Kent (1924) that break- 
ing waves in the open ocean are very rare. With Méc- 
kel’s description and Kent’s statement in mind, the 

present author paid particular attention to these phe- 
nomena during a few sea voyages he had the opportunity 
to make. During these voyages only relatively small 
breaking waves were observed at a distance from the 
ship, thus confirming LKent’s statement. On the 
other hand, ocean waves were observed to break violently 
after interfering with a ship’s own waves and particu- 
larly after encountering a ship’s wake. An occurrence 
similar to Méckel’s was observed when traveling at 
high speed in a following storm sea on a modified Liberty- 
type ship. A large wave broke over the stern, reaching 
the height of the stern’s superstructure (gun-mount 
deck). It had the appearance of a large surf breaker. 
The author believes, therefore, that in Mdéckel’s case 
two causes of the trouble were present; namely, exist- 
ence of a large stern wave and the slow rate at which the 
ocean waves overtook the ship. A large stern wave can 
be assumed to exist in the wake of a ship of the full lines 
of a trawler. Conversely, the favorable conditions re- 
sulting from reduced speed may be attributed to two 
causes; that is, elimination of the stern wave and the 
increased rate at which the ocean waves overtook 

the ship. 
5.15 Voyage of the SS Nissei Maru. An. observa- 

tional voyage by the cargo ship SS Nissei Maru was de- 
scribed by the Experiment Tank Committee of Japan 
(1954). The first half of the publication described the 
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Fig. 37 Maximum wave heights for various wave lengths (from Admiralty Ship Welding Committee, 1953) 

ship, its instrumentation and sea-observation results. 
The second half reported on wind-tunnel and towing- 
tank results of tests made on a model of the SS N7ssez 
Maru. The lines and principal dimensions of the ship 

are shown in Fig. 42. The ship, completed in December 
1951, is driven by a turbine with double-reduction gearing. 
The maximum continuous output is 4000 shp at 105 
rpm, while the normal service output is 3400 shp at 
99 rpm. <A single four-bladed propeller 17.2 ft diam 
propels the vessel. 

The extensive instrumentation of the ship is given in 
Table 8. There were two or three instruments for 
measuring each characteristic of ship behavior. This 
was a wise precaution because on previous voyages, such 
as Schnadel’s (1984) for instance, some important re- 

cords were lost because of instrument failure in storm 
conditions. 

The observational voyage totalled 129 days, from De- 
cember 26, 1951 to May 3, 1952. This was the maiden 
voyage of the ship from Yokohama to Vancouver, 
Honolulu, Singapore, Bombay, Singapore and back to 
Yokohama, a distance of 21,700 nautical miles. Through 
most of the voyage the weather was mild, but the passage 
from Vancouver to Honolulu was very rough. Quoting 
from the report: 

“Fully loaded with wheat, she sailed for India via 
Yokohoma at 17:30 on January 16, 1952, following a 

south-west course along the boundary line in Load 
Line Rule, turning dead west at point 34°55/N, 149°O’W, 
at 5:20 on January 22nd, when she encountered heavy 
storms every day, and terrific wind, with waves growing 
in height. The voyage was so strenuous that the vessel 
exhausted her fuel reserve and was obliged to abandon 
the intention of proceeding direct to Yokohama and to 
touch at Honolulu for bunker supplies. 

“The ship turned toward Honolulu at 34°29/N, 

170°25'W, at 1:30 on January 28th, arriving at Hono- 
lulu at 9:15 0n January 31st. 

“Regular measurements of the ship’s sea performance 
were made three times daily at 9, 12 and 15 o’clock having 
regard to the light necessary for filming sea conditions. 
After leaving Honolulu, regular measurements were made 
only once a day at noon, as some members of the com- 
mittee left the ship at Honolulu, and very few recording 
papers remained, and the sea conditions were thought 
comparatively calm.”’ 

The observational periods were of 3 min duration. 
In addition progressive (step-wise) tests were conducted 
six times during the voyage for measuring propulsive 
characteristics. 

The nature of wave measurements is indicated by the 
following quotation: ‘When the measurements were 
taken, attention was concentrated on the irregularity 
of the ocean waves throughout the whole voyage. The 
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Table 8 Items Measured and Instruments Used on SS Nissei 
Maru (from Experiment Tank Committee of Japan, 1954) 

Items measured | Instruments used 

Shiba Log 

Sal Log 

Walker Log 

| Through Water 
Speed of Ship 

Over Ground Sextant, Loran 

Electric Tachometer 

Speed of Revolution of Propeller Shaft Hitachi Revolution Recorder 

Togino Revolution Recorder 

Hopkinson-Thring Torsionmeter 

‘Torque Hitachi Torsionmeter 

Togino Torsionmeter 

Stereo Camera, 2 Sets (Forward and Side) 

Sea and Wave 16m Cine Camera 

35e Camera (Ordinary & Colour Film) 

Direction and Speed Koshin Vane 
Wind 

Speed Robinson Cup 

Rolling | 
— Sperry Recorder 

Pitching 
Oscillation al 

=== SS URRIEEEaGEaaae Air-Gyro Recorder 
Yawing 

Heaving | Heaving Meter 
peers il + 
Helm Angle Electric Helm Angle Recorder 

Wire Strain Gauge 

Mechanical Strain Gauge 
(Giken Type and Leuner Type) 

Stress of Hall 

waves observed were far more irregular as to both time 
and locality than was previously expected, and no wave 
trains were observed which encountered the ship in 
regular periods and amplitudes. The condition of the 
sea surface around the ship seemed to be very confused, 

and the size and profile of the waves seemed to be re- 
markably different as to time and locality. 

“Therefore, it was thought difficult to secure a stand- 
ard sea condition affecting the sea performance of the 
ship, by measuring the waves in a certain location and at 
a certain instant, even though they were measured as 
accurately as possible. Measuring waves by a_stereo- 
camera has a weak point in connection with said features.” 

“As to the observations of waves, though high ac- 
curacy could not be expected, observers made efforts 
to get an average value considering the irregularities of 
the waves as to both time and locality.” 

At the date of publication the analysis of the stereo- 
photographic data had not been completed, and only a 
few samples of these were given. As in the case of 
Weinblum and Block (1936) and the Admiralty Ship 
Welding Committee Report (1953), the data suffered 
from the smallness of the ocean area covered. Hardly 
more than one long wave length is included. It appears 
that the value of the stereo-photographs may be limited 
to showing the nature of small waves overlaying large 
ones and to demonstrating the non-symmetry of waves. 
For instance, they confirmed the visually observed fact 

% Italics by the author. 

THEORY OF SEAKEEPING 

0.13 

Curve of Maximum Probable 
for all Ocean Waves 

0. Wave Steepness using Wavelength 
from visual Observation shown + 
Wave Steepness using Wavelength 
computed from periodic Time of 
Stress Cycles shown ¢ 

0.10 

0.09 

0.08 

0.07 

0.06 

teepness- Height/Length 
c 9 0.05 

Wave 
0.04 

800 700 300 400 500 
Wavelength- Feet 

600 

Fig. 38 Steepness of waves observed during trials (from Ad- 
miralty Ship Welding Committee, 1953) 

that the slope of a wave is steeper on the lee-side than on 
the weather side. 

The observed relationships between wave heights and 
lengths are shown in Fig. 43. It appears that an en- 

velop curve could be fitted similar in form to the dotted 
line in Fig. 37. The wave heights observed on the SS 
Nissei Maru are, however, about 60 per cent as high as 
those observed on the SS Ocean Vulcan. 

Fig. 44 shows a comparison of observed wave periods 
with the periods expected on the basis of the trochoidal- 
wave theory, For any observed period the sea wave is 
shown to be shorter than expected from the simple 
theory.”6 

The results of each 3-min observation were summarized 
on charts, two of which were given in the report. These 
are reproduced here in Figs. 45 and 46. The headings of 
the figures, Exp. No. 18 and Exp. No. 77, designate ob- 
servation numbers. The data of 154 observation periods 

* This is in agreement with theoretical deductions of W. Pierson 
given in Section 1-8.6. 
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Table 9 Data on the Voyage of the SS Nissei Maru 

(Abstracted from Experiment Tank Committee of J: Ee an, 1954) 
Obse re number 18 69 74 79 82 
Displacement, tons 6440 — == 13, 4 50——_———_—_—.. 

Course, degrees.............. 62 232 265 250 270 270 
Wind absolute, Beaufort...... W5 S/E6 W/N7 W7 WNW5 W/N6 
Wind absolute, direction deg.. 267 164 286 276 296 283 
Wind absolute, velocity m/s.. 12.0 12.4 15.2 18.1 10.8 13.1 
Wind relative direction, deg... P/130 P50 $12 3820 S20 S10 
Wind relative velocity, m/s... 6.5 15 19.5 21 15 16 
Wave length,m............ 30 55 100 150 120 140 
Wave height, m. . ee ate zo 3 5 6 5 ) 
Wave direction, deg... ... . P/140 P40 S85 S820 S10 S5 
Ship speed, knots - .... 18.47 9.6 8.73 6.10 8.73 5.61 
RE Vines es Per eee me 9223 89.7 87.1 78.8 85. 69.0 
SHIP)... 6 ues gard won ... 2079 3069 3389 2861 3028 2042 
Torque (mean), tm......... 18.56 24.52 27.86 26.02 25.37 21.20 
Torque (fluctuation ampl), 

PeriCeNth a csee eens vee 09 34 27 45 40 55 
Pitching (maximum), deg — Ba) 4.8 6.0 ae 8.5 
Pitching (mean), deg... . a. — Wed 33-11 3.0 3.4 2.4 
Pitching period, sec. . = 7.5 8.2 8.6 8.6 6.7 
tolling (maximum), deg. 2.5 6.5 10.1 8.3 5.0 
Rolling mean, deg....... — 1.3 2.8 6.1 i 1.8 
Rolling period, sec........ £3 12.8 12.9 12.9 12.0 10 
Yawing (maximum), oe + 5.0 2.0 4.9 5.4 3.8 = 
Yawing (mean), ), deg. . 252, — — — = 2 
Yawing period, sec..... stag — 6.2 9.5 9.0 10.0 = 
Helm angle (maximum), deg. 14.0 17.5 il7/ 5) 10.4 6.9 18.1 
Stress? (maximum), kg/em?... 113.5 265.0 303.0 416.0 416.0 378.0 
Stress (mean), kg/em2?... 74.4 136.0 144.0 182.0 160.0 166.5 

« Near the edge of the deck, just aft of No. 3 cargo hatch and in front of the superstrue- 
ture. 
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Fig. 41 Analyses of wave profiles (from Admiralty Ship Welding Committee, 1953) 

feature in that large speed and torque variation are 
observed with oscillation periods of 15 to 20 see and RPM 
cycles as long as 60 sec. A similar periodicity is ob- 
served in the helm angle. This results from the fact 
that the celerity of 100-ft-long waves is very close to a 
ship speed of 13.47 knots. This is a good illustration of 
large variations in speed and propeller torque which can 
be caused by mild disturbances of long periods. 

Observations 69 to 82 in Table 9 are taken from the 
rough-weather passage made in predominantly head seas 
during the Vancouver to Honolulu voyage. Observa- 
tion No. 77 corresponds to Fig. 46. The report also 
contained a photograph showing water being shipped 
during this observation period. Other photographs 
showed that slamming occurred and water was shipped 
1 hr after observational period No. 74, and also before 
No. 79. Data for observation No. 82 are included in 
Table 9 because they correspond to the maximum re- 
duction of engine power under storm conditions. 

Fig. 47 shows the observed relationship between the 

ship’s period of pitching oscillation and frequency of 
encounter with waves. It confirms the data given in 
Fig. 39 for the SS Ocean Vulcan in that, at short 
periods of encounter, a ship pitches in its natural period 
and, at long periods of encounter, it pitches with the 
period of encounter. A ship rolls predominantly with 
its natural period, regardless of the period of encounter. 
This observation in irregular sea waves agrees with the 
theoretical expectation for rolling of a ship with low 
damping and a sharply peaked form of the response 
curve. 

In regular waves a ship model rolls most in beam seas 
and does not roll at all in head or following seas. This 
is shown by the curves in Fig. 48 which depict towing- 
tank tests. An actual ship at sea rolls in response to 
wave components of varying directions. Fig. 48 shows 
that in this case a large amount of rolling was observed 
in head and following seas. 

Almost all observers on ships at sea, whose work has 
been reviewed in this monograph, have commented on 
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Fig. 43 Relation between wave height and wave length ob- 
served (from Experiment Tank Committee of Japan, 1954) 

the irregularity of the sea and its effects. The observers 
on the SS Nissei \Jaru, however, stressed this aspect 

more than it has been done in the past and also gave 
various graphs and discussions comparing ship behavior 
in irregular sea waves with model behavior in regular 
towing-tank waves. However, they had no practical 
means of measuring sea irregularity and establishing 
the quantitative relationship between irregular waves 
and ship motions, which was done by Cartwright (1957, 
1958) and Cartwright and Rydill (1957). 

5.16 Additional data on sea voyages. Reviews of 
observations at sea, particularly of ship stresses can be 

found in the work of Roop (1932) and in Admiralty 
Ship Welding Committee Report No. 8 (1953). 

Williams (1952) gave data on the distribution of roll- 

ing amplitudes and periods measured at sea on British 
cruisers. He pointed out that, on the average, rolling 
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Fig. 44 Relation between wave period and wave length ob- 
served (from Experiment Tank Committee of Japan, 1954) 

records conform to Rayleigh’s distribution law although 
individual records vary. In the appendix to his paper, 
Williams gave the derivation?’ of Rayleigh’s law for the 
frequency distribution of wave heights of randomly 
varying sea waves. He also gave some data on damping 
in roll as determined by the artificial rolling of ships. 

Captain Patterson (1955) described many cases of ship 
behavior and handling during severe storm conditions. 

Cartwright (1957, 1958) and Cartwright and Rydill 

(1957) opened a new era in the field of quantita- 
tive ship measurements at sea. For the first time a ship- 
borne wave-height recorder was used simultaneously 
with the accelerometers and gyros recording ship motions. 

Warnsinck and St. Denis (1957) described comparative 

27 The derivations were made by N. F. Barber. 
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Fig. 46 Anexample of consolidated graph of simultaneously measured data (from experiment Tank Committee 
of Japan, 1954) 
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period of oscillations of ship (from Experiment Tank Committee 

of Japan, 1954) 
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Fig. 48 Effect of irregularity of waves on ship’s rolling angle 
(from Experiment Tank Committee of Japan, 1954) 

sea tests of three destroyers of the Royal Netherlands 
Navy. The instrumentation used is shown in Fig. 49. 
“Verimeter,’’ not otherwise described, is apparently a 
gyroscopic instrument used for recording pitching and 
rolling motions. ‘The destroyers, sailing abreast, went 
through a series of maneuvers in different sea conditions. 
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Fig. 49 Locations of instruments (from Warnsinck and St. 
Denis, 1957 NSMB Symposium) 

A novel feature of these tests was the taking of a rapid 
sequence of photographs of each ship from the other 
ships in the formation. The instant of each photograph 
was identified on the motion record. 

A sample of a 15-sec record with a sequence of 20 
photographs was presented in the paper. A repro- 
duction of it will be found in Fig. 5-40 on page 289. 
These data and certain additional data on slam- 
ming shed considerable light on the nature of the slam- 
ming process. This will be discussed in connection with 
stresses in Chapter 5. However, it can be mentioned 
here that the added stresses caused by slamming oc- 
casionally doubled the normal bending stress. 

The ships were not equipped with shipborne wave 
recorders, so that correlation of ship motions with waves 

was not possible. 
Figs. 50 and 51 give the distribution of roll and pitch 

angles with the relative direction of the waves. Ex- 
amination of Fig. 50 confirms the well-known fact that 
fast ships roll the most in quartering seas. Fig. 51 is 
interesting since it shows that, at 17 knots, essentially 
the same amount of pitching was experienced in a range 
of wind directions contained within a 90-deg sector from 
head to beam seas. The reason for this evidently hes 
in the short-crestedness of the natural irregular waves. 

5.2 Statistical Observations at Sea. A large amount 
of statistical data on sea waves and on ship motions has 
been collected by the ‘“Sammelstelle fiir Fahrtergebnisse 
der Hamburgischen Schiffbau Versuchsanstalt.” Some 
results were published by Hinterthan (1937), Hebecker 
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Fig. 50 Average of one-tenth highest roll amplitudes of three 
destroyers (designated P, Q, R) (from Warnsinck and St. Denis, 

1957 NSMB Symposium) 

(1940), Langmaack (1-1941), and Méckel (1941, 1944, 

1953). Observations have been made on many ships 
when opportunities presented themselves, but there has 

been no permanently installed instrumentation. Wave 
observations have been made visually with the help of a 
stop watch. Anemometers have been used to deter- 
mine wind velocities. It has also been found that wind 
appraisals by ship officers have been very accurate. 
Great ingenuity has been displayed in designing simple, 
portable instruments for recording maxima of roll and 

other data. 
Results of other extensive statistical observations have 

been published by the personnel of the David Taylor 
Model Basin. A number of publications is listed in the 
Bibliography at the end of this chapter under the names 
of Jasper and Greenspon with several other co-authors. 
A comprehensive summary of the statistical results was 
published by Jasper (1956). 

Jasper (1956) gave a general introduction to the sub- 
ject of statistics and cited several references for the stat- 
istical theory. He described three forms of statistical 
analysis of observed data: 
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Fig. 51 Average of one-tenth highest pitch amplitudes of three 
destroyers in the rough sea (from Warnsinck and St. Denis, 1957 

NSMB Symposium) 

1 A normal distribution curve, such as shown in 
Fig. 13. 

2 A Rayleigh distribution curve, such as shown in 
Fig. 14. 

3 A log-normal distribution curve; i.e., the normal 

distribution of the logarithm of a variable. 

The first two forms are used for analyses of data ob- 
tained under constant environmental conditions; i.e., 
for data of one observational run. The last is used for 
the study of data obtained under different conditions 
over a long period. 

Jasper (1956) plotted numerous curves of data on 
pitching, rolling, and bending stresses obtained from 
observations on seven ships over an extended period. 
The distributions of ocean wave heights were based on 
visual observations taken from records of the U. S. 
Weather Bureau and also on Darbyshire’s (1-1955) meas- 
urements. Inthe summary he stated: 

“The analysis of the voluminous data accumulated 
during the past several years has indicated that the pitch, 
roll and heave motions of ships as well as the hull girder 
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Fig. 52 Distribution of wave periods in a sea composed of three 
wave systems (from Langmaack, 1-1941) 

stresses follow the same general distribution pattern as 
do the heights of ocean waves.”’ 

In a discussion of Jasper’s paper, E. V. Lewis showed 
that the same conclusion was reached in tests in ir- 
regular waves in a towing tank. This is shown in Fig. 
14. 

The usefulness of this information was described by 
Jasper (1956) in the following two passages. The first 
one is taken from the introduction: 

“There are many applications in which a knowledge 
of the frequency distribution of hull motions, stresses 

and the heights of ocean waves can be used to advantage, 
for example: 

1 Prediction of the most probable amplitudes of roll 
and pitch motion of ships under given environmental 
conditions. 

2 Estimation of the extreme values of ship responses 
or of wave heights encountered over a given period of 
time. 

3 Statistical estimation of the capacity for which 
shipboard stabilization equipment must be designed. 

4 Estimation of the endurance strength of the ship 

structure.” 
The second passage is taken from the summary : 
“There are many practical applications of the fre- 

quency distribution patterns. In the determination of 
the capacity of ship and shipboard stabilization equip- 
ment, it is necessary to have a reliable estimate of the 
probability of exceeding given angles of roll and pitch. 
The design of aircraft landing gear, rocket launchers and 
fire-control apparatus requires a knowledge of the ship 
motions expected in service. The ability to land 

planes on a carrier in a given sea can be predicted on the 
basis of frequency distributions such as given herein.” 

Jasper (1956) stressed the similarities in the observa- 
tions as shown by the Rayleigh distribution curves. 
Langmaack (1941), on the other hand, made ingenious 
use of the fact that normal distribution curves have 
their peaks at different periods for different wave systems. 
Fig. 52 shows how an apparently complex distribution 
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of wave periods at sea can be considered as the super- 
position of three distinct wave systems. 

Representation of the sea statistically by a single 
parameter, as is done in Rayleigh’s distribution, appears 
to be undesirable. North Atlantic waves for instance, 
are almost always composed of a wind sea and one or 
more swells. Distinctions between these are reported 
rather imperfectly in ship logs. Yet pitching, rolling 
and yawing are affected differently by these different 
wave systems. While it becomes practically impos- 
sible to see swells in a heavy wind sea they are often dis- 
tinguishable in the records obtained by a ship-borne 
wave recorder and also can be identified by photograph- 
ing a radar screen (Roll, 1952). 

5.3. Concluding Remarks on Ship Observations at 
Sea. Only sea condition and ship-motion data were 
considered in this section. Questions on powering are 
deferred to Chapter 4, and those on stresses to Chapter 5. 

Reports of the early sea voyages of Kent and Kempf 
gave a picture of the irregularity of seas and ship motions 
in them. They also gave an idea of the magnitude of 
ship motion to be expected. Subsequent observations 
enlarged this picture without making it clear, however. 
Each voyage on a different ship in different weather 
conditions produced different data. There was no way 
to correlate the results of the different observations. 
Practically the only definite conclusion was that a cer- 
tain low metacentric height and a long natural period 
of rolling are desirable for seakindliness. In this re- 

spect sea observations have confirmed Froude’s (1861) 
theoretical conclusions. The best summary of informa- 

tion on sea kindliness of ships was given by Kent (1950, 
1958). 

The primary reason for the failure to provide tangible, 
practical and usable information was the lack of a means 
for measuring sea waves. The second reason has been 
the lack of means for quantitative treatment of sea ir- 
regularity. Although the irregularity of sea waves was 
acknowleged, attempts to correlate ship behavior with 
observed waves invariably were based on an assumed 
regular average wave. Furthermore, observations were 
usually made on isolated voyages. It was uncertain 
what sort of weather would be met on these voyages. 
The only exception was in the case of the SS Ocean 
Vulcan on which observations were made over an ex- 

tended period. 

The situation has been changed recently by two simul- 

taneous developments: Introduction of a ship-borne wave 
recorder and development of the irregular sea theory. 
The ship-borne wave recorder (Tucker, 1-1952, 1956) 

now makes it possible to obtain a continuous record of 
wave height from a ship.** The theory permits the 
correlation of ship motions with the waves causing the 

23 Tucker’s wave recorder gives the best results on a small ship 
in hove-to condition. The recording high-frequency wave com- 
ponents is uncertain when the recorder is used on a large ship. 
The nature of the errors introduced by the speed of ship is not 
yet established. It appears to consist of an introduction of spuri- 
ous high-frequency wave components. Certain suggestions for the 
improvement of the recorder were given in Chapter 2. 
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movements.” More precisely, the theory permits 

abstraction of inherent characteristics of a ship from the 
irregular variations of ship motions which occur in ir- 

regular waves. 
Thus far use of this equipment and process has been 

made only by Cartwright (1957, 1958) and Cartwright 
and Rydill (1957). Theirs was a pilot application and 
emphasis was placed on a description of the method 
rather than on the seagoing properties of the ship. 
Recently a series of tests using ship-borne wave recorders 
has been conducted jointly by the Maritime Administra- 
tion and the David Taylor Model Basin. Two modified 
Liberty-type ships were instrumented and placed in 
regular commercial service in the North Atlantic during 
the winter. Information on the observed data is not 
yet available. 

Analysis of data obtained on a ship at sea poses a very 
difficult problem. It is clear that only a small part of 
the collected material has been published. Writers de- 
scribing observations on the MS San Francisco, for in- 
stance, repeatedly mentioned their intention to publish 
results of further analysis. However, these results 
have not been published.*” It is very important that 
the method of analysis be foreseen and planned in the 
sarly stages of an observational project. The type of 
records obtained on a ship must be such that they can 
be processed by available analyzing equipment. The 
mass of data to be handled makes it a foregone conclusion 

29 The present state of the theoretical development permits this 
only under certain limited conditions. 

3 Except an analysis of single wave by Schnadel (1937/38). 
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Fig. 54 Reduction of ship-model motions by bow hydrofoils 
(from Abkowitz, 1955) 

that some type of rapid electronic equipment will have 
to be used. 

The foregoing comments apply to recorded quantita- 
tive data. A valuable feature of the earlier observa- 
tions made by Kent (1924, 1927), Méckel (1953) and 

Patterson (1955) is their vivid personal descriptions of 
sea and ship behavior. This valuable feature is usually 
lost as instrumentation becomes more elaborate. The 
recording means are often such that it is difficult to ob- 

tain information immediately, while the results of the 

analysis only become available many months later. 
The author considers it extremely important that ad- 
vanced instrumentation be supplemented by simple 
easily read instruments. With the help of these, ob- 
servers on board ships should appraise and describe the 
physical conditions of the sea and ship. 

It is clearly impossible to formulate standards of per- 
formance which a satisfactory seakindly ship should 
meet on the basis of the recorded figures alone. The 
need is to define quantitatively the performance char- 
acteristics which correspond to mariners’ appraisals of 
a ship’s seakindliness. The subject is timely. Both 
towing-tank technique and = ship-motion theory are 
rapidly approaching the state where it will be possible 
in the design stage to predict a ship’s responses to the 
sea. But what is the optimum set of many (possibly 
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conflicting) ship characteristics? To the author’s knowl- 
edge, the only work aimed at giving the answer is 
Mockel’s (1953). This work applies to fishing trawlers. 
It is clear that there can be no universal specification 
for good sea behavior. A separate one must be formu- 
lated for each class of ship and linked to the states of 
sea it is likely to meet in service. 

6 Ship Stabilization 

6.1. Rolling Stabilization. General reviews of the 

many devices for controlling ship rolling have been 
made by von den Steinen (1955) and by Chadwick 
(1955-Part 1). Only three of these devices progressed 
beyond the initial trials and were used on a number of 
ships. These were stabilizing gyros, stabilizing water 
tanks and stabilizing fins. The use of a gyroscope for 
stabilizing a large passenger liner was described by De 
Santis and Russo (1936). This device has since been 

abandoned. 
The theory and use of stabilizing tanks have been 

treated extensively in German engineering — litera- 

ture and also have received some attention in the 
United States. Some of the pertinent references are 
listed in the Bibliography under the following names: 
Baumann (1938), Feld (1937), Foppl (1934a, b, ¢; 
1937), Frahm (191la, 6), Hahnkamm (1936), Horn 

(1911, 1955, 1957), Herrmann (1954), Hort (1937), 
Minorsky (1935, 1941, 1947) and Weinblum (1938). 
The latest and most thorough exposition of the theory 
of activated stabilizing tanks was presented by Chad- 
wick and Klotter (1955 a, b). They determined the 
criteria for the proper proportioning of the tanks and 
tabulated data on several ships indicating satisfactory 
and faulty designs. Their papers included a critical 
commentary on the work of others. Also they clarified 
the apparent confusion in the existing literature regard- 
ing the mathematical form of the cross-coupling co- 
efficients. The reason for the differences was shown to 
be the use of different co-ordinate axes. This question 
was discussed previously by Klotter (1934). The 
latter reference is pertinent to the entire problem of 
coupled ship motions and is not in any way limited to 

stabilization. 
Roll stabilization by activated fins was described by 

Allan (1945), Volpich (1955), Wallace (1955) and Chad- 
wick (1955-Part 2).*! Quoting from the latter work: 
“Fins are of some interest, having a virtual monopoly 
in the field at present. They are unexcelled where sta- 
bilization is wanted at speed, and thus are the systems of 
choice in a wide variety of passenger and military ap- 
plications. The principles of operation have been proved 

“3 Only relatively recent references are mentioned here, and no 
attempt is made at presenting the history of the development. 
Reviewers of an early draft of this monograph mentioned a patent 
by Mr. Wilson in 1898, a manually controlled design by Motora 
in 1925, a proposal by a Russian naval officer submitted to Messrs. 
Denny in 1931, and a patent by Sir William Wallace in 1936. 
Practical success was eventually achieved on introduction of the 
“A R.L. Continuous Control’? developed by Mr. J. Bell of the 
Admiralty Research Laboratory of Teddington, England. 

THEORY OF SEAKEEPING 

in installations of all sizes ranging from cross-channel 
steamers up to and including Queen Elizabeth. For this 
we have to thank, of course, the Denny-Brown Com- 
pany.” 

Both tanks and fins have proved to be very effective 
in reducing ship rolling. The degree of reduction de- 
pends, of course, on the capacity of the installation. 
This is often rated by the angle of heel which a stabil- 
izing device can generate in a ship moving in smooth 
water. A 2-degree angle is definitely too small, but, 
nevertheless, provides a satisfactory stabilization if 
conditions are not too severe. An angle of 4 deg is 
satisfactory and a 6-deg angle is probably the largest 
practical angle. Chadwick (1955) showed that the cost 
and weight of an installation grow rapidly with increase 
of the specified angle. Chadwick showed by computa- 
tion that a device of a practical capacity will reduce an 
uncontrolled roll of 5 deg to 149 of its value; ie., will 
practically eliminate rolling. The latest description of 
the stabilizing-fins installation and the data on their 
performance were published by Tlipse (1957). A 
20,000-ton ship, traveling at 20 knots and controlled 
by the fins, rolled only about 2 deg (average double 

amplitude) in a very rough beam sea in wind force 8. 
From time to time the fins reached the limits of their 
travel of 25 deg. T'lipse emphasized that the list of a ship 
in side wind should be controlled by the disposition of 
the water ballast in order to preserve the full fin capacity 
for controlling rolling oscillations. 

Tins are the most effective device for controlling 
rolling of fast passenger and naval ships. They have, 
however, two drawbacks; namely, vulnerability to 
damage and rapid loss of effectiveness with reduction in 
speed. A ship forced to reduce its speed or to heave-to 
in adverse weather may lose most of its stabilization.*? 
This is not important for ships designed according to the 
recommendations of Froude (1861) and Méckel (1941); 

ie., with small metacentric heights and long natural 
periods of rolling. However, natural periods of rolling 
have been drastically reduced in recent years because 
of damage-stability considerations. Medern ships, 
therefore, may develop a severe rolling even in bow seas 
under storm conditions. Such rolling is shown in 
Fig. 48 for the SS Nissed Maru. Patterson described 
vividly the occurrence of heavy rolling in head seas. 
This took place on a cargo ship which was loaded so as 
to have a very short rolling period. 

Stabilizing tanks retain their effectiveness at low 
speeds. While they appear to have been abandoned 
on passenger ships at present, they are very useful on 
lightships and weather-observation ships. The author 
feels, however, that they may come into wider use again 
because of their simplicity, their lack of vulnerability 
and their effectiveness at reduced speeds. They appear 
to be particularly suitable in connection with ship-dam- 
age considerations. A low metacentric height, needed 
for naturally good rolling behavior, may be secured by 

82 Tt has been shown in Chapter 2 that natural damping in roll 
also becomes smaller with decrease in speed. 
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locating the stabilizing tanks high in the ship’s struc- 
ture. Necessary damage stability may be secured at 
the same time by quickly draining the tanks in emer- 
gency. 

The need for roll stabilization is increased by demands 
for damage stability. Competitive commercial con- 
siderations should further increase the use of stabilizing 

devices (at present activated fins) on passenger ships. 
Naval architects, shipowners and ship operators may 
become accustomed to these added complications. It 
is possible that consideration will be given to the sta- 
bilization of cargo ships. Activated tanks (located 
high) may prove to be the best choice for these appli- 
cations. 

6.2 Pitching Stabilization. Pitching motion of 
ships also can ke reduced by the use of fins. The mo- 
tions are reduced to a lesser extent than in rolling be- 
cause damping in pitching and heaving is already large. 
Nevertheless, theoretical and model research indicate 

that a significant reduction of the amplitude of pitching 
can be achieved. 

Quoting from Abkowitz (1955):  ‘‘Antipitching fins of 
hydrofoil shape located at the bow have been investigated 
at the MIT towing tank. Medels of three different type 
vessels (a2) a modern merchant form, (b) an aireraft 

carrier, and (c) a destroyer, with and without anti- 

pitching fins, were tested for seakeeping in a series of 
wave lengths wherein the ratio of wave height to wave 
length was held constant at 139. The hydrofoil was 
located at the bow at the keel depth and measured 4 in. 
along the chord. The models were of the following 
lengths: 

Model 1 Series 60, block 0.60, ft............ iy 

Model 2 aircraft carrier, ft................. 6.25 

Modelhs' “destroyer, Wt. a.e. ace ee nae = 5.5 

“A constant towing foree was used in the series of 
waves and represents approximately the ship at constant 
EHP......At resonance, the pitch angle (double ampli- 
tude) with hydrofoil is reduced to about 14 its value 
without hydrofoils for the merchant vessel, to about 14 
for the aircraft carrier and destroyer. The speed loss 
is also reduced appreciably for the merchant ship with 
antipitching fins. The heave is also reduced for all 
three ship types.” 

Abkowitz (1955) presented curves of the data for 
three ships. The data for Series 60 are reproduced here 
in Fig. 54. Abkowitz (1957a) furthermore plotted 
curves showing a good agreement between theoretically 
computed and measured data for Series 60 with and 
without fins. 

Pournaras (1956) also presented towing-tank data 
(obtained at DTMB) for a Series 60 hull with and with- 
out fins. The model was 10 ft long and was tested in 
waves 2.5 in. high at \/Z ratios of 0.75, 1, 1.25, and 1.5. 
Tests also were made in these wave lengths at a constant 
wave length-to-height ratio of 30. A large reduction 
of pitching motion was demonstrated. Quoting a part 
of the summary: 
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“The pitch reduction attributable to the fins consid- 
erably improved dryness of the model in head seas. The 
practical speed range, as restricted by motions of un- 
desirable magnitude, is also extended. Forefoot and 
forebody emergence occurring during the test without 
fins were not observed when the fins were installed.” 

The fins just discussed were fixed. In an unpublished 
theoretical study, E. V. Lewis and W. R. Jacobs** found 
that no advantage can be expected from controlling bow 
fins. This is because of the vectorial addition of water 
orbital velocity, bow vertical velocity and ship forward 
velocity. This addition indicates that fin angles of 
attack approach the stalling angle. On the other hand, 
a much smaller variation of the relative direction of 
water flow is found at the stern. Therefore, fixed fins 
at the stern are less effective, but their usefulness can be 

increased by controlled movements. Spens (1958) 
presented an advance discussion on experiments with 
oscillating stern fins. 

The fact that the stalling angle of bow fins is ap- 
proached in waves indicates the need for certain precau- 
tions in model testing and in fin design. Eddies shed as a 
consequence of fin stall may cause fin and hull vibrations. 
Since the hull areas at the bow are predominantly ver- 
tical, the vibratory forces can be expected to act in a 
horizontal direction. Presumably they ean be disclosed 
by placing an accelerometer, oriented to record lateral 
accelerations, at the bow. It is essential that these tests 
be conducted in severe sea conditions, as mild conditions 
may not disclose a potential danger. It is known that 
stalling occurs at a smaller angle of attack at low Rey- 
nolds numbers than at high ones. Therefore, models 
may indicate lesser effectiveness than can be expected 
on a full scale. Earher stalling of model fins may be 
caused by a laminar separation*! followed by less violent 
eddy-making. It may be desirable, therefore, to equip 
the models with antistalling devices which are not in- 
tended for full-size use. Such measures are employed, 
for instance, in towing-tank tests of seaplane models. <A 
model wing equipped with an antistalling leading-edge 
slot has been found to represent the action of an un- 
slotted full-size wing. Abkowitz (1958) achieved good 
results by applying suction on a small stabilizing fin 

model. This practice can be recommened for small skegs 
and rudders as well. 

In the case of controllable stern fins, theoretical and 
model research is needed in order to determine the op- 
timum phasing of fin motions with respect to ship 
motions. 

Attention also should be given to the shape of ap- 
pendages in order to increase their fin action. Ab- 
kowitz (1955) indicated that bossings may be significant 
in reducing pitching. Kort nozzles may not only im- 
prove the propulsion in heavy weather conditions, but 
may also reduce ship motions. 

38 Davidson Laboratory, Stevens Institute of Technology. 

34 Spens (1958) indicated that this separation, known to occur 
in a steady fluid flow, may not necessarily occur in the case of an 
oscillating hydrofoil. 



210 

7 Concluding Remarks—General 

Chapters 2 and 8 have been written with these aims: 
1 To provide naval architects with tools for de- 

signing more seakindly ships. 
2 To provide data on loads imposed on a ship’s 

structure. 
Ship motions in irregular seas are very complex and 

cannot be understood on the basis of visual observation 
alone. Designers of seakindly ships have attained 
considerable success by their intuitive ability alone. 
Nevertheless, this is an uncertain process as is manifested 
by the widely different qualities of ships in service. 
While a designer’s intuition cannot be replaced, it should 
be exercised within the framework of hard facts. Intui- 
tion which is not guided by facts degenerates into super- 

stition. 
Thus far observations at sea have provided only 

qualitative material.** The necessary quantitative 
knowledge has been obtained from model tests and 
theoretical considerations. Sea conditions can be sim- 
plified in model testing and certain sea and ship char- 
acteristics can be segregated for more detailed in- 
vestigation. However, even in a model, the dynamics 
of motions is complex and cannot be understood fully. 
As a consequence it becomes necessary to resort to theo- 
retical considerations. Such successful investigators as 
W. Froude, for example, employed all three methods; 
sea observations, model testing, and theoretical con- 

siderations. 
A sufficiently developed theory indicates an inexor- 

able logic of events: given a certain set of conditions, 

certain results must inevitably follow. In the field of 
naval architecture two sets of conditions are present: 

1 The state of the sea. 
2 <A multitude of characteristics resulting from ship 

form and mass distribution. 
The first set of conditions is not under a designer’s 

control, but he must have information about it. This 

was the subject of Chapter 1. The second set of con- 
ditions is under a designer’s control in that he can choose 
a ship’s form and can control its mass distribution to a 
limited extent. Once these are selected, a certain ship 
behavior will result. The relationship between a ship’s 
form as laid out on a drawing board and its hydrody- 
namic characteristics is not obvious. However, it can be 

understood in the light of a suitable theory. Once the 
quantitative relationship between the geometrical form 
and its hydrodynamic and dynamic characteristics is 
established, the designer must use his intuition in select- 

ing an advantageous and practical combination of various 
features. 

Ship-motion theory has been developing slowly partly 
because it involves both hydrodynamics and the dy- 
namics of rigid bodies. Developments during the past 

three decades of dynamics theory in the field of aero- 
nautical engineering can be applied to ships. The glaring 

% With the exception of the pilot projeet of Cartwright and 
Rydill (1957). 
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need at the moment is for further development of hy- 
drodynamic theory. 

The foregoing remarks explain what may appear to be 
a tendency toward the theoretical considerations in 
Chapters 2 and 3. These remarks may be needed in 
reference to the first objective; namely, the seakind- 
liness of ships. Application of ship-motion theory to 
the second objective (information on structural loading) 
requires no apology. Here definite quantitative in- 
formation is evidently required. Generally speaking, 

this information can be obtained only by the co-ordinated 
use of theory, towing-tank experiments and observa- 
tions at sea, 

7.1 Applications of Ship Motion Theory. The 
“theory” invariably takes the form of a set of coupled 
differential equations, the coefficients of which depend 
on a ship’s form and on its mass distribution. In the 
simplest realistic form of ship motion (coupled heaving 
and pitching in regular waves), there are two equations 
containing a total of twelve coefficients on the left- 
hand sides. The effects produced by variations of so 
many quantities are scarcely self-evident. It also ap- 
pears impossible to evaluate these effects by model 
tests because each change of ship form affects simulta- 
neously and in a different manner several coefficients. 
In theoretical calculations it is possible to vary each 
coefhicient separately in order to investigate its effects. 
This requires making a systematic series of calculations 
similar in nature to the systematic series of model 

tests. 

Until recently the theory of ship motions was too crude 
and neglected too many factors to warrant such a series 
of calculations. In the past few years, however, it has 
been improved greatly. In the case of heaving and pitch- 
ing motions in head seas it has reached a practical degree 
of development. Up to now the work has concentrated 
entirely on development of the theory and on demon- 
stration of its validity. Today a designer can use it in 
order to predict the seakindliness of a new vessel in head 
seas in comparison with a prototype of known perform- 
ance. For research intended to give a broader under- 
standing of ship motions, the series of calculations men- 

tioned earlier is needed. 
The manual calculations which have been used in the 

development of the ship-motion theory are awkward and 
time-consuming. It is recommended, therefore, that a 

suitable programming of the calculations be made for 
available digital computing machines. It is suggested, 
however, that excessive automatism be guarded against. 
The computational procedure should be broken up into 
steps of moderate sizes and the results of each step should 
be inspected. It should be kept in mind that the theory 
is still new and developing. Therefore, it should be 
possible to make changes in different parts of the pro- 
gramming without upsetting the entire process. In 
particular, it is suggested that the computation of co- 
efficients be made a separate preliminary step prior to 
solving the equations. By a judicious breakdown of 
the entire programming into several steps, it should be 
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possible to use available small-capacity computing 

machines. 
It is recommended that the foregoing programming 

first be made for the solution of linearized equations 
with constant coefhcients for immediate practical ap- 
plication. A research program also is recommended for 
solution of equations with variable coefficients (step- 

by-step integration). 
The foregoing discussion referred particularly to heav- 

ing-pitching motions in regular waves. The results 
should be generalized in order to represent ship motions 
in a typical irregular sea. This can be done by statis- 
tical methods and a suitable computational procedure. 

It should be remembered that in oblique seas the 
entire six-mode motion (seven degrees of freedom includ- 
ing rudder movements) must be analyzed in evaluat- 
ing a ship’s trajectory. However it can be assumed that 
analyses of more limited groups, outlined in Sections 
2.33(a) and 2.33(b), will provide useful results. The 

author doubts that a solution of equations of motion 
with constant coefficients is realistic in connection with 
roll-pitch-vaw motions of a ship in quartering seas, and 
suggests a step-by-step integration of equations with 
variable coefficients. The coefficients of the equations 
‘an. be found in the way used by IKorvin-Kroukovsky 
and Jacobs (1957) for pitching and heaving. Evalua- 
tion of some of the coefficients is less certain at present 
in the case of unsymmetric motions; nevertheless, the 

available material is believed to be sufficient to justify 
the project. It should be understood that some of the 
coefficients may be evaluated on the basis of model test 
data, and that the first attempt necessarily will be semi- 

empirical. 
The use of digital computing machines was visualized 

for the solution of the differential equations. However, 
analog computers capable of analyzing motions with 
many degrees of freedom have been developed for con- 
trolled aerial missiles. Setting up a similar facility for 
the study of seven-degrees-of-freedom ship motions in 
irregular seas is recommended. 

7.2 Observations on Ships at Sea. For many years 

investigators of ship motions thought in terms of simple 
harmonic or simple trochoidal waves, as representing the 
average effect of irregular sea conditions. The irregular- 
ity of the sea was well known qualitatively, but the sig- 
nificance of this irregularity for ship motions was not 
sufficiently realized. The technique of quantitative 
treatment of irregular sea and ship motions is barely 
7 years old and further development is expected. Never- 
theless, it can now be considered as established. Its 
broad application, however, is handicapped (a) by 
difficulty in following the current literature on the sub- 
ject and (b) by the scarcity of electromechanical ana- 

lyzing equipment. 
Regarding the first item, it should be realized that 

knowledge of the effects of irregular seas cannot be lim- 
ited to a few specialists. It is essential that all towing- 
tank technicians, naval architects and mariners have 

sufficient understanding of it. These men are fully 
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occupied in their professions and cannot be asked to 

study books on statistics in which only a small per- 
centage of the contents applies to the present problem. 
The author considers it essential, therefore, that simple 

texts be prepared in order to present the irregular sea 
theory and its application with a minimum of spe- 

cialized statistical terminology. 
The analyses needed in connection with irregular seas 

can be made on digital computing machines or on elec- 
tronic filtering machines. The use of digital computing 
machines requires reading the record tapes, and doing 
this manually is too tedious to permit widespread use of 
the analysis. The digital computers must be supple- 
mented by curve-reading machines for rapid conver- 
sion of tape records into typed tables. Or, better yet, 

the tabulating device should be made a part of the re- 
cording equipment. At best, however, the use of digital 
machines leaves a wide time gap between obtaining the 
information and getting the results analyzed. This 
procedure can be considered, therefore, only as a stop- 
gap, pending the development of special analyzers. 

An analyzer operating on the principle of electronic 
frequency filtering may give the results of an analysis 
in a few minutes after the record is taken. The author 
considers this feature vital in efficient towing-tank op- 
erations and in observations at sea. The investigator 

should obtain the analyzed data while the observed be- 
havior of a ship or a model is fresh in his mind. This 
should facilitate greatly the interpretation of events and 

should speed up final conclusions. It also will help to 
decide the next step in towing-tank experiments. At 

sea it may help to determine the success of a certain test 
maneuver. The development of simple portable elec- 
tromechanical analyzers, capable of spectral and cross- 
spectral analyses, is recommended. It is desirable that 
they also give the autocorrelation functions, which are 
necessary for certain analyses and are particularly valu- 
able in indicating the presence of harmonic (nonrandom) 

oscillations. 
The need for development of such equipment in towing 

tanks will become acute as the use of irregular waves 
widens. The author has expressed his belief, Section 
4.41, that the use of irregular waves is necessary for 
model testing in oblique waves. 

Observations on ships at sea are now entering a new 
era with the availability of ship-borne wave recorders 
and development of the statistical theory of irregular 
waves. These two must be considered together. At 
present, Tucker’s (1-1952b, 1956) recorder appears to 

be the most practical device. However, the wave in- 
dicators used on the MS San Francisco and SS Ocean 
Vulcan would have been capable of giving the same 
valuable information if the measurements were made 
and analyzed in the light of the new theory. 

In addition to a wind-sea, swells almost always are 

present in the North Atlantic. Ship motions probably 
are affected more frequently by swells than by the wind- 
sea, and, therefore, both should be observed and_re- 

corded. However, it becomes impossible to distinguish 
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visually a swell when the wind exceeds certain strength 
(say, force 5 on the Beaufort scale). Yet a swell often 
van be distinguished by its period on the wave record. 
However, the observer on board usually does not have 
enough time and facilities to read and analyze the re- 
corder tape. The best solution would be to record on a 
magnetic tape, provided a portable analyzer is on hand. 

Should this prove impossible, a tabulating attachment to 
the tape recorder would provide a typed table which an 
observer can scan for a rough estimate of longer periods. 

A ship-borne wave recorder will give the sea spectrum 

at a moving point. No method for evaluating the sea 
directional spectrum from a moving ship is available at 
present, and, as a result, all analyses have to depend on 
an assumed directional distribution within each identifi- 
able system.** The predominating direction of each, 
for instance the wind-sea and one or two swells, can be 

visually estimated during daylight hours. This estimate 
is practically impossible at night, and in a strong wind 
is difficult for swells even in the day time. Roll (1952) 
described a method of evaluating the direction, wave 
length, and velocity of propagation of a swell by re- 
peatedly photographing the radar screen. This arrange- 
ment is recommended on ships instrumented for ex- 
tensive observations. Without it night observations 

are not recommended. 
It is necessary to continue to look for ways of record- 

ing directional wave spectra from a moving ship. Stereo- 
photography is an extremely tedious method which is 
suitable only for short waves. It appears impossible 
to include a sufficient number of long waves in a photo- 
graph in order to make a statistically valid record. 

In most of the previous sea tests, observation periods 
of 2 or 3 min duration were used. Such recordings are 
of little use in view of the properties of irregular seas. 
Kent and Kempf commented on the “beat” cycles of 
ship pitching with periods from 30 to 80 sec. The author 
observed, however, a longer cycle containing a number 
of such beats. These appeared to have half-hour pe- 

riods. One becomes aware of these long cycles when 
trying to photograph outstanding events (for example, 
spectacular shipping of water), or trying to record 
slamming. 

A 12-min observational run is definitely too short. 
This has been demonstrated by the variations of sig- 
nificant wave heights determined by Cartwright’s test 
(also Tucker, 1-1957). A record length of 300 waves 
has occasionally been recommended. Generally, a 
broad wind-sea spectrum may be satisfactorily evaluated 
by a shorter record, and a narrow swell spectrum re- 
quires a longer one. It appears to the author that test 
runs of an hour’s duration may be satisfactory under 
average conditions. Trial programs must be limited 
therefore to a small number of runs. 

In the past the usual equipment on extensively in- 
strumented observational ships consisted of gyros for 

36 In special sea tests the directional sea spectrum can be ob- 
tained from the information on wave slopes telemetered from a 
suitably instrumented buoy. 
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pitching and rolling and accelerometers for heaving. 
Not having gyroscopic instruments, Schnadel (1936) 
and Horn (1936) estimated pitch angles from accelerom- 
eter readings. Cartwright (1957, NSMB Symposium) 
presented a comprehensive spectral analysis based en- 
tirely on accelerometer readings. On the SS Nissei 
Maru the yawing-angle record was obtained from the 
ship’s gyro compass. However, this is not satisfactory 
because compass repeaters usually operate in steps of 
about half a degree. A continuous record is necessary. 

The author believes that in the future all six modes of 
ship motion and the rudder angle must be recorded simul- 
taneously along with the waves. Four groups of ac- 
celerometer installations are visualized for the motions— 
at the bow, at the stern, and two not far from amid- 
ships. Of the latter two, one should be located very 
low in the engine room and the other as high as possible 
on the superstructure. The accelerometers are to 
measure vertical and lateral accelerations at each station. 
Surging accelerations also should be measured at the 
two stations amidships. All accelerometers should be 
duplicated to guard against loss of records caused by 
failures. If it is preferred to use gyros for recording 
angles, the electrical output of their sensing pick-ups 
must be identical with that of accelerometers to permit 
interchangeability of electronic equipment. 

The central recording station should consist of a 
battery of identical amplifiers (including a reserve 
stand-by) and devices for adding and subtracting read- 
ings in order to obtain records of translational and 
rotational motions. All recorders should be identical 
and spare recorders must be provided. It must be 
possible to switch inputs instantly to a spare amplifier 
and a spare recorder. It is extremely annoying to lose a 
record of a valuable event in a storm because of failure 
of some delicate recorder detail or, worse yet, because of 
the need to change the recording paper. 

Attention should be given to shortening the warm-up 
period for electronic equipment. It appears to be an 
ironical law of Nature that many interesting events occur 
unexpectedly outside of the scheduled recording periods. 
These could be recorded if the equipment could be put 
into operation instantly. The only alternative is to 
have the electronic equipment sufficiently rugged to stay 
in operation continuously for the duration of an ocean 
crossing; 1.e., up to 3 weeks. 

Recording seven modes of motion (including rudder 
movements) and using recording periods of an hour or 
more make it a foregone conclusion that magnetic tapes 
will be used. In addition to the timing signal, two to 
four channels per tape may be expected, so that several 
recorders will be needed. The wave record must be 
contained on each tape. As a result, it will be possible 
to evaluate by means of a cross-spectral analysis the am- 
plitude and phase of each ship motion in relation to the 
wave. If the analyzing equipment is provided, analysis 
of an hour’s recording probably can be completed and 
presented in the form of several spectrum plots within 
an hour. Thus, observers on board can appraise a ship’s 
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behavior on the basis of both visual interpretations and 
spectral charts. Once the spectral charts are completed, 
it is no longer necessary to retain the original recording 
tapes and they can be used over and over again. Most 
of the results of the voyage then will be available im- 
mediately upon return to the home port. 

Experience has shown that a large bulk of the recorded 
data is of little direct interest. Continuous recordings 
of an hour’s duration are necessary, however, in order to 
derive the spectrum. Only relatively short portions of 
some of the records must be kept and transcribed into 
motion curves for visual examination. These may in- 
clude, for instance, some large motions during which 

water is shipped or slamming occurs. 
7.3. Summary. Ship motions were considered in 

Chapter 3 from three points of view: 
1 Theory of motions. 
2 Model testing. 
3. Observations at sea. 
Each of the subjects was considered in detail and sug- 

gestions for further research activity were made. 
It was shown that, while theoretical research on heay- 

ing-pitching motions has been progressing satisfactorily, 
the treatment of rolling and yawing is in a deplorable 
state. The linear theory of ship heaving and pitching 
has reached a state of practical usefulness. Its further 
improvement will consist of more reliable evaluations 

of coefficients of the differential equations of motions. 
This formed the subject of Chapter 2. 

In model tests the emphasis has been placed on ex- 
periments in oblique irregular waves. Tests in oblique 
regular waves are believed to be misleading in predicting 
rolling and yawing motions. Attention has been called to 
the apparent lack of planning and definition of methods 
and objectives in model testing in oblique irregular waves. 
The basic theory of such testing also needs further de- 

velopment. The theory of superposition has been proved 
true (within practical limits) for heaving-pitching mo- 
tions in which the simple cause-effect relationship is 
evident. Its application is not clear when several 

causes (due to several modes of motion) exist, and when 

a ship’s response depends on dynamic (involving prod- 
ucts of velocities) as well as hydrodynamic character- 

istics. 
The introduction of irregular seas and oblique waves 

into towing tanks leads to greatly increased reliance on 
theoretical considerations. Steps will have to be taken 
to provide the necessary training for personnel. 

The object of observations on ships at sea are: 
(a) To indicate the conditions occurring in service. 

These will be shown by the spectra of sea and ship mo- 

tions. 
(b) To derive the hydrodynamic properties of ships. 

These will be obtained from cross-spectral analyses of 
waves and ship motions.” 

37 This will be possible only under certain favorable conditions. 
It does not appear that it will be possible to derive hydrodynamic 
characteristics in the general case of a ship moving in short- 
crested irregular seas. 
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(c) To obtain detailed information on ship and sea 
motions at certain short intervals of time; for instance, 

at the time of slamming or of maximum bending mo- 
ment. The principal use of this information will be in 
structural analysis. 

(dq) To collect information on sea conditions. 

It is recommended that in observations on ships all 
six components of ship motion and also rudder motions 
be recorded. Observations must take cognizance of the 

properties of irregular seas and ship motions. <A  ship- 
borne wave recorder must be used, and it is recommended 
that recordings be of an hour’s duration. A minimum 

number of maneuvers and test runs should be specified 
to permit long observation runs. 

Effort should be made to use one type of pick-up, 
amplifier, and recorder. All pick-ups should be in dup- 
licate, and circuits should be so arranged that spare 
amplifiers and recorders can be switched on instantly. 

It is presumed that magnetic-tape recordings will be 
used. Portable analyzers, based on the principle of 
frequency filtering, should be provided aboard instru- 
mented observation ships. The analysis should be 
made immediately after recording. Observers should 
make visual appraisals of sea and ship conditions aided 
by analyzed data which will be presented in the form of 
spectra. Only records of certain specific interesting 

events need be preserved on the original tapes so that 
they can be transcribed into curves of motions. 

Only ship motions have been discussed in this chapter. 
The effect of motions on speed and powering will be the 
subject of Chapter 4. The effect of sea and ship motions 
on stresses will be discussed in Chapter 5. 

8 Condensed List of Suggested Research Topics** 

1 A Step-by-Step Integration is suggested of the 
coupled heave and pitch differential equations of motions, 
Section 2, with variable coefficients. The coefficients 
are to be evaluated using the actual sectional wetted 
beams and drafts at a given instant. This project is 
needed in order to evaluate the error involved in the 
usual assumption of constant coefficients. A small error 
is expected in the case of normal cargo ship forms. This 
error is expected to increase with increased inclination of 
ship sides, and, as it now appears, invalidates the appli- 
cation of theory of small motions to sailing yacht forms. 
The error is also expected to be large in shallow-draft 
craft, Section 2.18. 

2 Step-by-Step Integration, as outlined in the fore- 
going, is suggested with the particular objective of 

evaluating the effect of nonlinear damping described, 

Section 2-3.22. 
3 Summary of Data should be prepared for use in 

evaluating ship motions by means of equations (2). The 
collection of reference data and the computation of 

38 Approximately in the order of presentation in the body of the 
Monograph. These suggestions are confined to ship motions. 
Suggestions for the evaluation of the coefficients of the equations 
of motion are given at the end of Chapter 2. 
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coefficients consume the largest part of the time spent 
in evaluating the pitching and heaving motions of a 

ship. 
4 Programming Digital Machine Computations of the 

coefficients of equations (2) is desirable. In the case of 
section shapes obtained by transformation of a circle 
(Lewis, 1929; Prohaska, 1947), the machine can solve 
directly the expressions resulting from such a transforma- 
tion. The results of more complicated computational 
methods (of Haskind, Ursell, Hanaoka for example, 
suggested in Chapter 2) can be approximated by simple 

expressions using a curve-fitting technique. 
5 Towing-Tank Test to evaluate coupled heaving- 

pitching motion of a ship will be needed for verifying the 
results of projects 1 and 2. 

6 Tests in Wide Tanks are needed in order to estab- 
lish the amplitudes and phase lags of coupled heaving- 
pitching motions at low speeds. Previous tests have 
shown considerable uncertainty in this speed range. 
This uncertainty is usually attributed to wave reflec- 
tions from towing-tank walls. The difficulty may con- 
ceivably also be caused by the erratic behavior of damp- 
ing coefficients b and B at low speed, Section 2—3.24. 
One of the aims of the experimental program suggested 

here is to separate these two effects by eliminating the 
tank-wall reflections. 

7 Solutions for Transient Response of the coupled 
heaving-pitching equations of motion, Section 2, are 
suggested in order to provide the material needed in 
projects 20 and 21 on irregular ship motions under condi- 
tions in which the superposition principle is inapplicable 
(nonlinearities and variable coefficients). 

8 Attenuation of an Incident Wave as it progresses 

along a ship was discussed by Grim (1957, second part). 
Further development and experimental verification of 
the subject is recommended. The object is to establish 

a correction to the usual strip theory in which each 
element of a ship’s length is assumed to be acted upon 

by an undistorted wave. 
9 Changes of a Ship’s Mean Trim during pitching 

and heaving oscillations are known to occur and may be 
significant in defining a ship’s seakindliness. A ship 
which increases its mean trim in head seas is evidently 
a drier ship than one exhibiting a decrease in mean trim. 
Linearized theories so far have treated only oscillations 
about a mean and have not taken up the changes of mean 
trim from the still-water trim. Formulations to correct 

this defect are recommended. 
It is presumed that in calculating the trajectory of a 

nonlinear motion by a step-by-step integration the change 
of the ship’s attitude will automatically be shown. 

10 Interpretation of Computations and Model Data 
should be made specifically for the appraisal of a ship’s 

seakindliness. The computation and model test data 
are often presented as tables or curves-of-motion ampli- 
tudes. Such quantitative data can be used directly 
only in a few specialized naval problems. They do not 

describe the seakindliness of a cargo ship, for instance, 
as a mariner would appraise it. It is necessary to estab- 
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lish which properties are desired in a ship and how these 
properties are indicated by the results of theory or of 
model tests. The amplitude and phase data must be 
supplemented by information on the frequency and 
severity of shipping of water and of slamming. Methods 
are needed for estimating this ‘‘severity”’ quantitatively. 
Geometric superposition of wave and ship motions does 
not necessarily define the shipping of water, since, on the 
one hand, the water surface rises at a submerging flared 
bow, and, on the other hand, the deflection of water 
by the bow delays the shipping of water. It is suggested 
that a project be established to investigate these various 
effects, with the ultimate aim of preparing a specifica- 
tion for model tests and test reports. 

11 Rolling, Heaving and Side-Sway motions of a 
ship at zero speed in regular beam seas should be investi- 

gated. By formally setting a system of three coupled 
differential equations, a procedure analogous to that 
used by Korvin-Kroukoysky and Jacobs (1957) for the 

heaving-pitching motion can be followed. The sup- 
porting material for the evaluation of coefficients can be 
found in Ursell (1949a), Grim (1956, 1957a and 6) 
and Landweber and de Macagno (1957). 

It is suggested that the series 60, 0.60 block coefficient 
model be used for the first project. The information ob- 
tained, added to the already available data on behavior 
in head seas, will be valuable in the subsequent multi- 
mode motion investigations. Attention should be paid 
to the wave lengths (frequencies) which are significant 
in practice. 

12. Rolling, Heaving and Side-Sway motions of non- 
circular cylindrical and prismatic bodies should also be 
investigated theoretically in connection with project 11 
in order to verify the theoretical procedure in a simpler 
vase and to provide the data for a three-dimensional cor- 
rection. 

13 Model Experiments in regular waves (a) on 
cylindrical and prismatic bodies, and (b) on ship models 
are needed in connection with projects 11 and 12. The 
experiments on ship models should be conducted in 
wide tanks or ponds in order to avoid interference of 
the wall-reflected waves. 

14 Experiments on Model Rolling in Long-Crested 
Irregular Waves are recommended as a supplement to 
project 11. The objective is to provide information on 
the applicability of irregular-wave theories to the rolling 
of ships, which are characterized by low damping. 
The results also are expected to contradict certain 
conclusions in regard to nonlinear rolling, Section 2.22, 
which were based on excessive attention to regular waves. 

15 Transient Response of a Ship to an Excitation in 
Roll should be derived on the basis of the differential 
equations of motion formed under project 11. This is 
the preliminary step to project 16 which follows. 

16 Theory of a Ship’s Response to Irregular Waves 
based on a succession of transient responses to excitation 

in roll should be developed. This would be a verifica- 
tion and elaboration of the brief calculations made by 
Kriloff (1896, 1898) in which it was demonstrated that a 

‘c 
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ship’s rolling in its natural period persisted in even 
shghtly irregular waves. 

17 Ships’ Rolling When Anchored should be investi- 
gated theoretically and experimentally. Dangerously 
large rolling has been observed in a case which has been 
attributed to the regularity of swells (Saunders’ discus- 
sion of WKorvin-Kroukovsky, 1957). However, swell 

records invariably disclose a large degree of irregularity. 
It is conceivable that mooring-cable forces, resulting 
from several ship motions incited by waves, may act as 
sufficient excitation for rolling. 

18 Investigation of Environmental Conditions can be 

suggested as a companion project to 17. It should be 

investigated to what extent the usual swell may become 
more regular in the process of entermg a shallow-water 
harbor and possibly refracting after approaching a sea 
shore obliquely. To what extent can the severe rolling, 
attributed to an alleged swell regularity, be relieved by 

changing the anchorage point to a greater water depth? 
19 Rolling and Yawing Moments Caused by Oblique 

Waves should be determined theoretically and meas- 
ured experimentally. Theoretical evaluation may follow 
the pattern used for heaving-pitching motion by Korvin- 
Kroukovsky and Jacobs (1957) with the supporting 
material of Ursell (1949a), Grim (1956, 1957) and Land- 
weber and de Macagno (1957). Presently available 
material permits making these calculations only for the 
zero-speed case. Completion of certain projects listed 
in Chapter 2 may permit extension to cases involving 
forward speed. 

The yawing moment caused by waves depends on a 
ship’s trim. Calculations at several trim angles are 

therefore needed. 
In towing-tank tests, the forces and moments acting 

on a restrained model are to be measured. Vertical 
and lateral forces and rolling and yawing moments are 

involved. The effect of the wave direction, model’s 

forward speed and model’s angle of trim are to be deter- 
mined. Several wave heights should be used, since there 

is the probability of a strong nonlinear effect at certain 
trim angles. 

It is customary to express the wave forces and moments 
as amplitudes ina harmonie variation. This is the form 
in which the data are used in the now accepted theory 
of linear superposition. There is a possibility, however, 
that this will not be suitable in the analysis of yawing 
and rolling in which nonlinear characteristics may be 
decisive. This may make it necessary to use super- 
position of transient responses to a series of successive 
impulses. To provide the material for such an even- 
tuality, detailed information on the pattern of cyclic 

variations of all quantities must be reported. 
20 Theoretical Evaluation of Four-Mode Model 

Motions in long-crested regular waves is suggested, as 

described under the second project in Section 2.33a. 

Five degrees of freedom are involved; namely heaving, 

sidesway, yawing, pitching, and rudder movements. 
The effect of surging is disregarded, and restraint in roll 
isassumed. After evaluation of all variables, except the 
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roll angle @, the rolling moment is computed. As a 

subsequent step, the rolling motion is computed using 
the fourth of equations (12). 

It is suggested that the initial activity be centered 
about the series 60, 0.60 block coefficient model. Waves 

approaching a ship from 60 deg off the bow, and 45 and 10 
deg off the stern are suggested as likely to be eritical for 

the rudder control, Rydill (1959); also Section 2.334. 

In Section 2.53a the author expressed an opinion that 
nonlinear behavior is decisive in yawing and rolling 
motions. Step-by-step integration with variable co- 
efficients in the equations of motion is therefore visualized 
under this project. 

21 Towing-Tank Tests in Regular Oblique Waves 
are suggested under conditions matching those of project 

20. The model is to be self-propelled and free in every 
respect, except for the restraint in roll, with provision for 

measuring the rolling moment. 

A well-defined rudder-control function must be chosen, 
suitable for both projects 20 and 21. The optimum 
radder-control function will differ in bow and quartering 

Papers by Schiff and Gimprich (1949) and Rydill 

(1959) can be used as a guide in choosing a suitable 
function. Motions of the rudder must be recorded. 

Alternative tests are suggested in which the model will 
be left free in rolling as well as in all other modes. The 

comparison of the two series of tests will indicate the 
error resulting from neglect of the effect of rolling on other 

modes, which was implied in project 20. 
There are large differences in the motion characteristics 

of ships, and tests on one model cannot arbitrarily be 
assumed to apply to another. The particular value of 
this project hes, therefore, in confirming the calculations 
of project 20. The calculational procedure, once con- 

firmed, can be used subsequently for predicting char- 
acteristics of other ship forms of comparable prismatic 

seas. 

coeficients. A separate confirmation is needed for 
ships with large prismatic coefficient. 

22 Measurement of the Derivatives 0) /Ow and 

ON /Ov at various angles of trim and ship speeds is 
recommended in order to provide the supporting mate- 
rial for project 20. The effect of the trim on the rudder 
effectiveness Ns = No5(@) should also be measured. The 

angles of trim in these tests should be chosen to give the 
stern emergence corresponding to that found experi- 
mentally in project 21. 

23 Results of Project 20 should be examined in an 
attempt to derive simple relationships between direct 
roll response to waves and the roll response resulting 

from various couplings, particularly that of yaw-roll. 
It is hoped to derive the optimum proportions of bilge 
keels and skegs to minimize the angle of roll, Section 
2.00: 

The presence of nonlinear effects should be remem- 
bered. Transient roll response may be excited at 
instants of positive ON/Ow (at bow submersion) or 
unusually large negative ON/Ow (at bow emersion and 

stern submersion) during a pitching eycle in waves. 
Once excited, lightly damped rolling oscillations in a 
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ship’s natural period persist and are superposed on 
rolling resulting from other causes. 

24 Rudder-Control Functions 6 = 6( fy dt, v, w, v) 
have been examined in the past solely with regard to 
minimizing yawing excursion. The yaw-roll coupling 
and the resultant effect on rolling have not been con- 
sidered. It is suggested that the rudder-control function 
be examined with regard to the side-swaying and rolling, 
as well as yawing characteristics of ships. A more sea- 
kindly ship can conceivably be obtained by permitting 
greater yawing excursions, while minimizing lateral 
accelerations caused by side-swaying and _ rolling. 
Greater safety (in regards to the shifting of cargo) may 
thereby be secured, in addition to greater comfort of 
passengers and crew. 

25 Mathematical Representation of Manual Rudder- 
Control Functions is needed for proper representation in 
model tests in oblique seas. It also may be useful as ¢ 
target in the design of automatic steering systems. It 
is believed possible to derive such a mathematical repre- 
sentation by a statistical study of the simultaneous 
records of a ship’s yawing and rudder motions. 

The control functions usually discussed involve one or 
more functions of y (see under project 24). It appears to 

the author that an important characteristic of manual 
control may be almost continual shifting of emphasis from 
one function of w to another. This shifting may well 
be connected with changes of sign of ON/Ow caused by 
the pitching of the ship and its phase relationship to the 
waves. 

26 A Theoretical Investigation of Steering Charac- 
teristics under the Combined Action of Waves and Wind 
would work toward improving the steering characteristics 
of ships and would help in the interpretation of model 
tests. The steering characteristics of a ship depend on 
wind-caused forces and moments as well as on the waves. 
Erroneous conclusions may be derived from towing- 
tank tests, if the wind effects (not present in these tests) 

are not kept in mind. In most cases these effects will 
have to be allowed for intuitively. This process will be 
made more reliable if a theoretically derived example is 
available. 

27 For Experiments Taking Wind Effects Into Ac- 
count, the wind-caused force and the center of pressure 
can be measured in a wind tunnel. These will depend 
on the relative mean wind direction but will not vary 
appreciably with the normal yawing of a ship in waves. 
The wind effect can be included, therefore, in towing- 
tank tests in oblique waves as a constant force applied 
in a specified direction at a specified point on the model. 
It also can be taken as a function of the pitch angle. 
The wind gustiness is neglected in the method proposed 
here. 

28 Uniform Instrumentation should be developed for 

fully instrumented ships. The output of all sensing 
elements should be such as to permit the use of identical 
amplifiers and recorders. Duplication of all sensing 
elements and provision for instant switching to a spare 
amplifier or recorder are desirable. Records should 
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include the wave height, all six modes of ship motions, 
rudder motions and possibly wind strength and direction. 
All records must be connected by a timing code. The de- 
velopment of transistorized equipment will simplify in- 
stallation by making it independent of a ship’s electrical 
system, and also can be expected to shorten the time 

needed to put equipment in operation for each test run. 
Magnetic-tape recorders should be supplemented by 

visual recorders and/or tabulating devices. The visual 
records in this case are not intended for precise analysis 
and should present information in compact form for 
scanning and rough analysis by observers. 

29 Portable Instrumentation for recording ship 
motions should be developed. Rugged and compact 

instruments have been used in missiles and research 
rockets (for instance Kenimer, 1955). The rapidly pro- 

gressing transistor technique will also permit the develop- 
ment of compact multichannel equipment. Six ship- 
motion components can be sensed by entirely self-con- 
tained equipment using accelerometers and_ possibly 
small gyros. Additional recording channels and external 
jacks should be provided for connection to ship’s in- 
struments, particularly to wave-height gage, when these 

are available. An hour capacity of contmuous record- 
ing Is suggested. 

The need for this equipment is indicated by the diffi- 
culty in finding suitable weather conditions on trips 
made by a few instrumented ships. lor instance, only 
mild weather was encountered by the SS Ocean Vulcan 
in a time interval of many months. Reaching a satis- 
factory understanding of ship conditions at sea requires 
the collection of a much greater amount of data than is 

feasible by using a few fully instrumented ships. The 
use of self-contained portable equipment will permit 
more observations on ships of all kinds. 

30 Ship-Borne Wave Recorder, such as is now avail- 
able, cannot be considered portable equipment. It is, 
however, a relatively simple instrument and its instal- 
lation is recommended on as many ships as possible as a 
part of the general investigation of ocean waves. In par- 
ticular its installation is reeommended on all weather 
ships. It is suggested that external jacks be incor- 
porated in its construction to permit ready connection to 
other instruments, particularly to the portable equip- 
ment listed under project 29. 

31 Tucker’s Shipborne Wave Recorder is the most 
practical instrument available to date. However, in its 
original design form it is intended for weather ships in 
hove-to condition, and its performance can probably be 
improved (for use on larger ships) with additional 
development. A hydrodynamic problem recommended 
as project 23 of Chapter 1, was directed at evaluation of 
ship-wave interference effects on the pressure recorded 
by the gage. Two additional projects can be recom- 
mended here; namely, improvement of the electronic 
integration of accelerations and investigation of the most 
favorable location for the pressure and _ acceleration- 
sensing assembly. The objective of the first is to 
eliminate the influence of wave frequency on the inte- 
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grated result and to eliminate the phase shift. This con- 
celvably can be accomplished by application of the 
modern servomechanism theory. 

The pressure gage and accelerometer unit have habitu- 

ally been installed amidships. In this location the 
accelerations are least, but hydrodynamic effects are at 
their maximum. On cargo type and passenger ships, 
the rectangular ship section with sharp turn of the bilge 
and the presence of bilge keels make the evaluation of 
hydrodynamic effects on the pressure-gage readings 
highly uncertain. The effect of the ship-made wave at 
forward ship speed is also large. It appears to the 
author that locating the sensing unit a short distance 
ahead of the front edge of bilge keels is more favor- 
able. A ship’s cross section in this locality, more rounded 
and unbroken by bilge keels, is more amenable to the 
evaluation of hydrodynamic effects. In this location 
the accelerations will be greater and more reliance has to 
be placed on the methods of computing vertical dis- 

placements from accelerations. A project is recom- 
mended for comprehensive investigation of the problems 
just outlined. 

32 Development of a Portable Wave Recorder is 
desirable for use in connection with the portable record- 
ing instrumentation listed as project 29. An instrument 
which would be a combination of acceleration integrater 
and echo-ranging altimeter is visualized. Such an in- 
strument can be clamped to the railing at the end of the 

flying bridge or carried on a short outrigger. 
33 Development of a Portable Analyzer is recom- 

mended. This is intended for use with either the port- 
able motion recorder (project 29) or the complete record- 

ing system (project 28). The analyzer must be capable 
of spectral and cross-spectral analyses. It is suggested 
that the recording and analyzing equipment be stand- 
ardized for a 1-hr duration of recording. 

A portable analyzer, based on the filtering principle, 
san concelvably be developed as a self-contained com- 
pact unit (a “suitcase’’) by the proper use of transis- 
torized circuits. 

The author has repeatedly emphasized his belief that 
the most rapid progress in understanding ship motions 
will result from a combination of the personal impres- 
sions of ship observers and on-the-spot analyses of re- 
corded data. With a portable analyzer the data taken 
on the voyage would furthermore, be immediately useful 
upon return to the home port. Experience with elabo- 
rately instrumented ships has been unsatisfactory be- 
cause many months have been needed for the analyses of 
data and in the end only a small part of the gathered 
material has been utilized. 

34 Portable Strain Gage can well be used in con- 
nection with recording ship motions on ships not ex- 
tensively instrumented for strain measurements. Such 
gages were used in the past for auxilliary measurements 
in connection with extensive permanent instrumentation. 
The gage suggested here is for use with the portable con- 
tinuous recording equipment of project 29. It will give 
indication of the stress variations connected with wave 
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and ship motions and it will indicate stresses and vibra- 
tions caused by slamming. Since a portable gage will be 
applied to one side of the deck plate, it is suggested that 
it be made with a long base (say 5 ft) to minimize the 

errors caused by local plate deflections. Such a gage 
can be installed in a protected location along the passage- 
way on the strength deck. 

35 Measurements of Directional Sea Spectra by 
free-floating buoys can be recommended during special 
ship tests conducted in the vicinity of such buoys. 
Dorrestein (1957) described buoys used for scalar spec- 

trum measurements. Vosnessensky and Firsoff (1957 
based their spectrum derivations on the results of data 
obtained from buoys. The author understands that a 
disposable buoy for measurement of scalar wave spectra 

was developed by DIMB. - A buoy has apparently been 
developed in England which will permit evaluation of 
the directional spectra from wave slopes. 

A summary giving all available information on the 
subject would be helpful in stimulating research. 

36 Methods of Measuring Directional Sea Spectra 
from a ship at sea should be developed. As a starting 
point, the author can suggest installation of four Tucker- 
type ship-borne wave recorders (improved in project 31) 
along the length of a ship. Analysis of the recorded data 
can follow the pattern based on Barber’s work which was 
described in project 38 of Chapter 1. The use of a ship 
of low displacement/length ratio and low prismatic co- 
efficient is suggested in this connection. If a special 
weather ship were to be so equipped, the use of roll- 
stabilizing tanks and omission of bilge keels is recom- 
mended. With a ship hove-to in head seas, a reasonable 
estimate of the directional distribution of waves can be 
expected, at least for waves !5 to 2 times as long as the 

ship. Other, possibly simpler, approaches to this prob- 
lem must be sought. 

37 Further Development of Pitch-Stabilizing Fins 
is needed. This must follow from theoretical investiga- 
tion, towing-tank model testing and observations on 
ships at sea. The efficacy of bow fins has been estab- 
lished. Further activity is needed in the development of 
fin shapes to minimize stalling effects, in the evaluation 
and, if possible, elimination of bow vibration and in the 
development of structural design criteria. 

The available data on stern fins are less complete and 
further investigations are needed. In this case particular 
attention should be directed to the development of 
suitable control functions. 

Nomenclature 

Symbols listed on pages 150 and 151 in connection with 
Chapter 2 apply to Chapter 3 as well. NACA designa- 
tions (page 151) are particularly important in connection 
with Section 2.3 on six-component ship motions in waves. 
Additional symbols are as follows: 

h = righting arm 
wave height (double amplitude) 

7) = natural period of a ship’s oscillation 
period of wave encounter 

6 = rudder angle 

= ll 

~ i ll 
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[6, 7, 0, €] = phase angles 
y = coherency 
x = relative heading of ship to waves 

S,, S_» = contributions to the covariance function, equation (40) 
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7, j = subscripts denoting mapping regions, equations (26) 
and (27) 

Symbols used once and defined locally are not included 
in the above list. 
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CHAPTER 4 

1 Introduction 

The resistance, propulsion and speed of ships will be 
considered only inasmuch as they are affeeted by wind 
and waves. The evaluation of these characteristics was 
the main objective of Kent’s work (see numerous refer- 

ences to Kent in Chapter 3). In particular, ent 
(3-1936/37; 3-1957)! can be considered as a summary. 
Kempf (3-1936) also presented a thorough treatment of 
this subject. The data given by these investigators 

apply, however, to ships built between 1913 and 1954. 
These ships were characterized by high block coefficients 
and low horsepower per ton of displacement and they 
lost the speed in head seas so rapidly that severe motions 
did not develop. The loss of speed in waves at the full 
engine power was, therefore, the primary objective of 
investigation. These data are still valid for tankers and 
bulk cargo carriers the speeds of which are limited 
primarily by the available power. In other types of 

ships the violence of motions makes it necessary to reduce 
the engine power in high waves. Therefore, ship motions, 
and not the available power, limit the attainable speed. 

The speed loss of a general cargo ship in waves is shown 
in Fig. 1. Quoting from Lewis (1955a): “Speed reduc- 
tion in heavy weather results from two types of influence. 
The first is the direct effect of the added resistance to 
forward motion caused by the action of wind and waves. 
The second may be termed indirect and refers to the 
necessity of voluntary reduction of power—and hence 
speed—to reduce the violence of the secondary motions. 
“We have recently analyzed some log data for 

typical cargo ships in winter North Atlantic service 
north of the British Isles to Seandinavia—undoubtedly 
the most severe of the important trade routes of the 
world. The graph shows first the expected trend of ship 
speed with increasing average wave height, if full power 
were maintained and only the added resistance effects 
were taken into account... .The other steeper line shows 
the actual trend of speed found by plotting average daily 
speeds from log records. . . .”’ 

Fig. 1 discloses that apparently engine power had to be 
reduced in waves over 5 ft in height. This low height is 
explained by the high power (8500 hp) and smooth water 
speed of Victory ships for which the analysis was made. 

1 The number 3 preceding the year indicates that the reference 
is made to the Bibliography at the end of Chapter 3. All other 
references appear in the Bibliography at the end of this chapter. 
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Fig. 1 Effect of head seas on ship speed, Victory Ship, No. Atl., 
West B. (from Lewis, 19552) 

Aertssen (1957 NSMB Symp.) considers that 5000 hp 
would have been normal for a ship of the size of Victorys. 
The maximum speed in smooth water then would have 
been lower and a further reduction of power would have 
been required only in higher waves. The basic con- 
clusion would remain, however, unchanged; namely, the 
speed of a ship at sea must be considered under two 
conditions: 

1 In a moderate sea in which ship motions are not 
critical and the speed is determined by the available 
power. 

2 Ina higher sea in which the violence of ship motions 
limits the speed which can be maintained safely. 

These two conditions will be separately considered in 
the following. 

2 Ship Speed and Power in a Moderate Sea 

The resistance of a ship in a moderate sea can be further 
subdivided into: 

(a) Waves so short that there is no appreciable 
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pitching, and the resistance is caused by waves them- 
selves. 

(b) Longer waves in which there is appreciable pitch- 

ing and heaving. The resistance in this case is only 
partially due to waves themselves and it is caused to a 
large extent by ship motions. 

2.1 Resistance Caused by Waves in Absence of 

Heaving and Pitching. ‘The first case, (a), was investi- 

gated theoretically by Ireitner (1939) and Havelock 
(35-1940). Wreitner expressed the force R, exerted by 
waves on a motionless hull as 

R = gpB(h/2)? sin a (1) 

where a is the mean angle of entrance between WL and 
center plane, B is the beam, h is the wave height, and p 
is the specific gravity of water. By expressing angle a 
in terms of length/beam ratio of a ship and introducing 
the concept of “additional resistance per ton of displace- 
ment,” &, he arrived at the expression 

where / is a ship’s draft and LF is ship’s length. 
Havelock (35-1940) derived the expression: 

I ae ; 
in = * gpa°B sin? a (3) 

where the last factor is the mean value of sin a* with 
respect to the beam. This expression was derived for a 
body of infinite draft with the extreme assumption of 
reflection around the front half and a smooth water 
around the rest of a body. Therefore, Havelock con- 
sidered that actual ship resistance caused by reflection 
of waves should not exceed that given by the equation 

(3). 

Jacobs and Lewis (1953) applied Kreitner’s formula 

(1) to several recently tested ship models. They ob- 
tained an excellent agreement after making certain 
empirical adjustments in the original formula. The 
revised formula is 

R = 0.174 gp(h/2)*’8 (sin a)'/8 (4) 

2.2 Added Resistance Caused by a Combined Action 

of Waves and Ship Motions. Havelock (3-1942) in- 

vestigated the increase of a ship’s resistance caused by 
the combined action of waves and of heaving and pitching 
motions.” It has been assumed that added resistance 
due to wave reflection, outlined in the previous section, 

is small as compared to the resistance caused by the 
variation of buoyaney distribution. This assumption 
was verified by the results of ealeulation. Froude- 
Ixriloff hypothesis was adhered to; 1.e., the pressures 
acting on a ship were taken to be those existing in the 
wave structure when the ship was not there. The 

* Havelock defined a as: ‘ a being the angle which the 
tangent at any point makes with the fore-and-aft-central axis.’’ 

2 This derivation was repeated by Havelock (1945) and by St. 
Denis (3-1951). 
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following wave properties, taken from Table 1 of Appen- 
dix A,* are relevant: 

Velocity potential 

d = (ag/w)e™ sin (wt + kx) (5) 

Pressure (exclusive of hydrostatic) 

p = agpe™ cos (wt + kx) (6) 

Pressure gradient in x-direction 

Op/Oxr = agpke** sin (wt + kx) (7) 

Pressure gradient in z-direction 

Op/d0z = agpke*? cos (wt + kx) (8) 

Assuming the ship to be restrained in its equilibrium 
position, the instantaneous resistance Ry can be evaluated 
by the integration of pressures p over the ship’s wetted 

surface So or by integration of pressure gradient over the 
displaced volume V: 

Re { il pldSy = il i i oP dv 

= —agp a e sin (wt + kx)dv (9) 

! and m designate directional cosines of normals to the 
elements of wetted area dS in x and z-directions. The 
force calculated from the foregoing expression is purely 
periodic with mean value zero (Havelock, 3-1937). 

Suppose now the ship to be in slightly displaced posi- 
tion due to a heave‘ ¢ and pitch angle 6. The increment 

of the volume added by each surface element is 

dy = [né + n2xé — 10(z — h’) |dSo (10) 

where h’ is the height of the instantaneous center of rota- 
tion above the origin 0. The added resistance can be 
calculated by applying equation (9) to the added volume, 
so that total wave resistance becomes 

R = Ro — agpk if e sin (wt + kv) 

Ine + nad — ble — AY IaSe nay 
Expression (11) can be used directly for the computa- 

tion of the instantaneous resistance caused by waves 
when the data on ship motions ¢ and @ are available. 
The mean resistance is obtained by integration of the 
instantaneous resistance over the oscillation eyele. In 
order to investigate the nature of the added resistance, 

Havelock endeavored to connect it with the wave-caused 
heaving force and pitching moment, and with the re- 
sultant ship motions. 

On basis of equations (6) and (9) the wave-caused 
buoyant force and pitching moment are 

F = —agp {f e* cos (wt + kax)ndSy — - (12) 

3 Except that symbol z is used for vertical displacement instead 
of y, g/w used instead of c, and w instead of ke. Opposite direction 
of the wave travel is taken. 

4 The use of symbol ¢ for the heaving motion of a ship is limited 
to the present section. 
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M = agp ff e* cos (wt + kx) [na — Uz —h’')|dSyo (13 

Equation (11) can now be rewritten in terms of / and 

Mas 

k oF k,omM a te 6 oM a ee : 

A %o w Ol w Ot 
(14) 

In periodic waves the exciting force / and moment A 

take the form 

Z Zo sin (wt + oc) 

M = Mo sin (wt + 7) 
(15) 

and from uncoupled differential equations of motions, 
given in Chapter 2, it follows that ship motions can be 

expressed as 

t = KFysin (wt + o + 8) 
16 

6 = K’M) sin (wt + 7 + €) Ce 

where K and K’ are magnification factors and 6 and e 

are phase-lag angles for forced oscillations. 
Using equations (15) and (16) in (14) and taking mean 

values of the quadratic terms, Havelock arrived at the 
expression for the mean backward force 

R = 4kKFy? sin 6 + 3eK'M,? sin (17) 

or 

R = TkF 060 sin 6 + 3h Mo sin € (18) 

The amplitudes of the exciting functions / and d/o 
and the amplitudes of motions ¢) and @ are essentially 
proportional to wave heights. Equations (17) and (18) 
show, therefore, that the resistance added by waves and 

wave-caused ship oscillations 7s proportional to the square 
of the wave height. These equations show furthermore 
that the resistance depends on the phase lag angles 6 
and e«. At very low frequencies w the resistance prac- 
tically vanishes. At the synchronous frequency, sin 6 
and sin « approach unity and the resistance is at its 

maximum. 
The nature of the derivation, based on the Iroude- 

Kxriloff hypothesis, excluded the hydrodynamic effects 
of ship’s speed. In the later work of Korvin-Kroukovsky 
and Jacobs (1957) it was shown that ship speed has 
relatively weak effect on the magnitude of the exciting 
functions /’y) and Mo. Therefore, the resistance, based 
on equations (17) and (18), should be nearly independent 

of the speed per se, but should be strongly dependent on 
the frequency of encounter w,, which governs the phase- 
lag angles. This is qualitatively confirmed by the 
towing-tank tests, for instance, those shown in Fig. 5. 

Equations (17) and (18) were derived in order to 
demonstrate the dependence of the resistance on the 
wave-caused exciting forces and on ship motions. Have- 
lock (3-1942) warned against using them for actual com- 
putations because of the uncertainties involved in the 

use of differential equations of motions. He particularly 
emphasized the uncertainty of estimating damping 
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forces. It also should be remembered that the deriva- 
tion was based only on the 0¢/ot term of the complete 
Bernoulli equation 

P = Po — gpz + pod/ot (19) 

cc Havelock mentioned that “....the usual approximate 
equations for the motion of the ship are obtained by 
taking into account also the hydrostatic buoyancy and 
moment arising from the term gpz in (19).’’ However, 

he has not further discussed this. INorvin-IKroukovsky 
and Jacobs (1957) showed that heaving and _ pitching 
amplitudes and particularly phase relationships are 
strongly affected by cross-coupling of heaving and 
pitching motions. By virtue of equations (17) and 
(18), the resistance in waves also should be affected by 

cross-coupling. 
Hanaoka (3-1957 NSMB Symp.), using advanced 

mathematical methods, Section 2-6, has derived the 
expressions for the resistance of a Mitchell-type ship in 
waves.> In agreement with Havelock’s work, the added 
resistance caused by waves and ship motions is shown 
to be proportional to the square of the wave height and 
to sines of the phase-lag angles. The calculations were 
made for an idealized ship identified as Weinblum’s 
(1932) “form 1097.”’ The principal dimensions of the 
ship are as follows: Beam/length, 0.10; draft/length, 
0.04; midship-section and block coefficients, 0.75. 
Model resistance in kilograms is shown plotted versus 
(wave length/ship length) ratio in Fig. 2. The data are 
given for three ship speeds expressed in terms of Froude 
numbers. Excellent agreement between calculated and 
experimentally measured resistance is demonstrated. 
However, this agreement is obtained by using an ideal- 
ized ship form. The experience of Emerson (1954) and 
of Korvin-Kroukovsky and Jacobs (1954), in calculating 

ship resistance in smooth water, indicated that it is more 
difficult to reach agreement in applying calculations to 
ships of normal commercial form. Furthermore, the 

calculations become tedious in this case. 
Rather small variation of the wave resistance with 

wave length is shown in Fig. 2. Changes of ship’s 
course, which modify the apparent wave length \, can 
be expected, therefore, to have rather small effect on the 
resistance. This confirms the earlier statement of 
Kreitner (1939): ‘Therefore, the course must be altered 

by about 40 deg or more in order to get a tangible reduc- 
tion of the additional resistance, whereas the character of 

the ship’s motion will be completely changed with a 
much smaller deviation. Thus the loss of sea speed is 
somewhat independent of the course; hence improvement 
lies not with navigation but with design.” 

In summary, a simple workable expression for the 
resistance of a ship pitching and heaving in waves is not 
yet available. The efforts to derive it are recommended. 
The primary use of such an expression will be in applica- 
tion to ships of high block coefficient and low horsepower 

5 For additional theoretical work see Haskind (3-1946), Eggers 
(3-1960), Inui and Maruo (1957), and Maruo (1960). 



240 

0.4 

So nm 

Total Mean Resistance (K.g.) 
=) i eS ine) Oo — ine) Ww (=) 

° 

A/L 

Fig. 2. Comparison of calculated and experimentally measured 
resistance of Weinblum’s (1932) No. 1097 ship model in waves 
at three Froude numbers, F (from Hanaoka, 1957 NSMB Symp.) 

per ton of displacement. Tankers and bulk cargo 
carriers fall into this category. 

Nevertheless, certain broad conclusions can be made 

on the basis of the data just outlined. Over a pre- 

dominating part of its time at sea a large and long ship 

will encounter waves not exceeding three quarters of the 

ship’s length. The pitching and heaving motions will be 

small and the increase of resistance will be governed by 

the formulas (1), (8) and (4). The small mean angle of 

entrance, a, is indicated as beneficial, and will be ob- 

tained by the use of U-type sections. Large tankers 

and large fast liners, such as SS United States, should 
have, therefore, U-sections at the bow and waterplane 
lines as fine as the block coefficient permits. 

As an extreme opposite, small cargo ships can be con- 
sidered. Over a large proportion of their operating time 
these ships will meet the waves of the length equal to 
ship’s length. Furthermore, these waves can be ex- 

pected to be steep, i.e., to have small \/h ratios. Pitch- 
ing and heaving motions are expected to be large and 
they will cause large increase of resistance. The use of a 
pronounced V-form of bow sections or of Maier form can 
be expected to decrease the amplitude of motions and 
thereby to reduce the resistance. This observation 
gives the rational explanation to the widespread use of V- 
forms in the small ships engaged in the trade between 
English, Scandinavian, and North European ports. 
Kreitner (1939) has already called attention to these 
characteristics of the bow forms. 

A modern general cargo ship represents a case inter- 
mediate between two extreme ones just considered. A 
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wide variety of bow forms is, therefore, found in practice. 
A moderate to pronounced V-form appears to be pre- 
vailing in Europe while the current tendency in the 
United States is towards U-form, as exemplified by 
DTMB Series 60 (F. H. Todd, 3-1953). The towing- 
tank experiments of Kempf (1935) and of Lewis and 
Numata (3-1956) showed that a pronounced V-form is 

advantageous for ships of this type in adverse weather. 
The large mean entrance angle in case of V-sections, 
however, increases the resistance in fair weather. The 

choice between U and \V-sections hinges, therefore, on 
whether the emphasis is placed on the fair or on the 
rough-weather operations. In this connection it is of 
interest to observe that Kempf at an early date estab- 
lished a practice to test ship models in waves while the 
recent development of Series 60 at the David Taylor 
Model Basin was based entirely on smooth water tests. 

2.3 Towing-Tank Tests for Resistance in Waves. 

Towing-tank tests for resistance in waves are conducted 
for a wide range of ship speeds and wave sizes. These 
latter often exceed (relatively to the model) the waves 
found at sea. The subject of model testing is placed, 
however, under Section 2 (on resistance in moderate 
seas) because only in moderate seas the resistance deter- 
mines a ship’s speed. In higher seas a ship’s speed is 
governed by considerations of safety of a ship and its 
cargo, and not by the resistance. This subject will be 

treated in Section 3. 
2.31 Methods of testing and presenting test results. 

The resistance and speed of a ship in waves are usually 
represented in one of two forms corresponding to two 
methods of towing-tank testing. The first one corre- 
sponds to the early practice of Kent and Kempf who made 
tests in large towing tanks. The mean speed of a model 
was controlled by the speed of a towing carriage. [Kempf 
introduced the method of towing a model by a weight 
and a towing cord which were installed on the main 
carriage. The model was towed, therefore, with a con- 

stant force and it was free to surge about the mean speed 
of the main carriage. This system was adopted later by 
the Davidson Laboratory of the Stevens Institute of 
Technology (3-E. V. Lewis, B. V. Korvin- Kroukovsky), 
by the Delft Shipbuilding Laboratory (3-Gerritsma) 
and by University of California (3-Paulling).6 The 
results of tests are expressed by curves of the resistance 
versus model speed with wave size as the parameter. 
An example of such a plot is shown in Fig. 3, taken from 

Gerritsma (3-1957, NSMB Symp.). 
The second method is employed in the towing tanks not 

equipped with a towing carriage. It is used by Newport 
News Shipbuilding and Dry Dock Company (Hancock, 
3-1948b), Massachusetts Institute of Technology 
(Abkowitz and Paulling, 3-1953) and at the 140-ft tank 
of the David Taylor Model Basin (I. H. Todd, 3-1954). 
In this method the model is towed by a long cord and a 
falling weight at the end of a tank. The test results are 
given in a plot of model speed versus wave length. 

6 Listed in the bibliography at the end of Chapter 3. 
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Stefun, 3-1956) 

Several curves result from the use of several towing 
weights. An example of such a plot is given in Fig. 4. 
This figure, as well as Fig. 3, gives the data on DT MB 
Series 60, 0.60 block coefficient hull. One of these two 

forms of plotting can be converted to the other by a 
suitable interpolation. 

2.32 Typical data on resistance in waves. The 

uppermost curve in Tig. 4 corresponds to the towing 

weight which gave the model speed in smooth water 
defined by the Froude number of 0.28. For a Mariner 

type ship this corresponds approximately to the trial 
speed of 21 knots. The wave conditions giving the 
maximum reduction of speed are similar to a swell 12 
ft high. It may be assumed that in such a swell the 
normal propeller RPM can still be maintained. The 
towing-tank test shows that ship’s speed has dropped to 
about F = 0.20 or 15 knots. This is 71 per cent of the 
smooth-water speed. Were propeller RPM maintained 

corresponding to the third curve from the top, 1.e., to 
F = 0.185, the smooth water speed of 15 knots would 
have dropped to 6.7 knots. This is only 45 per cent of 
the smooth water speed. This example demonstrates 
the well-known fact that ships of low horsepower per ton 
of displacement (i.e., slow ships) lose speed in waves 
more rapidly than high-powered, fast ships. In this 
example, however, high and low powers were applied to 
the same hull form. In practice low-powered slow ship 
would have fuller lines and the loss of speed in waves 

would be further increased. 
The increase of the resistance in waves can be found in 

Fig. 3. At the Froude number of 0.20 corresponding to 

ship’s speed of 15 knots, the model resistance is shown to 

be about 110 grams in smooth water and it is increased 
to 200 grams in waves of \/L = 1.01. This is an in- 
crease of 82 percent. The increase of resistance is about 
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Fig. 5 Model speed in waves under various operating conditions (from Abkowitz, 3-19572) 

160 per cent at the lower power corresponding to the 
speed of 6.7 knots in waves. 

2.33 Ship-model correlation. ‘Three aspects are to 
be considered under the heading of ship-model correla- 
tion: 

(a) Seale effect. 

(b) Effect of tank walls. 
(c) Similarity law for ship and model speeds. 
The scale effect and the effect of tank walls usually 

occur simultaneously and are difficult to separate. 
Szebehely, Bledsoe and Stefun (83-1956) compared test 
results under three conditions; namely, a 5 ft model ina 

140 ft towing tank, and 10-ft and 20-ft models in the 
large 1800-ft-long tank. The comparison of only 5 and 
10-ft models was presented by numerous graphs and the 
data on the 20-ft model were not yet available. The 
models used in this series of tests were small in relation 
to the sizes of towing tanks and it may be assumed that 
there was no tank wall effect. The loss of speed in waves 
was found to be identical for two models in waves of 
constant height equal to 14g of the model length. The 
loss of speed of the 5-ft model was, however, greater 
than that of the 10-ft model when tested in waves of 
constant (wave length) /(wave height) ratio of 30. 

Gerritsma (3-1957 NSMB Symp.) tested three series 
60, 0.60 block coefficient models in a tank 14 ft wide and 
317 ft long. The models were 6.15, 8 and 10 ft long. 
In this case, therefore, both the tank-wall effect and the 

scale effects were potentially present. Neither of these 
has affected motions in waves and excellent agreement 
was found among three models. However, important 
differences in resistance of three models in waves were 
found. These appear to be caused by the tank-wall 
interference and primarily are manifested by the occur- 
ence of humps in the resistance curves at waves of \/Z 
= 1. The size of this hump increased with the size of 
the model. 

Taken together, the results of the two investigations 

just outlined are reassuring as to the motions, but leave 
the problem open as to the resistance in waves. Further 
investigations are necessary. In particular, tests for 
resistance in waves should be made as soon as the large 
rectangular tanks (maneuvering tanks) will be available. 
The tank-wall effeet evidently will not be present in these. 

The similarity law (for lack of a better term) for 

model’s speed loss in waves was discussed by Abkowitz 
(3-1957a@ and 3-1957c, NSMB Symp.). Abkowitz made 

a theoretical analysis of the speed loss of models and 
ships under several assumptions as to the ship’s and 
model’s condition. These assumptions are: 

1 A constant towing force applied to the model. 
2 A constant resistance of the ship (approximately 

constant propeller thrust). 
3 Constant effective horsepower for the ship. 
4 Constant RPM for the model. 
5 Constant RPM for the ship. 
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Fig. 6 Loss of ships’ speed in North Atlantic as a function of 
block coefficient with ratio (wave length) to (ship length) 
as parameter. Three ranges of horsepower per ton of displace- 

ment values are indicated (from Mockel, 1944) 

6 Constant torque for the ship. 
The results of this investigation are summarized in 

Fig. 5. The speed loss of a model, towed with a constant 
force (curve F,,), 1s found to be identical with the speed 

loss of a ship at constant RPM. This latter is the usual 
operating condition of a ship, the engines of which are 
governor controlled. 

2.4 Propeller Efficiency. The increase of the shaft 

horsepower due to waves is larger than the increase of 
the resistance shown in Fig. 3. The increased propeller 
thrust and decreased ship speed lead to a rapid increase 
of the propeller thrust-loading coefficient. This in turn 
leads to a pronounced reduction of the propeller effi- 
ciency. This reduction can be evaluated readily from 
the usual propeller-data curves. However, it has been 
necessary to assume that thrust deduction and wake 
fraction are not affected by waves. Kempf (3-1935, 
1936) vividly demonstrated large losses of the propeller 
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Fig. 7 Mean loss of ships’ speed at different values of horse- 
power per ton of displacement plotted versus (wave length) / 

(ship length) ratio (from Mdéckel, 1944) 

efficiency in waves and showed that these occur primarily 
as a result of increased resistance and decreased ship 
speed. Vertical velocity of a ship’s stern in pitching and 
heaving has only a small effect on the efficiency. 

The losses of propeller efficiency are also shown in the 
work of Kent. They are, however, not so conspicuous 
in this case because Kent used rather mild sea conditions 
in his work. 

2.5 Estimate of Ship Resistance and Speed Loss in 

Operating Conditions. The discussion of the ship resist- 
ance in the previous sections was limited to evaluating 
the effect of the regular long-crested waves. The estima- 
tion of the speed loss in operating conditions requires the 
consideration of : 

(a) Sea irregularity. 

(b) Other causes of speed loss. 
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Havelock and Hanaoka, Section 2.2 showed that ship 

resistance is proportional to the square of the wave height. 
This fact precludes the application of the linear super- 
position theory, Section 3-3, to resistance estimates. 

Since the superposition of the spectral components 1s 
not possible, Pershin and Voznessensky (38-1957) 

solved the problem by summing the effects © of 
apparent waves. This solution was made possible by 
adopting rather crude assumptions, such, for instance, 
as neglecting the effect of phase-lag angles, which were 
found to be important by Havelock and Hanaoka. The 
authors justified these assumptions by showing that the 
part of the resistance affected by assumptions formed a 
rather small percentage of the total resistance at sea. 

The total resistance was defined by Pershin and 
Voznessensky as composed of: 

1 Change in effective resistance due to ship motions 
and waves. 
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2 Change of effective resistance due to wind acting 
on ship’s hull and superstructures. 

3 Change in propeller working conditions. 
4 Surface current induced by wind. 
5 Horizontal displacement of water participating in 

water motion. 
6 Yawing. 
2.6 Observations on Ships at Sea. Macdonald and 

Telfer (3-1938) gave a general review of seakindliness of 
ships, which was based on seagoing experience. They 
mentioned that a ship can be expected to face ordinary 
heavy weather characterized by the apparent propeller 
slip up to 30 per cent. They expressed the indicated 

horsepower, needed in this connection, as 16./A, where 
A is the displacement in tons. 
A good summary of ship resistance and powering in 

heavy weather will be found in Kent (3-1958).7 Table 1, 

Table 1 Percentages of Total Ship Resistance With Weather 
Head On 

Wind speed, knots 30 40 50 60 70 

Hull resistance in smooth water 56 46 36 28 21 
Extra hull resistance in rough 

WALD sie crs Cen coeteiem tintac mca s 3K 36 37 36 34 
Wind resistance... 2; 2.202 «20a 10 16 24 32 39 
Rudder resistance............ 1 2 3 4 6 

taken from Chapter 15 of that book, shows the distribu- 
tion of the resistance for a low-powered ship in head seas. 

2.61 Mockel’s summary. Méckel (1944) summarized 
the results of observations at sea collected by Kent 
(3-1936/37) and by the “Sammelstelle fiir Fahrtergeb- 
nisse der Hamburgischen Schiffbau-Versuchsanstalt.” 
Ship data, which satisfied the following conditions, were 
chosen: 

1 The ship was fully loaded. 
2 The relative direction of waves (wind-sea plus 

swell) was within 30 deg off the bow. 
3 The swell was not higher than scale 4 when wind 

did not exceed strength 5 on the Beaufort scale. The 
swell exceeded scale number 4 when the wind exceeded 
Beaufort 5. These conditions were defined on the basis 
of the frequency distribution of meteorological observa- 
tions. 

The wind strength on the Beaufort scale was chosen 
as the parameter, to which all influences of weather on 
ships were referred. 

The results of the investigation are summarized in 
Figs. 6 and 7. These plots demonstrate vividly that 
losses of a ship’s speed increase rapidly with increase of a 
ship’s fullness and decrease of the engine power. 

Figs. 6 and 7 describe ship’s operations in moderate 
sea, as indicated by the \/Z ratio not exceeding 0.75. 
Under these conditions the ships having block coefficients 
in excess of 0.72 lose speed rapidly, while the ships with 
lesser block coefficients are affected to a lesser extent. 
It should be emphasized that with \/Z ratio not exceed- 
ing 0.75 there can be very little pitching and that the 

7 Based on observations at sea and with emphasis on low- 
powered ships. 
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Table 2 Particulars of Two Ships Investigated by Bone- 
bakker (1954) 

ae Cred 

L (b.pp) 148-74 m = 487’ 8” 

L (on Iwl) 152-31 

Bie Ware Be a oF 22:25 

8-57 

Hull 
128-013 m = 420'0° 

128-587 m 

17-932 m 

7-315 m 

11,906 m* 

0,706 (Iw) 

Draught 

Displacement 21,111 m* 

Block coeffcient 0:744 

Propeller 
D (diameter) 

P (pitch) 

P(0-7R) 

P (hub) 3-25 

P (virtual) 4-80 

Number of blades .. oe 4 

Fo/F 0:40 

Speed, designed 

Vin/Lft 

Model regression 
equation . A 

5:75 m 

4-68 

5-658 m 

5.692 m 

4-415 5-180 m 

0-481 

12-5 knots 13°5 knots 

0-565 0-660 

d.h.p.|(0-1N)* = 
0-050 sa + 4:50 

dh.p.[(0-1N)* = 
0-0562 sa + 3:88 

dhe. 1N)? 
0:0519 ss + 4°31 

dh.p./(0-1N)3> 
0-084 S, + 6:60 

Ship trial regression 
equation .. cb 

d.h.p./(0-1N)*= 
0:0756 sa +6838 

. Mean service regccanion 
equation . 

speed loss indicated is primarily due to direct action of 

waves. A fine and powerful ship is shown to lose 10 
per cent in speed under these conditions. The \/L 
ratio of 1.0 was used earlier in an estimate of speed loss 
of a Mariner which was made on the basis of the towing- 
tank for series 60, 0.60 block coefficient. Pitching and 
heaving motions reach large amplitudes at this \/L ratio 
and the speed loss of 29 per cent was indicated. 

Figs. 6 and 7 are of particular interest in connection 
with full and low-powered ships. Under now prevailing 

design trends this applies to tankers and bulk cargo 
carriers. Modern general cargo, passenger, and naval 
ships are relatively little affected by short waves to which 
these figures are limited. 

2.62 Bonebakker’s data. Méckel’s data were col- 
lected from numerous ship observations and were pre- 
sented directly in the form of speed loss versus wind 
strength. It was impossible to obtain detailed data on 
ships’ powering. Bonebakker, (1954) on the other hand, 
made a detailed investigation of the power consumed by 
two ships under different weather conditions. The 
properties of two ships are shown in Table 2. The in- 
crease of the power caused by waves is plotted in Figs. 
8 and 9. It will be observed that “passenger steamer” 
is a relatively small and very slow ship in comparison 
with a modern general cargo ace 

Nine hundred and ninety sets of observations at sea 
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Fig. 9 Increase of shaft horsepower in rough weather (from 
Bonebakker, 1954) 

were made on the tanker, but only eleven power records 
were taken. It is a rather tedious process to obtain the 
shaft horsepower of a ship at sea and ship’s records often 
do not contain sufficiently complete and accurate data 
for this purpose. On the other hand, engineer’s log 
usually gives the data on the daily average apparent slip 

Sa, defined as 

(propeller pitch) X total number of revolutions 

distance by observation 
1 

(20) 
In a previous work Bonebakker (1951) established an 

equation connecting horsepower with the apparent slip, 

(DHP)/(0.1 N)* = as, + b (21) 

where DHP is the delivered horsepower and is assumed 
to be 0.97 of the shaft horsepower. The coefficients a and 
b usually have different values for a model and a ship 
and they also depend on the degree of fouling of a ship’s 
bottom. Once the coefficients a and b are evaluated 
from a few detailed power records, equation (21) can be 
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used to evaluate the mean horsepower in all other observa- 
tions.s The assumption is made here that wake fraction 
and thrust deduction remain unchanged in waves. 
Bonebakker defined s, on the basis of the effective 

propeller pitch; that is the propeller advance at zero 

thrust. 
The use of ship’s log data is often criticized because of 

the alleged low accuracy. In this connection it is of 
interest to quote from Burrill (1951):° “The analysis of 
service or trial data is to me the correct means of assessing 
propulsive performance, and my experience has been that 
if sufficient information is available and is carefully 
analyzed, a great deal can be learned from these ship 
data. Those who would reject ship data on the ground 
that they are not sufficiently accurate are, I think, reject- 
ing the criterion by which they are ultimately judged.” 

Quoting from Bonebakker (1954): ‘First of all, the 
relation between wind forces and wave height was in- 
vestigated. In Table 3 frequencies are tabulated, the 
abscissa being wind forces, the ordinates wave heights in 
meters. In the majority of cases the directions of wind 

and waves coincided; so we may speak of the direction 
of the weather. The direction of the weather relative 

to the ship’s course is grouped according to Fig. 8.”’ 
The discussion will be limited here to head seas; 1.e., 

Condition I or the uppermost curve of Fig. 8. Each 
point on this curve is a mean of an indicated number of 
observations. It shows the increase of the delivered 
horsepower over the horsepower used at the same speed in 
smooth water. The speed, however, is reduced from 
that in smooth water because of the lack of engine power 
to overcome the added resistance in waves. The data 
incorporated in Fig. 8 are given in Table 4. 

The tanker, to which Table 4 applies, had a block 
coefficient of 0.744 and horsepower per ton of only 0.16. 
Nevertheless, it was not practical to maintain the full 
power beyond the wind foree of 5. At the mean wind 
force of 5.3 the RPM were reduced by 4.9 and the power 
by 8 percent. It was possible to maintain the full power 
in two observations at the wind force 7 only because 
the ship resistance was increased by the bottom fouling 
(39 weeks out of dock). The combined action of waves 
and of increased fouling kept the ship at a safe speed of 
9 knots; Le. at 75 per cent of the initially low speed of 

11.9 knots. 
The information given by Bonebakker (1954) on the 

slow passenger ship is limited to Fig. 9 and material for 
further discussion is not available. 

Clements (1956-57) extended Bonebakker’s work by 
explicitly expressing the effect of the bottom fouling, 
the effect of the weather, and by basing the analysis on 

the voyage data obtained from eight ships of different 
commercial types. He assumed the relationship of the 
form 

8 The reader is referred to Brard and Jourdain (3-1953 ) and Retali 
and Birdel (3-1955) for description of another method of estimating 
shaft horsepower on basis of propeller properties. 

® Discussion of Bonebakker’s (1951) paper, Trans. NECI, 
1951, pages D115. References to figures and tables were changed 
to correspond to the present monograph. 
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Table 3 Relation Between Wind Force and Wave Height 
(from Bonebakker, 1954) 

Beaufort 
degr. Sre- 

wave 7 | quencies 
height. m 

<0:25 

0:25<0-75 

0:75<1:25 

1-25<1-75 

1:75<2:25 

2°25<2:75 

Dui S<<3125 

3-25<3°75 

3:75<4:25 

4:25<4:75 

Grand total 

Percentage 

Selected 
observations 

Percentage 

0-62 | 0:98 

0-65 | 0-75 

1-30 

1-24 

Selected observations are (eases 

1:72 

1-70 

SHP/N* = aT, + bW +c 22) 

where 7, is time out of dock in weeks, and W the weather 
factor (to be defined later). The linear assumption for 
the increase of SHP/N? with the time out of dock is the 
best approximation to cover most eventualities. In case 
of tankers having short periods in port, the variation 
of SHP/N® is well defined and the term in 7,7? can be 

added. 
E. V. Telfer pointed out in the discussion of the 

Clements’ paper that the greater the fouling the less is 
the propeller efficiency and hence the greater must be the 
b-value for any particular weather. He suggested that a 
more rational basie equation than (22) would be the 

following: 

SHP/N? = af, + (b + BT)W +e (23) 

Telfer also pointed out that his own publications” can be 
considered as precursory to the work of Bonebakker and 

Clements. 
The “weather factor,’ W, is an empirically evaluated 

function relating the increase of ship resistance to the 
Beaufort wind force. A few sentences can be quoted 
from Clements (1957) in order to outline the general 
approach: “It was also considered after the analysis of 
published data. .., that the estimation of prevailing wind 
conditions was far more uniform and accurate from man 
to man and from ship to ship than the corresponding 

” See entries under Telfer in the bibliography at the end of this 
chapter. 
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Table 4 

—-— DHP —— Difference 
Tow. Per 

n B D N V tank DHP cent 

69 0 19.4 87.2 11.9 2.580 695 27 

61 1.8 21.4 85.3 11.3 2.210 945 43 
228 are 13.7 84.9 10.9 1.995 1194 60 
16 5.3 22.7 80.0 9.4 1.290 1567 121 
2 id 39.0 82.3 9.0 1.154 2104 182 

n = number of observations N = average RPM 
B = mean wind foree—Beaufort scale V = speed in knots 
D = weeks out of drydock DHP = delivered horsepower 

Table 5 Particulars of Ships Investigated by Aertssen (1959) 

Ship’s Name 
Type of vessel. . 

Jadotville/Baudouinville 
Single-screw 
steam-turbine 

Elisabeth 
Single-screw 
steam-turbine 

passenger-cargo vessel tanker 

Length BP, ft.... 511.8 628.3 
Breadth molded, ft. . : 69.9 82.7 
Depth molded to upper deck, ft... .. 40.4 44.5 
Depth molded to second deck, ft 31.8 : 
Mean draft molded, ft... . 27.4 3B 
Displacement (plated), tons 18970 38000 
Block coefficient, 6. . 0.672 0.770 
Prismatic coefficient, ¢. . . 0.690 0.776 
Half-angle entrance, deg 10 24.5 
Deadweight, tons. 10200 29200 
Power of engine, cv. | { 95002 in service 13000 
1 cv = 0.986 hp.... f° *\12500) maximum 
Revolutions per minute. . 100-110 120 
Nominal sea speed, knots. 16.5 16 
Screw particulars: 
1 Diameter, ft. 19.7 20.4 

Mean pitch, ft. 18.2 14.8 
Developed area, sq ft. 156 170 
Number of blades. . . | 4b 

2 Diameter, ft... . 19.5 
Mean pitch, ft..... 14.5 
Developed area, sq ft.. 184 

5b Number of blades... 

* Tn service. 
» The four-bladed propeller was used for the tank tests and for the measured-mile trials; 

the five-bladed propeller was used during the trials of May and June 1956. 

assessment of the sea conditions. This is an important 
point when selecting a weather scale by which the per- 
formance of a number of vessels of different types are to 
be compared”... “‘When analysing service performance 
data statistically taking into account the separate effects 
of wind and sea, a high degree of correlation was found to 

exist between the wind and sea scales... .”’ ‘This led to 
the conclusion, which has often been suggested, that the 

performance of a vessel may be determined from a single 

weather scale, the value of this scale being determined 
from the relative wind force and direction”.... “If 
this scale is then fixed, the statistical analysis determines 
the combined effect of wind and sea on performance, in 

_ this instance being taken as the percentage increase in 
power over still-air, calm-sea conditions to maintain a 
given speed”... ‘“‘Considering first the case where the 
wind and sea are from ahead, analysis of the........ 
showed that increase in power was roughly proportional 
to wave height. Analysis of the weather data for these 

two vessels and other data indicated that the average 
wave height, fora given Beaufort number, agreed reason- 
ably well with that quoted by Russel and Macmillan."! 
It was also noted, as shown in Table—-!* that a good ap- 
proximation to these wave heights could be obtained by 
squaring the sea disturbance number!® (given in the 
Table—!”) and dividing by two. Thus, since the increase 
of power due to sea condition is proportional to wave 
height, which can be related to sea-disturbance number, 
which can in turn be related to Beaufort number, we can 
relate increase of power due to sea condition to Beaufort 
number.”? Clements demonstrated by a plot that the 
derived relationship checks well with the data reported by 
six ships for winds up to Beaufort 6. Continuing with 
quotations: ‘...for winds from ahead a convenient 

1 Reference IV of Chapter 1. 

2 This table is not reproduced 
18 Te, Admiralty sea seale number. 
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Fig. 10 Reduction of speed of Victory-type ships in a rough sea 
(from Lewis and Morrison, 1954) 

weather scale can be obtained by 1% (sea disturbance 
number)? and plotting this against the corresponding 
Beaufort wind force. The effects of winds on the beam 
are taken to be one half, and following winds one fifth 

this amount for any given Beaufort wind force, this 
again being established from BSRA* data.” 

The effect of the weather factor on shaft horsepower is 

then estimated using the coefficient b from statistical 
analysis. The relationship derived by Clements is, 

SHP; _ Yy ae bW Y 100 = Yy 3 

SHP, ai Yio — Yi — DW 

where the symbol Y denotes the ratio shp/N*, and sub- 
seripts denote: 

(24) 

14 British Shipbuilders Research Association. 
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1—Mean voyage data under calm weather conditions 
2—Any given condition of weather 
100—condition when apparent slip is 100 per cent 
Shaft horsepower is related to apparent slip by equa- 

tion (21). 

Additional data on the increase of the ship resistance 
due to weather will be found in Aertssen (1959). Aerts- 

sen investigated the propulsive characteristics of two 
ships, the particulars of which are shown in Table 5. 
‘he relationship between the delivered horsepower and 
ship speed is shown in Fig. 15 for different wind velocities 
up to Beaufort 6. Quoting Aertssen: “A mean value 
of the increase of power due to weather effect for two 
winter voyages of the Jadotville between Antwerp and 
the Canary Islands is 11 and 19 per cent, and for the 
whole voyage of the Elisabeth 15 per cent. Thus 15 
per cent is the mean power allowance for weather effect 
for both ships on their usual routes.’? Attention should 
be called to the fact that these data refer to the route of 
predominantly fair weather and to the ships of large 
length. 

3 Ship Speeds in Storm Seas 

When wind strength and wave height exceed a certain 
limit, the maximum speed of a ship depends on its 
motions and not on the resistance and the available 
horsepower. Excessive pitching and heaving may cause 
slamming and shipping of water. The latter may 
damage the deck gear and the deck cargo which is often 
carried on fully loaded ships Excessive accelerations 
may cause shifting of the cargo or, on liners, they cause 
excessive discomfort to passengers and difficulties in hotel 
service. It becomes necessary to reduce the propeller 
RPM and ship speed in order to ease its motions. 
Weather conditions, at which the reduction of power 
must begin, vary with the type of a ship and its power. 
On the tanker, investigated by Bonebakker, this occurred 
at wind strength of 5 on Beaufort scale. Aertssen (1957, 
NSMB Symp.) showed that a modern general cargo 
ship can be expected to maintain the full power up to 

wind strength of 6. 
The characteristics of a Victory type ship are shown in 

Fig. 1. This simplified figure was constructed on the 
basis of a preliminary analysis of log books. The results 
of a more complete analysis are shown in Fig. 10. Ex- 
planation of this figure ean best be given in words of 
Lewis and Morrison (1954, 1955): ‘In this study daily 
average data were used from three round voyages during 
winter months. In order to eliminate extraneous effects, 

figures were excluded in any of the following cases: 
1 Speed reduced due to other causes than wind and 

sea (i.e., fog, machinery trouble, ete.). 
2 Mean drafts other than full load (i.e. less than 26 

feet). 
3 Wind or sea changed more than 90° during the day. 
4 Average wind differed more than 55° from the sea 

direction. (The wind force and sea condition never 
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differed more than 2 points on the wind and sea scales 
for the data used.) 

“The direction of wind and sea with respect to the 
ship’s heading was determined approximately from: 

(1) log data on wind and sea compass directions, 
(2) estimated heading of ship on the basis of track 

normally followed. . . 
“A plot was made of average daily speed versus sea 

condition, as shown in the accompanying graph, Tig. 
10.!° A different symbol was used for each sea direction, 
and lines drawn to show the trend of speed for each case. 
The definition of sea condition used is as follows (U. 8. 

Hydrographie Office modified Douglas Sea Seale) : 

Code Approximate 
figure height of sea Description 

0 0 Calm 
1 less than 1 ft Smooth 
2 1-3 ft Slight 
3 3-5 ft Moderate 
4 5-8 ft Rough 
5 8-12 ft Very rough 
6 12-20 ft High 
Ui 20-40 ft Very high 
8 40 ft and over Mountainous 

“Tt may be seen that some very clear trends of speed 
in relation to sea condition emerge from this plot. The 
records show full power to have been used on only a few 
of the high-speed runs. In all other cases, power (as 
estimated from fuel consumption) was reduced by vary- 
ing amounts, in some cases the power being as low as 30% 
of normal. This indicated the predominant importance 
of ship motions in a rough weather service such as this. 
Apparently the principal reason for loss of speed was the 
voluntary reduction of power to ease the motions of the 

vessel.” 
3.1 Speed Loss Versus Ship Form. Considerable 

clarification of the relationship between a ship’s propor- 
tions and its behavior in head irregular seas was fur- 
nished by semi-theoretical investigation of E. V. Lewis 
(1955b). This is based on three postulates: 

(a) Only waves equal or longer than a ship provide 
sufficient excitation for large motions. 

(b) Prohibitively large ship motions occur only 
when the ship’s natural period of pitching and the period 
of wave encounter are nearly equal. 

(c) Ina stormy irregular sea the wave components of 

all lengths are present and a ship, therefore, can always 
find a component with which it can fall into synchronism. 

It follows from the foregoing that violent ship motions 
can be expected if the synchronous wave component has 
the wave length equal to or longer than ship’s length. 
The periods of encounter depend on the wave celerity 
(in turn dependent on wave length) and on a ship’s 

speed. The natural pitching period is approximately 
proportional to the square root of a ship’s length. Fig. 
11 was drawn on this basis with speed-length ratios as 

16 Figure number of quotation was changed to refer to the present 
monograph, 
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Fig. 11 Theoretical ship speed-length ratios for synchronous 
oscillation in regular head seas of different lengths—defining 
typical zones of severe and moderate motions in irregular seas 

(from Lewis, 19554) 

ordinates and 7'/\/L ratios as abscissae, where 7’ is the 

natural pitching period and LF is the ship’s length. The 
parametric lines are the \/Z ratios for the wave compo- 
nents of synchronous frequency of encounter. The 
heavy line, \/L = 1.0 has been interpreted as the de- 
marcation between the zones of moderate and severe 
ship motions. A ship can always be placed in a moderate 
region by sufficient reduction of its speed. 

Lewis next established an empirical relationship be- 
tween the period ratio, 7'/./L, and the displacement/ 
length ratio, A/(L/100)* for typical ships. By means of 
this relationship he converted Fig. 11 into the form 
shown in Fig. 12. The solid curve in this figure corre- 
sponds to \/L = 1.00. This curve is now assumed to be 
the demarcation line between regions of a satisfactory 
and unsatisfactory behavior of ships under storm condi- 
tions. A number of points above this line were plotted 
on the basis of available data on smooth-water speeds of 

ships. A few points (mostly towing-tank models) below 
the curve represent the speeds at which ship’s motions 
under storm conditions were mild. Four heavy vertical 
arrows indicate the reliably reported reductions of speed 
on ships at sea. These observed data agree well with 
Lewis’ curve. 
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As an example of the practical use of Fig. 12, Lewis 
(1956) investigated changes in proportions of a Victory 

type ship. A certain increase of the length and a de- 
crease of the beam and draft were assumed, and the 
resultant improvement in service was investigated. 
The change is shown by the arrow in Fig. 13, and the 
revised design is designated as ‘Proposed Trend.” The 
new data on the A/ariner, with commonly used reduced 
draft (Allen and Sullivan, 1954) were added. The fre- 
quency of occurrence of different types of weather was 

considered and the final changes of revenue were evalu- 
ated. The increase of revenue was shown to range from 
12.8 per cent at a high cost of ship construction with 
cargo at $20 per ton, to 60.3 per cent at a low construction 
cost and cargo at $30 per ton. 

Aertssen (1957, 1959) further extended E. V. Lewis’ 
work by including in the chart sea observation data, 
which were obtained on several recently built Belgian 
ships. On this basis he drew several demarcation lines 
corresponding to different wind strengths on the Beaufort 
scale. The resultant chart is shown in Fig. 14. 

In a 1959 paper Aertssen presented a detailed analysis 
of the power and speed of a passenger ship Jadotville 
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Fig. 13 Sea speed of cargo ships in relation to zones of severe 
and moderate pitching in irregular head seas (from Lewis, 1956) 

and a tanker Elisabeth. The particulars of these ships 
are given in Table 5. The plot of the DHP versus ship 
speed for SS Jadotville is presented in Tig. 15. This 
figure shows the DHP required to maintain a given ship’s 
speed in different weather. The latter is defined by 
Beaufort numbers and the relative wind direction (see 

the inserted sketch). A novel and important feature of 
this plot is the “limit of speed” line. This indicates the 
maximum safe ship speed and engine power in any wind. 
A higher speed is prevented by the necessity to reduce the 
engine power in order to avoid dangerous ship motions. 
It will be observed that in bow wind of Beaufort 7 only 
about 7300 dhp ean be used, although as much as 12,500 

is available. At Beaufort 6 a small reduction from the 
service power of 9500 is indicated. The available excess 
engine power over 9500 was used only in winds below 
Beaufort. 6. 

The foregoing discussion was limited to ships at full 
load. The permissible speed of ships in light condition 
appears to be limited primarily by slamming. The 
investigation of the Admiralty Ship Welding Committee 
(3-1953) on the SS Ocean Vulcan showed that slamming 
oecurred on one out of each 3 days of ship at sea and in 

light condition. In the economic circumstances prevail- 
ing over the past several years, many North Atlantic 
westward voyages are made by ships at small drafts, 
and large reduction of speed is frequently caused by 
slamming. Therefore, it appears to be desirable to make 
a separate investigation of the speed loss of ships in 
ballast condition, following the pattern set up by Lewis 
and Aertssen. 

In the author’s experience, slamming appears to result 
more often from encountering the swell than from the 
wind sea. In this case the wind strength is not a satis- 
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factory parameter to which to refer the performance of a 
ship. The use of the wave dimensions appears to be 
preferable. The existence of several separate scales for 
wave description is, however, confusing and it is sug- 
gested that wave sizes in feet be used. Ships’ log data 
appear to be unsatisfactory in this connection because it 
is often not clear whether a wind-wave or a swell code 
numbers are used. 

4 Concluding Remarks 

The subject of resistance increase and speed loss of 
ships in waves is subdivided into 

(a) Speed of ships as limited by the available power. 
(b) Speed of ships as limited by the severity of 

motions, regardless of the power. 
In the past work, that of Kent, Kempf, and Méckel, 

only the first of these subdivisions received attention. 
The ships considered by these investigators were of full 
form and low power. In a rough sea they rapidly lost 
the speed, and dangerous amplitudes of motion did not 
develop. These conditions still exist at present in the 
‘ase of tankers and bulk cargo carriers. The tanker in- 
vestigated by Bonebakker, with 0.16 hp per ton, had to 
reduce slightly the engine power in head seas when wind 
exceeded Beaufort 5. This occurred, however, on only 
16 observations out of 990. The primary objective of 
research in this case is to evaluate the reserve power 

needed to maintain the normal ship speed in face of the 
moderately adverse weather. 

The second consideration, (b), applies to all modern 

ships except tankers and bulk cargo carriers. The lines 
of these ships are sufficiently fine and the power is 

sufficiently high to permit reaching dangerous speed in 
waves. In adverse weather it becomes necessary to 

reduce the propeller RPM and the engine power. The 
level of weather severity at which this is done depends 
on the qualities of a ship and on the judgment of her 
master. With clean decks and without deck cargo a 

fully loaded ship may be driven faster. The danger of 
damage to the deck cargo is one of the main causes of 
speed reduction. A dry ship will certainly be driven 
faster than a wet one. 

The type of the chart developed by E. V. Lewis, as 
shown in Figs. 12 and 13, appears to be an excellent 
instrument for defining the permissible ship speed and 
for judging relative seakindliness of ships. In its present 
state of completion it permits only a rough judgment of 
the first objective and none of the second. It must be 

developed further by inclusion of a large number of 
reliable sea observations. The initial steps in this diree- 
tion were taken by Aertssen, but much more remains to 

be done. It is suggested that log-book abstracts for a 
number of ships be plotted as this was done by Lewis 
and Morrison in Fig. 10. It is preferable to use the wind 
strength for abscissa because the wave-height observa- 
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tions are less reliable and because several wave-height 

codes are in use. By interpolation, the points can be 
placed on the blank chart similar to Fig. 12. A separate 
sheet for each wind strength can be used and a mean 
curve can be drawn through the points corresponding to 

a certain wind strength for all ships. This will indicate 
the mean speed-length ratio used by ships at a particular 

wind strength. The relative positions of the plotted 
points above or below the mean curve will indicate the 
relative seakindliness of ships. The objective of the 
research in this case is to develop ship forms and propor- 
tions, which would permit the maintenance of higher 

speed in adverse weather without dangers connected 
with excessive ship motions. The necessary reserve 
power can be evaluated after the maximum safe speed is 
established in various degrees of severity of adverse 
weather. 

The published research on the ship speed in adverse 
weather has been limited to full or nearly full-load condi- 
tion. A similar research for ships in ballast is suggested. 
In this case the permissible ship speed appears to be 
limited by slamming. 

5 Suggested Research Topics 

1 The Project on Evaluation of a Ship’s Resistance in 
Waves by a Strip Theory is recommended. This is vis- 
ualized as following Havelock’s approach, Section 2.2, but 
using a more complete evaluation of hydrodynamic 
pressures. In this evaluation cognizance should be 
taken of the ship-wave interaction and of the coupling 
of heaving and pitching oscillations; the coupling has a 
strong effect on phase relationships which primarily 
govern the resistance. The evaluation of hydrodynamic 
pressures used by Worvin-Kroukovsky and Jacobs 

(3-1957) may be useful in this connection. 
2 The Evaluation of the Resistance Caused by Waves 

and Ship Motions of Large Amplitude is suggested. The 
solution of the problem in Project 1 was based on in- 
finitely small ship motions so that pressure integrations 
were made over the still-water wetted area. The integra- 

tion over true instantaneous wetted areas may be ex- 
pected to yield greater resistance in case of ships of 
pronounced V-form. The problem may be solved 
theoretically by expressing the pressure and wetted-area 
fluctuations by a series of harmonics. It also can be 
solved numerically by a suitable calculation procedure 
based on a series of instantaneous ship-wave positions. 
Harmonic ship oscillations can be assumed. 

3 A Search for Methods of Extending the Resistance 
Data obtained in regular waves to the irregular ones is 
recommended. The work of Pershin and Voznessensky 
(83-1957) appears to be the only attempt made 
to date, Section 2.5. The linear superposition, so 
successful in the analysis of ship motions, is not applic- 
able in the present case, since the resistance appears to be 
proportional to the square of the wave height. 

4 Model Resistance Tests on Geosim Series in Wide 
Tanks are needed. Test data obtained in narrow tanks 
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appear to be of questionable validity because of simul- 
taneously occurring scale effect and tank-wall interference. 

5 Theoretical and Semi-Empirical Evaluation of the 
Resistance Added by Wave Reflection, Section 2.1, is still 
in arudimentary stage and further development is needed. 
This component of the resistance can be expected to be 
significant for large tankers and bulk cargo ships. These 
ships have a large angle of entrance and, because of their 
length, pitch but little in moderate weather. 

6 The Evaluation of the Total Ship Resistance at Sea 
due to all causes requires further attention. The pri- 
mary references in this connection are ent (3-1951, 
3-1957) and Pershin and Voznessensky — (3-1957). 
These publications contain also further references 
on the subject. It appears that the problem can 
be solved best by proper blending of theoretical and 
empirical methods. 

7 Further Statistical Observations on ship resistance 
and powering at sea are needed. A general pattern of 
such research has been well formulated by Bonebakker, 
Clements, and Aertssen, and the primary need is in a 
greater volume of data. 

8 An Investigation of Statistical Averaging of the 

data of Projects 1 to 6 is needed in order to provide 
typical ship-voyage data. This is a necessary pre- 
requisite to correlating theoretical and towing tank data 
with sea observations of project (7). 

9 Detailed Investigations of Ship Powering under 
specific weather conditions are needed. ‘This will provide 
a verification of the data obtained under Project. 6. 
Past work of Kent and others suffered from inability 
to provide reliable quantitative data on sea waves. 
It should be emphasized that wave conditions and ship 
motions must be recorded simultaneously with power 
measurements. 

10 Detailed Investigations of a Ship’s Powering in 
head swell and light wind is needed for a relatively simple 
correlation with theoretical and experimental work 
under Projects 1, 2, 3 and 5. In this case the resistance 

caused by waves can be assumed to predominate strongly 
over that caused by all other influences. 

11 Application of Bonebakker’s (1951, 1954) Method 
of Power Evaluation to Model Tests in oblique waves is 
suggested. Head waves and towed models were visual- 
ized in Project 4. The towing is not practical in oblique 
waves since it would impose restraints and affect model 
motions. The resistance and powering of a free self- 
propelled model can be estimated, however, on the basis 
of the apparent propeller slip, following Telfer, Bone- 

bakker, and Clements. The case of oblique waves is 
important because the components of resistance due 
to rolling, yawing and rudder motions are added to the 
wave resistance. 

12 Log Analysis Data, patterned after Lewis and 
Morrison (1954, 1955), are needed for a large number of 
ships and operating conditions. The immediate objec- 
tive of this research is to provide a sufficiently large 
number of points for Lewis’ type plot, Figs. 12, 13 and 
14, in order to permit: 
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(a) More reliable evaluation of the demarcation lines 

between moderate and severe ship motions. 
(b) Establishment of demarcation lines for each wind 

speed and direction. 
(c) Comparison of seagoing qualities of various ships 

at similar displacement/length ratios. 
An examination of the engineer’s log is also suggested 

in order to establish the power reduction corresponding 
to each demarcation line. Investigators’ attention is 

called to the fact that the weather log usually provides 
more information on wind and waves than the deck log. 
In general, all three logs should be examined: the deck 
log, the weather log and the engineer’s log. 

The research suggested in the foregoing has a dual 
ultimate purpose: 

(a) To indicate favorable ship forms and proportions. 
(b) To establish the engine power commensurate with 

the speed that safely can be maintained in adverse 
weather. 

Nomencleture 

The symbols listed at the end of Chapter 2 apply to 

equations connected with waves and ship motions. 
Additional symbols used in Chapter 4 are as follows: 

DHP = delivered horsepower 

kK, K’ = amplification factors in heaving and pitching 

motions, Section 2.2 

l, m,n = directional cosines along x, y, and z-axes 

N = propeller RPM 

SHP = shaft horsepower 

Sa = average apparent propeller slip 

fhe = time out of dock : 
; -Clements, equat 22 

WW = weather factor c Pe CL OR eee 

A = ship displacement (weight) 

V = ship displacement (volume) 
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CHAPTER 5 

1 Introduction 

A most important factor in the design of a ship’s 
structure is the bending moment acting on the midship 
section. In the design process, this is obtained by 
drawing a curve of load distribution along the length of a 
ship and integrating it twice. The details of this pro- 
cedure can be found in a number of existing textbooks 
and will not be discussed further in this monograph. 
Bending moments also have been measured by means of 
suitable dispositions of strain gages on models in towing 
tanks and on ships at sea. Results of such measure- 
ments indicate a wide range of possible stresses which 
depend on a wave size and form, properties of a ship’s 
sections and a ship’s form, speed, and weight distribu- 
tion. These data can be systematized and better under- 
stood if considered in the light of a suitable theory. 
Therefore, a theory of bending moments acting on a 
ship will, be presented first and will be followed by 
model-test and sea-observation data. A complete 
separation of these three domains of activity is, however, 
not practical and frequent cross references will be made. 

1.1 Conventional Static Method of Bending Moment 

Calculation. The method of evaluation of the load- 
distribution curve, which is in general use at present, 
was introduced by Reed (1872). It consists of placing 
a ship on an imaginary wave equal in length to the ship’s 
length and 1/9 of this length in height. The wave is 
imagined as stationary and all effects of orbital water 
velocities and of wave celerity are neglected. A ship 
poised on such a wave is also considered as stationary. 
In fact, the entire complex system of a moving ship 
among moving waves is replaced by a static model. 
The loading curve is then calculated considering the 
difference between the weight and buoyancy at each 
section of a ship. Two critical conditions are evaluated. 
These are known as “hogging” and “‘sagging.”’ In the 
first, the wave crest is located at the midship section 
and the resultant bending moment causes tensile stresses 
in the deck structure and compressive stresses in a ship’s 
bottom structure. In the second condition, the wave 
trough is placed at the midship section so that the deck 
is under compression and the bottom is in tension. 

The inadequacy of the foregoing static model to rep- 
resent true ship stresses is subsequently compensated 

Loads Acting on a Ship and 

the Elastic Response of a Ship 

by supplementary empirical rules. If the computed 
bending moment were a true moment, it would be suffi- 
cient to equate it to the product of the section modulus 
and the allowable strength of the material used. In- 
stead, the choice of the section modulus is based on 

various supplementary rules which have been developed 
empirically by classification societies and various govern- 
ment agencies. 

1.2 Attempts at Improvement of the Static Method, 
Several attempts were made to supplement the fic- 
titious static-wave method by introducing certain con- 
cepts based on the true laws of nature. The most 
important of these was due to W. E. Smith (8-1883).1 
Smith called attention to the fact that orbital velocities 
of water in waves modify the hydrostatic-pressure gradi- 
ent. Asa result of accelerations of water particles, the 
water appears to be lighter than normal at wave crests 
and heavier than normal at wave troughs. When these 
properties are taken into account in otherwise conven- 
tional computations, a decrease of the bending moment 
is found to occur. Conversely, neglect of the ‘Smith 
effect”? will result in overestimation of the bending 

moment. 

Smith calculated the relative values for three sample 

ships as shown in Table 1. 
The modification of the pressure gradient with depth 

(the Smith correction) follows an exponential law? 

Table 1 Range of Stress From Maximum Hogging to 
Maximum Sagging Calculated on the Basis of: 

Buoyancy Buoyancy simply 
with Smith’s proportioned to 
correction, volume displaced, 
per cent per cent 

Ship leccee semsocm ones 100 170 
DAD eB dre cis -siacrateeotenes crore 100 165 
Sip Oss. joer nettle tan ct ctatas 100 155 

and depends on a ship’s draft and section coefficients. 
Use of this correction has become a universal practice 

1 An Arabic number preceding the year indicates the chapter at 
the end of which the complete reference will be found. References 
without such preceding numbers will be found in the Bibliography 
at the end of this chapter. 

2 See Table 1 of Appendix A. 
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with writers on ship motions and ship bending moments. 
Quoting from a recent paper by Radoslavljevié (1957a): 
“..the amplitudes of forced oscillations taking into 
account Smith Effect can be over 50% smaller in heay- 
ing and over 30% smaller in pitching, in relation to the 
same amplitudes when the distribution of buoyancy in 
the disturbed sea is hydrostatic.” 

W. E. Smith included the effect of orbital water 
velocities in the wave, but neglected the wave celerity 
and ship motions. Except for the adjustment in the 
effective weight of water, the calculations are still based 
on statics. The definition “static calculation” is often 
used, therefore, in the contemporary technical literature*® 
in reference to calculations which include the Smith 
effect. 

T. C. Read (3-1890) called attention to the fact that the 
effective ship weight is also modified by heaving accelera- 
tions. It is increased in wave troughs and decreased on 
wave crests. Read showed that there is a corresponding 
increase of the sagging moment from 8.4 to 24 per cent 
and decrease of hogging moment from 0 to 7.7 per cent. 
These figures refer to two examples given by Read. 
The larger figures correspond to a larger bending moment 

and a fine vessel and the smaller figures to a full vessel 

and a smaller bending moment. The excess of sagging 
over hogging bending moment was later confirmed 
qualitatively by sea observations on the MS San Fran- 
cisco (Schnadel, 3-1936) and SS Ocean Vulcan (3—Adm. 

Ship Weld. Comm., 1953, 1954). It also was confirmed 

by model tests in towing tanks (Sato, 1951; Ochi, 1956, 
1957; Lewis and Dalzell, 1958). 

1.3. Dynamics of Ship Motions. The significance and 
magnitude of Smith and Read effects were further demon- 
strated by Alexander (1911) and Robb (1918) without 

introducing new concepts. Kriloff (83-1896, 1898a and 
b), Horn (1910), Hazen and Nims (3-1940) and Bull 

(8-Adm. Ship. Weld. Comm., 1953) considered ship 
motions and inertial forces more completely. The dif- 
ferential equations of a ship’s heaving and pitching were 
formed and investigated. The common weak points in 
this activity were the failure to consider the coupling 
between heaving and pitching motions, the failure to 
consider the modifications of the wave pressure gradient 
(Smith effect) by interference of a ship’s hull, and the 
inadequacy of the available hydrodynamic data. At- 
tention was concentrated on the dynamics of ship motion 
while the necessary hydrodynamic development was 
neglected. 

An advanced theory of coupled ship motions was de- 
veloped by Haskind (38-1947), but it did not extend to 

the calculation of bending moments and was not com- 
plete in regard to the forces caused by waves. Recently, 
Hanaoka (3-1957a, b) extended a similar theory and pre- 
sented a sample of bending moment calculations. It 
was pointed out in Chapter 2 that such advanced mathe- 
matical methods are valuable in guiding simpler ap- 
proaches. However, they cannot be used in engineering 

3 For example, Admiralty Ship Welding Committee Reports 
Nos. 8 and 12 (1953, 1954), and Hanaoka (1957). 
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problems because of excessive mathematical complexity 
and because their application is limited to certain ideal- 
ized ship forms. In the present monograph, therefore, 
attention will be concentrated on a simpler engineering 
approach. 

A solution of the coupled differential equations of 
pitching and heaving motions was developed in a simple 
form in the course of the past few years (I<orvin-Krou- 
kovsky and Lewis, 3-1955). This was followed by an 

evaluation of hydrodynamic-force coefficients which 
included the interference effects between a ship and 
waves (Korvin-Kroukovsky and Jacobs, 3-1957). The 

material has now been collected for the formulation of a 
simple rational theory of bending moments. The word 
“rational” is used here to indicate a theory formulated 
on the basis of and compatible with the physical laws of 
nature and free of empirical assumptions. The word 
rational should not be confused with exact. The process 
of application of physical laws to an engineering problem 
necessarily involves various approximations. These 
approximations, however, are compatible with dynamic 
and hydrodynamic concepts and are not based on em- 
piricism. 

1.4 Rate of Load Application to a Ship’s Structure. 
In the discussion of bending moments it is necessary to 
distinguish between slowly and rapidly varying hy- 
drodynamic loads. The slowly varying loads are im- 
posed by waves which have a period of encounter from 
5 to 15 sec in the case of a normal cargo ship. These 
periods are from 8 to 25 times longer than the period of 
the two-node hull vibration. A ship’s structure responds 
to such loads as though they were static loads. At any 
instant the stress is equal to the bending moment divided 
by the effective section modulus and a ship’s elastic 
properties need not be considered. The historical out- 
line, presented earlier, refers to bending moments 
caused by such slowly varying loads and this subject will 
be discussed in the next three sections of this chapter. 
Slamming is a well-known example of rapidly applied 

loads which cause vibration of a ship’s structure. Less 
well known is the nature of wave shocks felt in fast ships 
and ships with excessive bow flare. These loads are 
apphed with such rapidity that stresses cannot be ascer- 
tained by static considerations and it is necessary to con- 
sider a ship’s elastic properties. These loads will be dis- 
cussed later following the exposition of the slowly acting 
loads. 

2 Rational Theory of Bending Moments 

The weight-distribution curve and the bending moment 
acting on a ship floating in still water are readily evalu- 
ated by conventional methods and will not be considered 
here. 

With increasing speed of a ship a certain sinkage occurs. 
This sinkage will affect the bending moment because the 
water-suction forces are not distributed in proportion to 
displacement. Furthermore the formation of a long 
wave is observed at the sides of a fast ship. This wave 
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leads to the development of a sagging moment which in- 
creases with a ship’s speed. None of these time-inde- 
pendent moments will be considered here. Their exist- 
ence, however, should be remembered and appropriate 
measurements in still water should be included in model 
tests and ship observations in waves. Only the time- 
dependent loads added by waves and by a ship’s heaving 
and pitching will be considered. 

The loading, p, per foot of a ship’s length is equal to 
the algebraic sum of acceleration forces and water 

pressures: 

p = mao + dP/dt (1) 

where p is the time-dependent vertical force per foot of 
ship’s length, m the mass of the ship’s structure, equip- 
ment, and load apportioned to this length and dF'/dé 
the vertical force due to water pressures per unit length. 
The symbol zp is used for the heaving displacement of an 
element dé of a ship’s length. When the heaving mo- 
tion of an entire ship is considered, the sum of all water 
pressures is balanced by the inertia force and the sum 
of all forces is equal to zero. At a particular ship’s 
section of unit length, however, the mertial and water 
pressures are usually not balanced, p # 0, and the nec- 
essary balance of forces results from the application of 
shear forces at the ends of the section. The double in- 
tegration of these shear forces gives the bending moment. 

The inertial force, #2, depends on the value of the 
acceleration, Z. The force, dF/dé, of water pressures 
depends on the acceleration, velocity and displacement 
of the ship and water. The solution of the equations of 
motion is, therefore, a necessary prerequisite to the evalua- 
tion of the loading curve and a ship’s bending moment. 
For the structural analysis the load per foot, p, is to be 
evaluated at a certain instant; i.e., with certain specific 
values of 2, 3, and 3, as well as wave elevation 7. 

2.1. Linear Theory. The linear theory of a ship’s 
heaving and pitching motions in waves and of the 
resulting bending moments was originally developed by 
Kriloff (83-1896, 1898a and 6) and was further elaborated 
by Horn (1910). In both cases the heaving and pitching 
motions were considered independently; ie., their 
coupling was neglected. Horn’s work is particularly 
important in demonstrating the significance of phase 
relationships (between ship and wave motions) in the 
summation of water pressure and ship inertia loads. 

The phase relationships are strongly affected by the 
coupling of heaving and pitching motions, and the con- 
sideration of this coupling is therefore important. The 

differential equations of coupled pitch-heave motion 
were formulated and a method of evaluating the co- 
efficients of these equations was developed by Ixorvin- 
Kroukovsky and Jacobs (38-1957). The application of 
this material to the evaluation of bending moments will 
be outlined briefly. The equations of motion are 

ai + bs + cz + dé + e6 + 90 = Fe (2) 

Ad + B6+ CO + D3 4+ Fz + Ge = Me’ 
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The nomenclature used in these equations and the 
evaluation of coefficients are given in Appendix C. 

In the process of derivation of equations (1) and (2), 

it was shown that the total hydrodynamic force per unit 
length, dF'/dé, can be considered as the sum of two forces, 
(dP/dt), + (dF /dt)». The first of these forces is de- 
veloped when a ship oscillates in smooth water and the 
second when waves encounter a restrained (non-oscillat- 
ing) ship. Corresponding to this subdivision, all terms 
of the left-hand sides of equations (2) represent forces 
and moments obtained by different forms of integration 
of (dF'/dé)», with respect to a ship’s length. The terms 
on the right-hand sides of the equations result from inte- 
erations of the force exerted by waves on a restrained 
ship, (dF'/dt). These latter terms are usually referred 
to as “exciting functions.” 

The forces caused by ship’s oscillations in smooth water 
will be considered first. An isolated section of a ship’s 
length, dé, has ony a simple heaving motion, zo, which 
results from the contributions of a ship’s heaving, z, 
and pitching, 6, so that 

n 

The total force and moment acting on a ship, oscillating 
in smooth water, are obtained by the integration of the 
sectional forces (dF'/dé),, which result from the fore- 
going composite motion. This integration leads to 12 
terms. The coefficients of these terms are divided 
into four groups, (a,b,c), (A,B,C), (d,e,g), and (D,#,G). 
The first two groups define pure heaving and pure pitch- 
ing motions and the last two define the effect of the 
pitching on heaving and vice versa. 

Application of the foregoing material to the evaluation 
of the loading curve requires a regrouping of terms. 
Instead of referring forces, acting on the entire ship, to 
isolated heaving and pitching motions, they are now to 
be expressed as acting on an isolated section, dé, in a 
composite vertical motion of the section, 2. Equation 
(3), however, indicates only the displacement 2. It 
is necessary to derive the corresponding velocity % and 
the acceleration %. In doing so, one must remember 
the dual nature of the co-ordinate & It is a constant 
defining the distance from the ship’s center of gravity 
of a mass #7, apportioned to a certain ship section. On 
the other hand, it is a time-dependent co-ordinate when 
it refers to a stationary slice of water dé, and its time 
derivative in this case is d&/dt = —V. 

Since only the simple vertical motion of an isolated 
section dé is now to be considered, the integrands of the 
coefficients a, b, and ¢ will suffice. These are obtained 
by adding integrands of coefficients listed in groups of 
equations (34) and (41) of Appendix C. Certain co- 
efficients vanish in the process of integration with re- 
spect to ship length and are omitted in the final summary 
of equations (42), which, therefore, is not to be used in 

this connection. Use of this material now permits 
evaluation of three components of the force caused by 
the ship’s motion, (dF'/dEé),, as follows: 
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Fig. 1 (top) and Fig. 2 (bottom) Experimental towing tank 
calculations and experimental data for amidships of Model 1723 
(destroyer). 5.71-ft model at 5 fps; wave length = model 

length; wave height = !/,, model length 

displacement = pgB(z + £6) 

Force component velocity = [N(é) — V pd (Skala) /dé] 
caused by (oes ee Fey : acceleration = 771(3 + &) + 

Next, the forces exerted by waves on a restrained ship 
will be considered. The sectional force due to wave 
action, (dF /dé)» is given directly by equation (25) of 

Appendix C. It may be convenient to separate the 
first term of A, coefficient from the others and to write 

the force in the form of two components: 

hee 
(dF /d)e = pgB (i sin == (5) 

(dF/dé)w2: = remaining terms of equation (25) of Appen- 

dix C 

The first of these components is simply the change of 
the displacement caused by the wave rise as it is used 
in conventional static calculations. This force (with 
sign changed) can be added to the first of equations 
(4) in order to get the total force due to the change of dis- 
placement. The remaining part of the first term of 
equation (25) of Appendix C represents the Smith 
effect modified by a ship’s interference with waves. 
The second term of equation (25) is a further correction 
for a ship’s speed. 

Equation (25) of Appendix C was derived from the 
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potential solution which does not account for the dissi- 
pation of energy in the form of surface waves. The 
force component caused by the vertical water motion in 
waves, ?wV(~), must be added, therefore, to the force 

resulting from ship motions, (3 + £@ — V6)N(é), in 

equation (4). In the analysis of ship motions in Appen- 
dix ©, the force v,.N(~) was neglected because it became 

Insignificant after integration with respect to ship’s 
length. However, it gives a significant contribution to 

the loading of a ship’s section, dé, and should be included 
in the analysis of bending moments. 

As an example, the results of bending-moment cal- 
culations are shown in Table 2 and Iigs. 1 and 2.4 These 

data refer to the model 1723 (destroyer, the body plan of 
which is shown in Fig. 31 and the particulars are given 
in Table 6). The data on motions of this model in waves 

were given by Iorvin-Kroukovsky and Jacobs (38-1957). 
lig. 2 shows an excellent agreement between experi- 

mental and calculated bending moments. Table 2 

shows in detail the conditions existing at a particular 
instant indicated by the double cireles in Figs. 1 and 2. 
This instant corresponds to the hogging condition with 
the bending moment nearly at its maximum. The 
data at the bottom of the table indicate the dynamic 
conditions existing at this instant. The wave crest is 
amidships but at the same time the pitch angle is at its 
maximum as this is indicated by 6 = 0 and by the high 
value of the pitching acceleration, 6. The small value 
of the phase lag between heaving and pitching, 55 deg, 

brings about simultaneously high values of heaving and 
pitching accelerations. This brings about, in turn, a 
large inertial force due to ship’s masses and the added 
water masses. At station 5 for instance, the inertial 
forces, 2.00 + 1.12, are greater than the displacement 
force of —2.81 Ib. Most of the remaining force of 

—0.51 Ib is the result of the velocity-dependent (damp- 
ing) force computed on the basis of N(é). Table 2 
demonstrates that the net loading at any ship section is a 

relatively small difference between several large com- 
ponents of different signs. The final shear distribution 
and the bending moment are therefore very sensitive to 
the accuracy of calculation of the individual com- 
ponents. 

The large part played by inertial and by velocity- 
dependent forces also indicates the sensitivity of the 
loading curve and of bending-moment curves to phase 
relationships. 

For an additional example of bending-moment cal- 
culations, the reader is referred to Section 4.12. In this 
section T-2 tanker model data are analyzed. A more 
complete description of the procedures outlined in the 
foregoing and in the T-2 tanker analysis will be found in 
Jacobs (1958). 

2.2 Nonlinear Theory. The destroyer model in low 
waves, (A/h = 48), cited in the foregoing example, ap- 

pears to be amenable to both motion and bending- 

‘This material is taken from an unpublished work of Winnifred 
R. Jacobs (1957) of the Davidson Laboratory, Stevens Institute 
of Technology. 
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Table 2 Computed Shear Forces 

THEORY OF SEAKEEPING 

and Bending Moments for 5.71-Ft Model 1723 Destroyer at 5 fps, in Waves of Model 
Length and L/48 in Height 

(For condition when wave crest is at Midsection) 

Stations 1 3 5 7 

Loads, lb/ft 

Ship mass inertia...... 0.90 1.25 2.00 Leo 
Added mass inertia... . 0.16 0.60 1.12 1.40 
1Dyehoayo}toyewy yn grea eee ae 6 —0.12 —0.43 —0.82 —0.83 
Added displacement... = —1.27 —2.84 —2.81 =1.58 
Modified Smith effect. . 0.04 0.12 0 —0.34 

Total load, lb/ft....... —0.29 —1.30 —0.51 0.62 

Shears ee ae ec ames —0.09 —0.54 —1.07 —1.03 
Bending moment, 
Mb=ftvdinmcrven s Geren —0.02 —0.21 (267 —1.27 

9 11 13 15 17 19 

1.14 Ona 0.14 —0.50 —0.76 —0.63 
1.24 0.76 0.16 —0.35 —0.68 —0.60 

—0.55 —0.25 —0.10 —0.06 —(Or14 —0.29 
0 0.94 1.08 0.72 0.32 0.35 

—0.65 —0.66 —()559) 0 0.26 0.25 

1.18 1.50 0.89 == Oho —1.00 —0.92 

—0.51 0.26 0.94 1.13 0.79 0.25 

—1.61 — 8 —1.48 —0.84 —0.30 0 

Dynamic Conditions at Instant Considered in above Analysis 

@= —4,73 
2@= 0.59 
z= 0.0386 

—5.88 
0 
0.045 Heol 

g 
6 
6 

Phase lag of heaving after pitching, 55 deg 

Note: The Model was divided into 10 segments. There were 
21 equidistant stations and the loads were computed at the odd 
stations. 

moment linearized analyses. Greater discrepancies be- 
tween calculated and measured bending moments 
appeared in the analysis of the T-2 tanker model in 
higher waves (A/h & 20). These discrepancies can be 

attributed to two primary causes; 1.e., the uncertainties 
in the damping data and the non-constancy of the hy- 
drodynamic coefficients of equations of motions. The 
examples analyzed by Korvin-Kroukovsky and Jacobs 
(38-1957) showed that the use of linearized equations of 
motions leads to satisfactory results in case of ships of 
usual form, but fails for such extreme forms as the sailing 
yachts. <A strong effect of nonlinearity on ship-motion 
phases also was demonstrated by the experiments of 
Akita and Ochi (3-1955) in case of an unusually shallow- 

draft, flat-bottomed hull. 
A complete analysis of motions and bending moments 

of ships of unusual form, or of normal ships in high waves, 
requires a step-by-step integration of equations of 
motions with time-dependent coefficients. Such inte- 

erations were performed (on basis of uncoupled equa- 
tions) by Horn (1910) and by Hazen and Nims (83-1940). 

The results indicated that time variation of the bending 

moment in harmonic waves distinctly deviates from a 
sinusoidal form. Horn emphasized that, because of this 
deviation, it is necessary to calculate the bending mo- 

ments for a series of small time intervals. 
The work of Korvin-Kroukovsky and Jacobs (3-1957) 

and of Gerritsma (3-1957c and d) indicated that non-con- 

stancy of coefficients apparently affected predicted 
motions of ships of usual form only to a small degree. 
The predominant discrepancies in this case were traced 
to the error in estimating mean values of damping co- 
efficients. This can be explained rationally by observing 
that motions are obtained by double integration of the 
forces acting on a ship. Variations of instantaneous 

law 

forces are smoothed out in the process of this integration 
and only the total work of the forces is of significance. 
This observation will often permit an important short 
cut in the nonlinear evaluation of bending moments: 
relative ship-wave positions, velocities, accelerations 
and phase relationships can be assumed to remain as in- 
dicated by analytical solution of the coupled linearized 
differential equations of motions. Subsequently, the 
loading curve can be computed for isolated instances, 
using the coefficients based on the instantaneous con- 
ditions, (i.e., instantaneous waterline positions) at each 

ship section. The analysis of this type, but extended to 
include slamming vibrations, was attempted by Dalzell 
(1959) with a reasonable success. This analysis will be 
discussed in Section 5.55 in connection with slamming. 

3 Bending Moment—Observations on Ships at Sea 

The content of this section is limited to the quanti- 
tative correlation of a ship’s bending moment with the 
wave size. The paper by G. Schnadel (1937/38) and 
the reports of the Admiralty Ship Welding Committee 
appear to be the only available sources of this informa- 

tion. 
3.1 MS San Francisco. Schnadel’s paper contains 

the analysis of measurements taken aboard the MS 
San Francisco over the period of a few seconds. During 
this period, the ship passed through the hogging and 
sagging conditions on an unusually large and steep wave. 
The general description and data on the voyage of the 
MS San Francisco will be found in Section 3-5.12.° 

° Reference to sections, equations, and figures in preceding 
chapters will be designated by chapter number and_ section, 
equation, or figure number; reference above, for example, is to 
chapter 3, section 5.12. 
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Fig. 3 Complete wave measurement (from Schnadel, 1937-1938) 

The wave profile on the ship’s side was recorded con- 
tinuously on a running strip of photographic paper. 
For a wave longer than the ship, this record gave at any 
instant only a part of the complete wave profile. Since 
ship motions had been recorded at the same time and 
had been interconnected by time signals, it was possible 
to piece together several sections of the record and to 
obtain the entire wave profile. The results of this process 
are shown in Fig. 3. This diagram covers the period 
from the 36th to the 46th second following 11 hr 40 min 
AM on December 11, 1934. 

The wave profile, defined by several successive ob- 
servations, may have contained errors caused by the 
change of wave form with time. Schnadel assumed 
this error to be small as far as the main wave profile 
was concerned. However, the main wave profile was 

covered by smaller waves. These changed their forms 
rapidly and affected the readings of individual gages. 
The range of the uncertainty, caused by this action, was 
shown by the spacing of two profiles drawn in Fig. 3. 
The wave length was found to be 186m (610 ft), mean 

wave height from trough to crest, 14m (46 ft) and the 
ratio of length to height was 13.3. This is exceptional 
steepness for a wave of such a size. 

Figs. 4 and 5 show ship attitudes, the wave profiles, A, 
and the pressure head profiles B and C at hogging and 
sagging conditions. The vertical scale is 2.5 times the 
horizontal one. The pressure head profiles D and E 
resulted from the correction of pressure heads to the 
condition of a free wave. This process can be best ex- 
plained by the following quotation from the original 

paper: 
“The acceleration forces of heaving and pitching cause 

an acceleration of the added mass of water which is in- 

cluded in the measurement of the diaphragms.’ If we 
intend to compare the measurement of the water pressure 
with the normal theory of waves, we have to take into 

account the acceleration pressure of the water. Tor the 
acceleration of the added mass the formulas of Lewis™ 
and Lockwood Taylor’ are used. A simple investiga- 
tion shows that the water pressure is increased by the 
added mass in the case of hogging and reduced in 
the case of sagging. Therefore, we have to subtract the 
acceleration forces on the crest and to sum up in 
the trough. 

“The pressure found by this operation contains the in- 
fluence of the Smith effect and the influence of the 
ship’s hull in waves. If we calculate the influence of 
the Smith effect, we are able to determine the influence 

of the hull. For a wave 186m length and 14m height, 
we get the influence of the Smith effect on the crest with 
75% of the height of water column. Our measurements 
show that the pressure in the wave crest is reduced to 
60%.” 

The following passage is also useful in clarifying the 
questions as to water pressures: ‘The investigations of 
Gerstner and Hagen show that the water pressure in an 
undisturbed wave does not agree with the height of the 
corresponding water column. Smith’ has drawn the 
conclusion that the calculated wave height should be 
taken much less than the observed wave height. The 
investigations of Smith are only partially correct, as 
they neglect the disturbance of the wave by the ship 

® L.e., of the bottom pressure gages. 

7F. M. Lewis (3-1929). 

8 Lockwood Taylor, 1930. 

9 W. E. Smith, Trans. INA, 1883, p. 135 
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Fig. 4 Pressure in hogging condition (from Schnadel, 1937- 
1938) 

itself and the influence of the added mass of water in the 
case of heaving and pitching.” 

The measurements of water pressures and of heaving 
and pitching accelerations provided the necessary data 
for the construction of the load-distribution curves. 
These are shown in lig. 6 for the hogging conditions. 
By the usual integration the diagrams of shear forces 
and of bending moments, shown in lig. 7, were obtained. 

Schnadel commented on these as follows: 
“For the accurate knowledge of the ship’s stress in a 

rough water, it is important to separate the influences 
of dynamic and static forces. The dynamic forces con- 
tain two different parts: the forces resulting from the 
acceleration at the hull and the acceleration of the added 
mass. The load curve of the first part results from the 
difference of the acceleration forces on the ship’s mass 
and the change of the buoyancy caused by the heaving 
oscillation. Tor the hogging ship the bending moment 
is reduced by the dynamic forces. 
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Fig. 5 Pressure in sagging condition (from Schnadel, 1937-— 
1938) 

“Calculating the second part, we observe that the 
forces of the added mass carry a part of the ship’s weight 
instead of the corresponding buoyancy. The load dia- 
eram is therefore the difference between the forces of 
the added mass and the buoyancy curve of the corre- 
sponding diving. This load causes, in general, a bending 
moment which increases the statical moments. 

“Consider Fig. 7, which shows the static and dynamic 
hogging moments; it is to be seen that the influence cal- 
culated as described is very different at the midship 
section and at the ends. The results for the midship 
section are as follows: 

Static hogging moment as in- 
fluenced by sea...............+80,000 metre-tons 

Dynamic moment as influenced 
by sea (ship hove to).........— 7,500 metre-tons 

Resultant moment..............+22,500 metre-tons 

This moment is measured from 

the moment of still water con- 

GGTOM san. dyenc acs ade eshte +23,000 metre-tons 
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Fig.6 Acceleration forces by heaving and pitching. Hogging: 
time 11. xii. 34, 11h. 40’. 40” (from Schnadel, 1937-1938) 

The real hogging moment in our 
nase is therefore.............. +45,500 metre-tons 

“The static moment of 30,000 mt is nearly the greatest 
influenced by sea. It corresponds to an effective wave 
height of 5.5 m or L/24, if the wave length is equal to 
the ship’s length. Considering the dynamic force 
too, we get an effective wave height of 4.2 m for the 
ship hove to, if we call ‘effective’ wave height the height 
of wave to be taken for the normal strength calculation 
to get the same moments and assume that the wave 

length is equal to the sbip’s length.”’ 
lig. 8 shows the good agreement which was obtained 

between bending moments calculated by the foregoing 

procedure and those deduced from strain-gage measure- 
ments. Tig. 9 shows a similarly good agreement be- 
tween calculated and measured ship deflections. Schna- 
del’s final conclusions were quoted in Section 3-5.12. 

The work of Schnadel on the MS San Francisco is 
important in describing how the bending moment. is 
composed of contributions of buoyancy and of a ship’s 
and ambient water’s accelerations. He brought out the 
significance of a ship’s interference with waves. These 
data, observed for the first time on a ship at sea, were 
later confirmed by the model tests and by theoretical 
computations. The computations were described in the 
preceding section and the model tests will be covered in 
the following one. 

The word “confirmed” is used in a broad and quali- 
tative sense. The data obtained on the MS San Fran- 
cisco scarcely can be considered accurate enough for a 
detailed comparison with calculations and model tests. 
The primary sources of possible inaccuracies are: 

1 Only one wave was analyzed. 
2 The determination of the wave profile from several 

consecutive records introduces an uncertainty. The 
uncertainty indicated by the spacing of two curves in 
Tig. 3 also can introduce an appreciable error. 

3 The total number of pressure gages is too small to 
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Fig. 7 Shearing force and bending moment. Hogging: time 
11. xii. 34, 11h. 40’. 40” (from Schnadel, 1937-1938) 

give an accurate determination of the total pressure 
force. 

4 The arrangement for time synchronization of data 
did not permit sufficient precision. 

5 The relationships used in the analysis were based 
on the properties of regular waves. Peculiarities of the 
recorded wave were not considered. 

An outstanding characteristic of the MS San Francisco 
voyage 1s the fact that observations were made by 

an outstanding group of qualified men. These men, 
Schnadel, Horn, Weinblum, and Weiss, had developed the 

necessary instrumentation and they used it to collect 
aboard the ship. They had witnessed the conditions 
which they subsequently analyzed. As a result, an un- 
usually large amount of valuable information was ob- 

tained. 
The strain gages were of a mechanical type and did not 

permit centralization. They had, however, the ad- 

vantage of a fixed zero point so that hogging and sagging 
stresses were clearly defined. In the more advanced 
type of electric strain gages, which have been used since 
by other investigators, the zero calibration has been un- 
certain. Only the total hogging-sagging stress ranges 

were, therefore, reported. 
3.2 SS Ocean Vulcan. ‘The general type of instru- 

mentation used on the SS Ocean Vulcan" was similar to 
the MS San Francisco, but a much larger number of 
instruments was used. The general description of in- 
strumentation was given in Section 38-5.13. The instru- 
mentation was of a more advanced type than on the MS 
San Francisco and all records were taken at a central 
recording location. It had, however, two important 
drawbacks. The electrical strain gages permitted the 
hogging-sagging range to be measured, but were un- 
certain in the distribution of stress between hogging and 
sagging. The records were read from the photographs 

of gages taken at about 0.4-sec intervals and no continu- 
ous curves of data were obtained. 

10 Admiralty Ship Welding Committee Reports Nos. 8 and 12 
(see bibliography at end of chapter 3). 
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Fig. 8 Bending moment by strain measurement and by calculation (from Schnadc¢l, 1937-1938) 
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Fig.9 Deflections by optograph measurement and by moments and shearing forces. Time: 11. xii. 34, 11h. 40’ 
(from Schnadel, 1937-1938) 

The Ocean Vulcan reports contain a large amount of 
miscellaneous useful information, but the complete 
wave profile is shown for only two cases, Fig. 8-41. In 
most cases, the water profiles recorded on the ship’s sides 
were not used to define the ambient sea waves. The 
instrumentation, which was used for this purpose, was 
similar to Schnadel’s. The larger number of observa- 
tion stations could have been expected to give a greater 
accuracy. However, an opinion was expressed that 
Schnadel’s method of evaluating ocean-wave profiles 
had not been reliable and apparently the Ocean Vulcan 
data were not used for this purpose. Ship attitudes and 
wave profiles on the ship’s sides were presented in the 
final reports only in the form of crude sketches which are 
not suitable for further analysis. The observed and 
calculated stresses were referred to the visual wave ob- 

servations and to weather forecasts of the Admiralty. 
The bending moments were calculated for a number of 

instances on the basis of accelerometer and water- 
pressure readings as this had been done by Schnadel. 
Results of these calculations were compared to the results 
of strain-gage readings. A satisfactory agreement was 

shown to exist. An example of this comparison is shown 
in Fig. 3-36. 

A sample of calculations of bending moments is pre- 
sented in Table 3.11. The instant to which this table 
refers, is indicated by the film frame No. 300. This is 
0.96 see earlier than the position labelled ‘position at 
film No. 302” on the upper part of Fig. 3-41. The 
reader’s attention is called to the fact that in this case 

11 Reproduced from Table 29, page 116 of Admiralty Ship Weld- 
ing Committee report no. 8. 
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Table 3 Vertical Bending Moment Sheet (from Adm. Ship Weld. Comm. R. 8, 1953) 

FRAME No. 300 

SECTION 

Hydrostatic Forces 

ALL FORCES ARE IN TONS RECORD 6E7 

Acceleration Forces 

Nett | Nett Loads on Section | | Nett Loads on Section | Section 

ear 
L Loads Cereal 

aa | Correction Factor _| 

| 333 | Eanae: 186 

ied 

es een enolee leas [0 | 
peemscesoee 

| Correction | 

Corrected 
Shear Force 

Average Shear Force 
over Section 

Length of Section (Ft.) ape es Da 

Average Shear 
Force ~ Length 

eal a 
44\ 

} 447 | 50:2 45 | 456 | | 316 | 

eo | 
End Thrust B.M. 
Correction (B) 

Line (A) — Line (B) 

se 23978| — 26780] —16807| 3012 | 16416 

ie Paes eae 
| 3012 | ea | 13520 | 7640 | | 1908 | | 156 | 

Corrected B.M. 

the ship is in the following sea and that the frequency of 
wave encounter is, therefore, low. The conditions ap- 
proach the static ones and the dynamic forces are not as 
important as in two head-sea cases discussed earlier; 
.e., the Lewis and Dalzell destroyer model and Schna- 
del’s MS San Francisco. Nevertheless, the accelera- 

tion forces shown on the second line of Table 3 are im- 
portant. 

The “hydrostatic forces” are believed to be obtained 
from the pressure-gage readings and, therefore, include 
the Smith effect and the hull-wave interference. In 
the theoretical section of Report No. 8, the authors em- 
phasize the necessity of taking Smith effect into account 
but consider hull-wave interaction to be unimportant. 
The present author was not able to follow their logic 
in this connection and finds this conclusion to be in dis- 
agreement with Schnadel’s work, with the conclusion of 
the theory outlined in Section 2 and with the model test 
data outlined in Section 4 which follows. 

The curves of shear forces and of bending moments are 
shown in Fig. 10 for various instances defined by the 
film frame numbers. The interval between consecutive 
film frames on this record is 0.48 sec. The insert figure 
shows a good agreement between the bending moments 
computed from the pressure and acceleration measure- 
ments (solid curve) and computed from strain-gage 
readings (dotted curve). Examination of Table 3 shows, 
however, that this agreement was secured only after 
drastic corrections of the closing errors in shear-force 
and bending-moment diagrams. The failure of these 
diagrams to close indicates the failure to account cor- 
rectly for all forces acting on the ship. The authors of 

Uncorrected B.M. Lae 7979 89523 |— 86511 | — 70085|—56565 aH 47017 | 46861 

Correction Factor 08 5 49 6l 7\ aE 

Correction 3749 22962 |— 28585 

31978] 54440) 66561 “sne| 3] 076 ~2156| —2499] 0 

the report, however, presented a discussion expressing 
the opinion that no significant errors in bending moments 
had been caused by these discrepancies. 

In the summary tables of Report R-8, the range of 
hogging to s sagging stress during the observation 617, 
just discussed, is given as 150,000 tons-feet in the vertical 
direction and 50,000 tons-feet in the lateral direction. 

The wind NNW force 7 to 8 and sea WNW-7 were re- 
corded in the ship’s log. The trial party recorded the 
wind as WNW, force 8 to 9. Maxima of the ship’s 

pitching amplitudes were +7.6 deg and rolling amplitude 
+10 deg. The mean period of pitching was 12.1 sec. 
Average ship’s speed was 10.6 knots. 

4 Bending Moment—Ship Model Experiments 

Measurements of bending moments on ship models in 
towing tanks were made by E. V. Lewis, Lewis and Dal- 
zell, Sato, Akita and Ochi, and K. Ochi.!? In the present 
section the discussion will be limited to the slow-acting 
loads occurring in the course of normal pitching and 
heaving in head seas. Slamming and other rapidly 
occurring loads will be discussed as a separate matter in 
Section 5. 

4.1 E. V. Lewis, T-2 Tanker. E. V. Lewis (1954) 

conducted a series of towing-tank tests on the model 
of T2-SE-Al tanker.'!* The test arrangement is shown 

12 Hanaoka (1957) also refers to bending moments measured on 
an idealized ship model. Furthermore, attention should be called 
to two translations by Ochi (8-1958b and c). ; 

18 These tests were sponsored by the Hull Structure Committee 
of SNAME through its 5-3 panel. 
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Fig. 11 

in Vig. 11. A wooden model, 4.79 ft long, had been 
divided at the midsection and was jointed by a hinge 
at a neutral axis of the ship’s midsection. The align- 
ment of two halves was maintained by metal flexure 
bars. <A deflection transducer had been located at the 
stern and was operated by a cantilever truss from the 
forward part of the model. The relationship between 
deflections and bending moments was established by 
calibration. Hull deflections, bow and stern accelera- 
tions, and wave profiles were recorded. The deflections 
of the model had been sufficiently small so that if was 
permissible to consider the model as a rigid body with 
regard to slowly applied loads. The rigidity of the 
flexure bars was such that the natural vibration period 
of the model corresponded to a two-node frequency of the 
ship. This correspondence between the model and the 
ship was expected to give a faithful representation of 
slamming phenomena. All data were transmitted from 
a model to a shore station and were recorded by a gal- 
vanometer on the same photographic tape. In the 
early tests the pitching and heaving motions were ob- 
tained from the photographs of the targets installed at 
the bow and stern of the model. In later tests the motions 
transducers were used and the motions were recorded 

by the galvanometer together with other data. 
4.11 Experimental data. Tig. 12 shows the bending 

moments for the model at zero speed as well as the bend- 
ing moments computed by the standard static procedure, 
with and without Smith effect. The qualitative agree- 
ment with Schnadel’s sea measurements is evident: at 
L/20 wave height, the measured hogging bending 
moment is equal to half of the one computed by the con- 
ventional procedure. It is about 74 per cent of the static 
moment when the latter is computed with Smith effect. 

In order to gain a better understanding of the phe- 
nomena involved, a test was made with the rear part of 
the model rigidly attached to the test carriage. In this 
case the model inertia forces were eliminated and only 
hydrodynamic forces resulting from wave motions were 
present. A much larger moment was recorded in this 
condition. This test clearly demonstrated the load 
relief which had resulted from the model freedom to 

Diagram of model setup for determining bending moments in waves (from E. V. Lewis, 1954) 
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Fig. 12. Comparison of calculated bending moments with ex- 
perimental values, model of T2-SE-Al tanker at zero speed, both 

restrained and free (from E. V. Lewis, 1954) 

yield to the waves. E. V. Lewis’ explanation of this 
phenomenon is shown in Fig. 13. At zero model veloc- 
ity the phase relationships are favorable in that the 
maxima of moments occur when the model and water 
move in the same direction. This reduces the forces 
exerted by waves. 

Fig. 14 shows the effect of the forward speed of the 
model on bending moments and motions in regular waves. 
It appears that ship speed has no significant effect on 
bending moments as long as it remains sufficiently 
below the synchronous one. This speed range probably 
corresponds to a ship’s operation in rough weather. 
In following seas the sagging and hogging moments are 

approximately equal, but in head seas the sagging mo- 
ment is increased by about 30 per cent. 

Model tests also included higher than practical speeds 
in order to investigate conditions which may occur in 
faster ships. The hogging moment was found to in- 
crease gently and the sagging moment more rapidly, 
with the further increase of speed beyond the synchronous 
one. Fig. 14 (also Fig. 16) shows a pronounced reduction 

of the bending moment at synchronous speed, but this 
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effect was later traced to a defect in instrumentation 
and does not represent true ship conditions. 

Fig. 15 shows the relative ship-wave positions at 
several consecutive instances and at three ship speeds 
in regular head waves. Readings of the corresponding 
bending-moment diagrams are to be taken at vertical 
lines passing through the instantaneous bow positions. 
Only the first diagram, at zero ship’s speed, represents 
the practical ship conditions. The lower two diagrams 
correspond to speeds of 14.5 and 26.6 knots, which are 
not attainable in the indicated wave size, and represent 
artificial laboratory conditions. 

Fig. 16 shows the bending moments which occurred in 
irregular sea tests. A paper by St. Denis and Pierson, 
on ship’s behavior in irregular seas, appeared in 1953. 
Lewis’ (1954) paper was the first in which the irregular- 
wave theory was applied to ship motions and to bending 
moments in connection with towing-tank tests. An 
irregular operation of the wavemaker paddle had been 
devised and it has produced the complex long-crested 
waves. These were found by analysis to possess the 
statistical characteristics of the irregular ocean waves. 
The average height of irregular waves was about 85 per 
cent of the ‘standard,’ L/20, wave and the highest 

waves, therefore, considerably exceeded the height of the 
standard wave. This led, of course, to higher peak 

Diagram comparing dynamic effects on restrained and free models at zero speed (from E. V. Lewis, 1954) 

bending moments as this is shown by dots in Fig. 16. 
The bending moments in irregular seas have now reached 
those obtained from a static calculation with Smith 
correction (in regular waves), but still remained well 
below the conventional static method. There was no 
significant variation of bending moments with speed. 

Ship positions at peak sagging and hogging conditions 
and at maximum slamming are shown in I‘ig. 17. This 
figure brings out vividly the severity of the model test 
conditions. It represents, of course, an exaggeration as 
far as an actual ship is concerned. No captain will or 
can operate a T-2 tanker at 14.5 knots in head seas in 
which the average wave height is 12 ft and the mean of 
10 per cent highest waves reaches 25 ft. As a result of 
this exaggeration the slamming was encountered under 
full-load conditions, while on cargo ships at sea the 
slamming of fully loaded ships is rare and becomes fre- 
quent only in light conditions. 

4.12. Analysis of E. V. Lewis’ bending-moment data. 

At the time E. V. Lewis’ tests were started, the rational 
approach outlined in Section 2 of this chapter was not 
yet available.!4 It had become available later and was 
applied to the T-2 tanker data by W. R. Jacobs (1958). 
In his 1954 paper, however, Lewis gave an extensive 

14 The early theoretical work of Kriloff and of Horn and meas- 
urements at sea by Schnadel appear to have been forgotten. 
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Table 4 Factors Involved in Bending Moments of Ships or Ship Models in Waves (from E. V. Lewis, 1954) 

-Experiments———-—._ Ship 
——Calculations ——Free Model pressure 

Ocean Restrained Moving integra- 
Conv. Modif. Vulcan model, (and tion 
static conv. analysis(9) 0 Speed 0 Speed ship) (9) 

Wave forces in undisturbed waves :* 
1 Buoyancy—Hydrostatic 

(a) Hull assumed level............... xX Xx 
(6) Hullat correct pitched and heaved 

position; Kriloff (17)........... x X > X 
2 Pressure distribution in wave; Smith 

effects (Wis) were seer e aes, teen co ; Xx x Xx X 
Interaction between hull and wave: 

3 Modification of pressures by presence 
of hull or by vertical motion in 
pitch and heave relative to undis- 
turbed wave; damping (9, 24, 26)... x x xX x xX 

(partial) (partial) 
4 Modification of pressures in wave by 

vertical accelerations of hull and of 
wave particles; virtual mass (9, 29, 
PTO Ree bce caelines yc rear aE nr aeting xX xX X xX Xx 

(partial) (partial) 
5 Modification of wave profile by pres- 

ence of hull—hence pressures and 
velocities. Reflection, Kreitner 
(30). (Mainly due directly to for- 
ward speed)................05: > xX x Xx 

(minor) (minor) 
Effects of motion on virtual weights: 

6 Vertical accelerations; Kriloff (17). . x xe Xx 
(minor ) 

Miscellaneous effects: 
7 Effect of natural period of hull vibra- 

T1010 (28) ine ce le yee oe a x x X 
(minor) (minor ) 

8 Effect of eccentricity of compressive 
forces: (Q) hse. cams «ears ae a xg Dx xX Xx 

9 Direct effect of speed in modifying 
pressures (33) and causing dy- 
MatmniGulifite.g: see cake sain oc eis eta N aN 

NoTK 
of encounter) in pitch and heave. 

“ Froude-Kriloff hypothesis 

Items 4, 4, and 6 are affected indirectly by changes in phase relationships and in the tuning factor (ratio of natural period to period 

© At U speed, phase relationships in this case are such that model accelerations do not affect maximum bending moments. 

discussion of the origin and causes of ship bending mo- 
ment. This discussion represents in fact a qualitative 
analysis. Of particular interest is Table 4 which lists 
various causes contributing to bending moments and 

shows to what extent they are incorporated in various 
analyses and tests. 

An attempt at a quantitative analysis also was made 

and the results are shown in Fig. 18. The calculations 
were based on the observed wave profile at the model’s 
side and on measured accelerations. The statically 
computed buoyancy was not in balance with the hull 

weights which were reduced by model accelerations. 
Since the method of accounting for various water-flow 

effects was not available, the buoyancy curve was ad- 

justed by judgement so as to provide the necessary 
balance. Quoting from E. V. Lewis: ‘In order to indi- 

cate the order of magnitude of the dynamic effects, which 
have not been accounted for, a hypothetical curve of 
effective buoyancy has been drawn in Fig. 18. This 
curve would bring about a balance between virtual weight 
and buoyancy and at the same time would give equal 
forebody and afterbody bending moments of 13.0 Ib- 
in., as measured with the model in the position shown. 
It is clear that dynamic effects are of appreciable mag- 
nitude and therefore that their investigation is of con- 
siderable importance.”’ 
A complete quantitative analysis of bending moments 

in regular waves was made later by Jacobs (1958). 
The analysis followed the pattern outlined in Section 2 
of this chapter. Comparison of the experimental and 
calculated bending moments is shown in Fig. 19 for 

18 The figure number of the present monograph is substituted. 
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Fig. 14 Effect of speed on bending moments and motions, 
model of T2-SE-Al tanker in regular L/20 waves (from E. V. 

Lewis, 1954) 

two model speeds, 0 and 2 fps. The computational 
points are indicated by crosses. 

Bending moments for a restrained model in waves of 
h & /20 are shown in Fig. 19. In this case there is no 

model motion and no acceleration force. The diagram 
shows, therefore, directly the degree of agreement in the 
calculation of hydrodynamic forces. These data can 
be summarized as follows: 

Model Total range of bending 
speed, —moment, in-lb————-. 
fps Caleulated Experimental 

0 101 89 
2 100 88 

The original test data for a free model in waves 

of h = d/20 were shown in Fig. 16 for comparison with 
tests in irregular waves. As this was already stated, the 

dip of the bending-moment curve at synchronous speed 
was later traced to an instrumental error. The results 
of repeated tests in less steep waves (h = \/48), using 
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different dynamometers, were published by E. V. Lewis 
(1958). These data are shown in Fig. 20. The com- 
parison of Jacob’s (1958) computed bending moments 
with new experimental data is summarized as follows: 

Model 
speed, 
fps Calculated Experimental 

0 23 20 

2.4 21 22 

The most important feature of Jacobs’ (1958) analysis 
is the subdivision of the total bending moments into its 
several components. This is shown in Fig. 21 for the 
free model at 2.4 fps. The diagram corresponds to the 
instant, ¢ = 0, at which the wave crest is at the front 

perpendicular. At this instant, the calculated and ex- 
perimental sagging bending moments are near their 
maxima. In this analyzed case the waves were low, 
and the Smith effect, shown by the dotted line, is rela- 
tively small. The inertial effect of the added mass of 
water (dash-double dot curve), however, is very strong 

and is deducted from the displacement force. The 
effect of the forces caused by water velocities (dash-dot 
curve) is also significant over the forebody and tends to 

increase the bending moment. The final loading curve 
is the result of summation of the hull inertia forces and 
of four components of water pressure forces. It is there- 
fore very sensitive to the errors in computation of indi- 
vidual components. The bending moment can be con- 
sidered in fact as a “second-order effect” in that it is the 
result of a relatively small difference of large components. 

4.2 K. Ochi—A Cargo Ship. Kx. Ochi (1956a and b, 
1957, 1958a) published the results of extensive towing- 
tank tests of two cargo-ship models with U and V-bow 
sections. The body plans of models were shown in Fig. 
2-25, and the particulars are given in Table 5. One of 
the major objectives of tests was to obtain the informa- 
tion on slamming. The discussions of this subject, how- 
ever, will be deferred to later sections and only normal 
bending moments now will be considered. 

Six-meter-long (19.7 ft) models were made of brass 
and were tested in a 655-ft-long towing tank.'® All 
runs were made in head seas under the self-propulsion 
method and the models were free to pitch, heave and 
surge. Model motions are shown in Figs. 22 and 23 and 
phase relationships are shown in Fig. 24. These figures 
refer to the wave length, \, equal to the ship’s length, Z, 
and to the wave height of £/30. Bending stresses at 
the deck amidships are shown in Fig. 25 for different 
values of the ship’s draft, d. The draft ratio d/L = 
0.059 corresponds to a fully loaded ship. Sagging 
stresses are plotted as negative and hogging stresses as 
positive. Ochi’s data, shown in Fig. 25 are in agree- 
ment with Lewis’ Fig. 14 in that below synchronous 
speed the bending moment or stress is essentially inde- 

pendent of speed. Above synchronous speed there is a 

gradual increase of stress. 

‘ 

1% See Ochi (1958a) for detailed description of the models, test 
schedules, and results obtained. 
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Ochi’s results are in qualitative agreement with Schna- 
del’s (MS San Francisco) and Lewis’ data in that the 

sagging moment is larger than the hogging one. Quan- 
titatively, however, there are large differences. Schna- 

del found the sagging moment to be some 20 per cent 
larger than the hogging one. Lewis’ l’igure 14 shows the 

sagging bending moment to exceed the hogging one by 
about 30 per cent. Ochi’s Fig. 25, on the other hand, 
shows the hogging stress at zero speed of about 0.115 
kg/mm? while the sagging stress is almost 0.2 kg/mm’, 
or 74 per cent larger than the hogging one. 

Ochi adopted Schnadel’s definition of the ‘effective 
wave height”? as the height of a wave which, by con- 
ventional static calculations, produced the same stress 
as the actual wave. He called the “effective wave 
height ratio,” 7,7 the ratio of the height of this static 
wave to the actual wave height. He made static cal- 
culations alternately on the basis of the displacement 
and the displacement with correction for the Smith effect. 

wv With subscripts H for hogging, s for sagging, and primes 
denoting computations made with Smith effect taken into account. 
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Table 5 Model Ship Characteristics (from Ochi, 1956b) 

Model Ship Characteristics 

Type U-form ship V-form ship 

Length Lpp | 600. 0cm 600. 0 
Breadth By, | 82.6cm 82.6 

Depth Dm | 53. 0cm 53.0 

Draft dmax 35. 5cm Soleo) 

Displacement Yuax 1, 334kg 1, 334 

Block coeff. C, 0.741 0.741 

Prismatic coeff. Cy | 0.751 0.751 

Midship area coeff. Cx | 0. 986 0. 986 

Water plane coeff. Cy | 0.829 0. 829 

Ship form coeff. k | 0.812 0. 656 
Cc. B: from & 2.7cm fore 2.7 

C. B. above B. L. 18.5cm 18.5 

Radius of gyration in air — 0.298L 

Natural pitching period, afloat (d=20cm 1. 30sec. 1.20 

Natural heaving period, afloat (d=20cm) 1. 37sec 1.25 

Hull weight 262. 8kg 258.0 

I/y at & to deck 352cm3 352 

I/y at & to bottom 459cm3 459 

of two coils and were recorded on an oscillograph. Sev- The resulting effective wave-height ratios are shown in 
Figs. 26(a) and (6). Ochi’s towing-tank data are in 
agreement with Schnadel’s sea observations in that the 

effective wave-height ratio is appreciably less than unity 
even when the Smith effect is taken into account. The 
speed parameter F in the caption of Fig. 26 is the speed- 
length ratio, V/./L, with V in meters per second and L 
in meters. 

4.3. M. Sato—Destroyer Model. M. Sato (1951) 
presented an outline of the towing-tank experiments con- 
ducted prior to the end of World War II in 1945. The 
experimental study was initiated in 1935, following the 
breaking up of two destroyers in a severe typhoon, 
The major part of the data was lost because of the war 
damage and subsequent confusion but Sato’s paper 
nevertheless contains much valuable information. 

The body plan and principal dimensions of the model 
are shown in Fig. 27. The model was made of half- 
hard brass plate. The longitudinal members (keelson 
and two deck stringers) were made continuous as far as 
possible and the transverse members were intercostal 

and riveted. The frame spacing was 50 mm in the for- 
ward quarter of the ship’s length and 100 mm in the 
remaining length. The appendages, i.e., the bilge keels, 
rudder, propellers, propeller shafts and brackets as well as 
superstructure and deck equipment, were omitted. 
The model was free to heave and pitch and these motions 
were measured by potentiometers and recorded by an 

oscillograph. 
Wave heights were measured electronically by a pair 

of brass rods 5 mm (0.195 in.) in diameter and were 

recorded on an oscillograph. 
Strain meters were of mechanical type with gage 

length of 80 and 100 mm (3.15 and 4 in.). The relative 

displacements of two legs of a gage affected inductances 

eral strain meters were installed at the deck and bottom 
at seven locations along the model’s length. 

The model’s elastic properties were verified by a pre- 
liminary bending test. The model ship was supported 
at two points and was loaded by dead weights on the 
deck. The displacement of the keel centerline was 
measured by dial gages at both supporting points and at 
ten suitably spaced locations. Fig. 28 shows the cal- 
culated and experimental values of deflections under a 
dead load of 100 kg applied at the points indicated. 
“Calculated” values represent the sum of the bending 
and shear deflections and are based on the hundred 
per cent effectiveness of all longitudinal members. 

The amplitudes of heaving and pitching as well as the 
bending moments are shown in Figs. 29 and 30. The 
first of these shows the variations of the indicated quan- 
tities with wave height at zero ship’s speed and the 

second—with model speed. As this can be seen in Fig. 
29, the amplitude of heaving motion is proportional to 
wave height but the up-heave is some 20 per cent greater 
than down-heave. The bow-up pitching amplitude is 
also proportional to wave height but the bow-down 
one is increasing with the wave height. With the 

steepest waves, h = L/19, the down-pitching is 30 
per cent greater than the bow-up one. 

For very low waves, up toh = 100 mm = L/75, the 
hogging and sagging moments are equal. With the 
increase of wave height, an added sagging moment de- 
velops so that the hogging moment is diminished by it 
and the sagging moment is increased. At the wave 
height of 400 mm or L/19, the sagging moment is 40 
per cent greater than the hogging one. The photo- 

graphs, attached to Sato’s paper, show that, at wave 
height h = L/20, the water reaches the height of the 
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forecastle deck. It appears, therefore, that the increase 
of the wetted beam at the bow flare contributes to the 

increase of the sagging moment. 
Fig. 30 shows two interesting features of bending- 

moment variation with speed at a constant wave height, 
h = L/38. The first of these is the continuous decrease 
of the hogging moment and the increase of the sagging 

moment with increase of speed up to 3 m/sec for the 

model or 23 knots for a full-size ship. Lewis and Dalzell 

(1958) have found that this is caused by the addition 

of the time-independent sagging moment which results 
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from the ship-wave formation. The second conspicuous 
feature is the sudden increase of the sagging bending 
moment at 3 m/sec. At this speed the synchronism of 
pitching motion is approached and motions become large. 
It is probable that this increase of the bending moment is 
caused by the water impact on the unusually sharp bow- 
flare curvature at the forecastle deck. 

Quoting a part of Sato’s concluding remarks: 
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“1 Tn the drifting state,!’ the curves of strain, pitch- 

18 T.e., at zero forward speed. 
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Fig. 27 Body plan and particulars of a destroyer model (from Sato, 1951) 

ing and heaving are similar to sinusoidal curves. The 4.4 Lewis and Dalzell—Destroyer Model. Lewis 
amplitudes of the curves increase in proportion to wave 
height. 

“2 The strain curves show a disturbance with in- 
crease in ship speed. Vibrational strain is observed 
at both ship deck and bottom in the section near amid- 
ships after a heavy blow is delivered to the bottom." 
It was ascertained that the frequency of the vibrational 
strain coincided with the natural frequency of two-noded 
flexural vibration.” 

19 Considering the sharpness of the V-bottom and the sudden- 
ness of the flare development at the deck, the present author 
believes that the ‘“‘blows’’ were delivered to the flare. 

and Dalzell (1958) reported on experiments with a 
destroyer model. The body plan is shown in Fig. 31 
and the particulars are given in Table 6. The model 
arrangement was similar to the one E. V. Lewis had 
used on the T-2 tanker and which was described in Sec- 
tion 4.1 except that the shear force as well as the bending 
moment was measured. The following data were re- 
corded simultaneously on an oscillograph tape: pitch, 
heave, surge (or alternately vertical bow acceleration), 
wave, bending moment, and shear force. 

The measured amplitudes of hogging and sagging 
bending moments are plotted against speed in Fig. 32. 
As in Sato’s experiments, a pronounced increase of the 
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Table 6 Main Particulars of Model 1723 (Destroyer) 
(in feet) 

length overall cite sna saeere ase 557821 
Length between perpendiculars..... . eral) 
Load waterline length.............. eae Ona 
BGA MAXIMUM es wee oe es oo cass 0.608 
Drafts: 
OR War Gere a cintite aisles aene et 0.197 
ALU aremertuererctatee ere eat vcvont eusinice Clewah b) ansuer apen shen end 0.220 

Displacements GHW.) yee sce wae ets 24.50 
Center of gravity, abaft amidships........ 0.175 
Longitudinal radius of gyration........... 1.349 
Natural period of vertical two-node 

VIDEATION CDS <gacce < ete gers se uvaverine cee 10.9 
Natural periods of oscillation: 

FGA Vets cate aie aye oS wah erentiay eaten 0.62 
iC CHi 2 speccterette errors ceaneacttes sree nvansiesraa tian aa ove 0.60 

2 In seconds by manual oscillation in calm water. 

sagging bending moment is observed at a ship speed 
exceeding 20 knots. In the present case, however, a 

corresponding decrease of the hogging bending moment is 

shown. The measurement of the bending moment in 

smooth water demonstrated that this change is caused by 
the formation of the ship-made wave. Fig. 33 shows 
the bending moments with still water moment subtracted. 
The curves are now seen to be smooth and show a gradual 
increase of the sagging bending moment with speed. 
It appears to be established that the total bending 
moment can be considered as the sum of the bending 
moment developed in smooth water and the moment 
developed by waves and ship motions. 

Vig. 35 shows a sample of an oscillograph record. A 
conspicuous feature of it is the persistence of oscillations 
of the bending moment about a mean (approximately 
sinusoidal) value. These oscillations were disregarded 
and the mean values were shown in Figs. 32 and 33. 
The oscillations, however, appreciably increase the 
maxima of the bending moment. They have the same 
period as the two-node period of the ship’s vibration. 
It will be recalled that Sato also commented on the 
occurrence of such oscillations. 

Three conspicuous features of the bending-moment 
behavior are present in a very fast ship. These are the 
gradual increase of the sagging bending moment with 
speed, a sharp hump in the bending-moment curve 
apparently caused by the flare impact, and the essentially 
continuous state of vibration. These features are ab- 
sent in a typical cargo ship. The vibration caused by 
slamming will be considered later in Section 5.5. 

Lewis and Dalzell’s (1958) work on a destroyer model 
included also a comprehensive series of tests in irregular 
waves and the statistical analyses connected with it. 
The data on the model’s behavior in irregular seas are 
summarized in Table 7 and in lig. 36. Comparing this 
latter with Fig. 34, it is observed that the variation of 
bending moments with speed is reduced. For the speed 
which is practically attainable under given wave condi- 
tions, probably not over 15 knots, the bending moments 
can be considered approximately as independent of 
speed. 

209) 

(1) 100kg 

100 kg} 

Calculated Value / Experimental Value Deflection (mm) 

COS 18 ln Ie 15 14 15 12 10 10 9 8 

Ordinate 

Fig. 28 Calculated and experimentally measured model de- 
flections for three positions of a 100-kg loading weight (from 

Sato, 1951) 

i ieee eto) at Seen) 

A comparison was made between the average bending 
moments which have been directly measured in irregular 
seas and the moments which had been computed on the 
basis of wave spectra and ship response operators. The 
degree of agreement shown is given in Table 8. 

At the ship’s speed of 12.2 knots agreement within 
12 per cent can be considered to be good. Increase of 
the error to 22 per cent at zero speed corresponds to the 
difference of the ship’s-speed effect in regular and _ ir- 
regular seas which already has been commented upon. 
This error casts some doubt on the accuracy of the zero- 
speed data. It is generally known that towing-tank 
data are often affected at zero and low speeds by the 
waves reflected from tank sides. Examination of Fig. 
32 shows in fact a pronounced local dip of several curves 
at zero speed. It appears that the authors placed too 
much reliance on the individual zero-speed measure- 
ments and could have achieved better results by using 
instead a smooth extrapolation of several low-speed 

measurements to zero speed. 
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Table 7 Summary of Results Obtained on a Model 1723 (Destroyer) in High Irregular Seas (From Lewis and Dalzell, 1958) 
Average Wave Height 2.19 in. All bending moments in inch-pounds 

Model speed, fps 0 1.87 2.53 2.92 3.72 4.12 5.05 
Ship speed, knots 0 9.1 12.2 14.1 18.0 20.0 24.5 

Average sagging moment.................... 22.6 23.7 23.7 251.7 26.4 28.7 38.7 
Average hogging moment.................... 22.3 23.5 22.6 23.7 21.9 21.8 18.8 
AVeTaR GT ADR OE A em aanne gern aeinravs sere aes 4.9 47.2 46.3 49.4 48.3 50.5 57.5 

Average of 10 pet highest sagging moments.... 46.4 46.4 44.0 50.0 52.8 58.7 69.4 
Average of 10 pet highest hogging moments.... 42.9 44.6 42.0 42.2 39.0 40.4 39.1 
Average 10 pet highest ranges................ 87.7 87.3 83.3 83.1 83.5 89.6 98.9 

Largest single sagging moment measured...... 59.6 55.4 5200 59.3 - 64.3 78.2 79.9 
Largest single hogging moment measured...... 54.6 53.8 48.4 50.4 44.3 49.2 49.4 
Largest single range measured................ 108.5 103.9 9025 95.6 DOR 104.0 115.5 

Number of waves encountered............... 102 156 150 154 153 159 179 
Number of times model shipped water........ 13 46 52 61 66 77 99 
Number of times model slammed?............ 0 3 8 11 18 21 37 
Number of times model pounded?............ 1 20 18 30 33 36 37 

2 See text for definition. 

4.5 Severity of Experimental Waves. Itisone ofthe severity than is possible on an actual ship. By doing so, 
recognized advantages of the laboratory technique that certain important features of a ship’s behavior may be 
ambient conditions can be pushed to a much greater discovered. On the other hand, it is important to 
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Fig.30 Anexample of results of ships moving in waves showing effect of speed; wave height and length constant (from Sato, 1951) 

Table 8 

Measured Computed Ratio: 
BM, BM, measured 
ft-lb ft-lb computed 

At zero speed......... 4.15 3.40 1.22 
At 2.53 fps (ship 

12:2) knots)... os o. 4.27 3.80 We? 

realize that this practice may give an unrealistic picture 
of a ship’s behavior within practically attainable operat- 
ing conditions. It can be recommended that in all ship- 
model tests in waves a clear distinction be made between 
the conditions practically attainable and the exaggerated 
conditions. 

The difficulty in following the foregoing recommenda- 
tion lies in the scarcity of information on the limiting 
speed of ships at sea in adverse conditions. For the 
particular case of destroyers, considered in the two 
preceding sections, some information is available from 
the trials of three destroyers of the Royal Netherlands gig, 31 Destroyer body plan, ETT Model 1723 (from Lewis 
Navy described by Szebehely (1956) and Warnsinck and and Dalzell, 1957) 
St. Denis (83-1957). These are preliminary and very in- 
complete descriptions. Sea conditions unfortunately 

were recorded only by visual observations. However, 
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Fig. 32 Bending-moment amplitudes in regular waves (from Lewis and Dalzell, 1957) 

additional judgment as to the severity of conditions can 
be formed on the basis of instrumentally recorded ship 
motions. 

Two sea conditions were met. The first consisted of a 
long swell of an apparent dominant length ranging 
between 250 and 350 ft and of significant height between 
5and 6 ft. On this a moderate local sea was superposed 
of shorter wave length. The combination resulted in 
occasional wave heights of some 10 ft. Assuming this 
10 ft height to correspond to 10 per cent highest waves 
and using Longuet-Higgins relationships, the average 

wave height can be estimated as 4.9 ft or 175 of the 
length of the intermediate of three ships. 

The second weather condition is described as fully 

developed state 5 or 6 sea superposed over a_ swell. 
Maximum wave lengths and wave heights were of the 
order of 600 ft and 12 ft, respectively. If the 12-ft 
height again was assumed to correspond to the 10 per 
cent highest waves, the average height would be 5.9 ft 

or 160 of the ship’s length. This latter description would, 

however, exaggerate the wave steepness, since the lengths 
of the largest waves were indicated to be 1.7 times the 
ship’s length. 

A series of maneuvers was carried out under sea con- 
dition I at a series of speeds up to 28 knots. Under 
sea condition IT the maneuvers were carried out at the 
17-knot speed. Only two runs at higher speed—between 
17 and 25 knots were attempted in condition II. At 
25 knots the trials were suspended because of excessive 
motion. 

The data on pitching of these destroyers are found in 
Fig. 83-51 on page 205. The average of 149 highest pitch- 
ing amplitudes of 319 to 4 degrees was observed on tests 
of these destroyers at 17 knots in head and bow seas. 
A table given by Warnsinck and St. Denis (1957) shows 
that, in a condition II head sea at 17 knots, slamming 
occurred at an average rate of 6 per 10 min of run, or 
roughly per 100 dominant waves. There was no slam- 
ming in sea condition I. 

On the basis of the foregoing information, limiting 
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Fig. 33, Wave bending moment minus still-water bending moment; L/48 regular waves 
(from Lewis and Dalzell, 1957) 

conditions for a destroyer operation at the speed of 20 
knots can be judged to consist of an average wave height 
of 165 of ship’s length, average double amplitude of 
pitching of 4 to 445 deg”? and the slamming at the rate 
of 6 to 8 per 100 waves. 

In tests of Lewis and Dalzell, described in the preceding 
section, more severe wave conditions were used. In 

regular wave tests, shown in ig. 32 the wave height was 
148 of ship’s length. In irregular waves, used in Table 7, 
the average wave height was !3. of model’s length; 
1.e., the waves were twice as steep as limiting waves in the 

Szebehely-Warnsinck-St. Denis destroyer tests. There- 
fore, the maximum practical speed under these condi- 
tions must be well below 20 knots. 

The average pitching double-amplitude of 4 deg, 
corresponding to the ship limiting condition, occurred in 
model tests in regular h = L/48 waves at about a 10-knot 

speed. The practically applicable range of Fig. 32 
appears, therefore, to be limited to 10 knots (2 fps for the 
model). The irregular sea used in model tests was 
decidedly more severe. At the mean L/32 wave height, 
the average pitching double amplitude of 5.22 deg was 
already observed at zero speed. The practical appli- 
cability of Fig. 36 and Table 7 appears, therefore, to be 
limited to hove-to, or, say, the speed well below 10 knots. 

°° Using Longuet-Higgins relationships for conversion from the 
mean of 10 per cent highest waves on Figure 3-51 to the average 
height. 

Several spectacular features, indicated in Sato’s and in 
Lewis’ and Dalzell’s tests at higher speeds, appear to 
lie entirely outside the range of practical application. 
None of the data of Figs. 34 and 36 in L/20 waves at 
significant forward speeds is applicable to the practical 
ship operations. Only the hove-to condition is practi- 
eal. 

In order to represent the practical conditions of the 
destroyer operation, much lighter sea conditions should 
have been used at high speeds. On the other hand, the 
most severe storm conditions to be found at sea should 

have been used in hove-to conditions and at very low 
speed. 

3 Rapidly Applied Loads (Slamming, Pounding) 

The hydrodynamic loads to be considered in this 
section are applied with such a rapidity that static 
methods of stress calculation are not applicable. It is 
necessary to consider the elastic characteristics of a 
ship. 

In the introduction to slamming loads in Section 2-7 
Kent’s definitions of slamming and pounding were 
quoted. These definitions are, however, not univer- 
sally accepted and more often both words are used 
interchangeably to describe slamming. This was or- 
dinarily understood to mean an impact of a ship’s 
bottom on water surface after previous emersion. Oc- 
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seas; L,,/L = 1.00 (from Lewis and Dalzell, 1957) 

casionally it was claimed that the prior emersion of the 
bow is not necessary in order to produce a slam. It 
appears that any wave shock applied at the bow and 
severe enough to excite hull vibration has been described 
asaslam. The subject is apparently confused because 
too many events are included in one concept of excessive 
generality. In order to clarify the issue it is necessary 
to decompose this broad concept into several more 
narrowly defined ones. In Section 2-7 attention was 
called to the distinction between high local pressure 
and the large total force at a lower mean pressure. The 
first causes damage to the bottom plating in the early 
stages of an impact and the second causes vibration of a 
ship and affects bending moments occurring in the later 
stages of impact. In the present section the distinction 
between the nature of slamming of slow ships and of 
high-speed ships also will be introduced. In addition, 
the relationship between hydrodynamic loads in slam- 
ming and the bending stress in a ship will be considered. 

5.1. Slamming of Slow Ships. The term “‘slow ship” 
means here the usual type of a cargo ship which is char- 
acterized by rather full lines, a relatively broad bottom 
area at the bow, and a very small deadrise. These ships 
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are known to slam frequently in head seas when in light- 
draft condition. In the Admiralty Ship Welding Com- 
mittee Report No. 8 (on SS Ocean Vulcan), a statement 
is made that the ship slammed during one out of three 
days in open ocean under light load conditions. There 
exists a large literature on the bottom-plating damage 
by slamming but too little emphasis has been placed on 
the speed loss resulting from the necessity to guard 
against slamming. 

In cargo ships, the impact of the water on the ship’s 
bottom is the most conspicuous part of the slamming. 
Because of the small deadrise, the water-impact pressures 
are very high and frequently cause damage to the bottom 
plating. Also, because of a small deadrise, a large area 
of the bottom is wetted in an extremely short interval of 
time. <A large total force is generated almost instantly 
and is felt as a sharp shock. When the edge of the 
wetted bottom area reaches the turn of the bilge, local 
pressures and the total pressure force diminish rapidly. 
This follows from Wagner’s theory of impact which 
was outlined in Section 2-7.1. It was shown that pres- 
sures vary inversely as the square of the deadrise-angle 
tangent. They are very high when the angle is small 
and they diminish rapidly as the angle increases at the 
bilges. 

The experimental data for a complete investigation of 
slamming events are very meager. The towing-tank 
experiments of Szebehely and Lum (3-1955), E. V. 
Lewis (1954), and Akita and Ochi (3-1955) established 
that slamming occurs when a ship is heaved up and is in 
a nearly level attitude. At this time the bow has nearly 
maximum downward velocity. In a cargo ship, the 
prior emergence of the bow is a necessary prerequisite to 
slamming. However, these experimenters provided 
no data for making a detailed analysis of the slamming 

process. 

Attention should be called to the fact that the most 
conspicuous result of the slamming, the hull vibration, 
has not been reproduced correctly on models. On a 
ship, the slamming vibrations at a two-node frequency 
are often felt for 60 cycles or over 30 sec. An example of 
such a vibration following a slam is shown in Fig. 37. 
In model experiments on the other hand the vibrations 
are extinguished very quickly. Typical examples are 
shown in Fig. 2-36 and in Fig. 41. Thése were taken 
from the work of Akita and Ochi (1955) and Ochi 

(1956a) which was done with large-size models built of 

brass sheets. The model construction was generally 
similar to the one normally used in ships. A plausible 

explanation may lie in the higher frequency of a model 

vibration as compared to a full-size ship. Lockwood 

Taylor (1930) showed that the damping of ship vibra- 

tions is caused almost entirely by the hysteresis of the 

structure, that it is very small at a usual two-node fre- 
quency of ships’ vibration, and that it increases rapidly 

with the increase of the frequency.?! 

21 Also see Section 5.53. 
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(from Lewis and Dalzell, 1958) 

Ochi (1956a, b, 1957) made a very extensive series of 
slamming experiments. However, in reporting on these, 
he has neglected to show the dependence of various 
events on time. This makes the data not suitable for 
the detailed investigation of slamming phenomena. 
Only over-all results, such as the maxima of forces and 
the envelopes of pressures can be used for empirical 
or semi-empirical studies to be discussed later in Section 

5.4. 
The full-scale data are equally meager. On the MS 

San Francisco and SS Ocean Vulcan the instrumentation 
was not suitable for recording slamming and slamming 
accelerations. The bottom pressures occurring in slam- 
ming will be discussed in Section 5.4. 

5.2 Observations of USCGC Unimak. Greenspon 
(3-1956) and Greenspon, Jasper, and Birmingham (3- 
1956) have reported on the observations of slamming on 
the USCGC Unimak which was operated at two weather 
stations in the North Atlantic. Quoting from the 
original papers: “The ship operated in very heavy seas, 
and the Captain allowed the ship to undergo severe 
slamming so that records could be taken.” Neither the 
sea description nor the speed of the ship is given in these 
papers.22. The subject is narrowly limited to the con- 
ditions at the bottom plating and the general effects 
of slams on the entire ship are not discussed. However, 

2 The present author was advised by one of the authors of 
these papers that the wave data are available at the David Taylor 
Model Basin. 

the data on the bottom pressures are instructive. They 
are particularly valuable for the purpose of the present 
exposition because they permit demonstration of the 
contrast with the behavior of a destroyer which will be 
discussed in the next section. 

A coast guard cutter has finer lines than the cargo ship 
discussed in the preceding section. Nevertheless a small 
part of the bottom near the keel is relatively flat and 
demonstrates the nature of the slamming impact on a 
small deadrise surface. The locations of the pressure 
gages and strain gages used on USCGC Unimak are 
shown in Fig. 38 and a sample of a slamming record is 
given in Fig. 39. The magnitudes of pressures will be 
discussed in Section 5.4. At present, attention will be 
called only to the conspicuous characteristics of the 
slamming impact. These are: 

1 Shortness of the pressure pulse—about 0.015 sec. 
2 Simultaneous pressure pulse at several gages spaced 

along a longitudinal line 8.25 in. from the centerline; 
1e., gages 2, 3, and 4. 

3 Very low pressure at gage 6 which is located farther 
from the keel. At this location the deadrise angle was 
probably much larger than at gages 2, 3, and 4. 

4 <A very short interval of time, about 0.01 sec, 
needed for the pressure pulse to travel in an outboard 
direction from gage 4 to gage 6. 

The shortness of the pressure impulse on a surface of a 
small deadrise is an agreement with Wagner’s theory 
outlined in Section 2-7.1. 
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5.3. Observations on a Destroyer. lig. 40, taken 
from Warnsinck and St.Denis (1957), shows a sample of 
a record taken on a destroyer at sea. A brief description 
of instrumentation was given in Section 3-5.16, and in 
Figs. 3-49. Wave conditions were outlined in Section 4.5 
of the present Chapter. The recorded data are given 
by diagrams in the middle column of Fig. 40, and the 
photographs in the right and left-hand columns, respec- 
tively, correspond to various instants during the recorded 
period. 

The time scale in seconds is given along the lower edge 
of Fig. 40. It is measured from an arbitrary instant. 
The numbers just above the time scale designate the 
film frame numbers. The broken vertical lines, cor- 
responding to the instants the photographs were taken, 
are drawn through all sections of diagrams. 

The short horizontal stretches found between 7 and 
8.5 sec on four upper pressure curves of Fig. 40, corres- 
pond to the atmospheric pressure and show that these 
gages emerged from the water. The instant of slam is 
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shown by a short vertical rise of pressure curves at the 
scale time of 8.5 sec. This instantaneous rise on the 
time scale of this diagram corresponds to the very rapid 
occurrence of pressure pulse on the USCGC Unimak. 
In the present case this pressure pulse at 8.5 sec reaches 
only a small pressure of 8 to 10 psi. 

The lines of the particular destroyer, to which these 

data apply, are not available. However, typical de- 
stroyer lines such as are shown in Figs. 27 and 31 can be 
assumed. These body plans show a sharp V-form with a 
large deadrise angle for the first 60 to 80 ft of the ship’s 
length from the bow. With such a large deadrise angle, 
only small impact pressures can be expected on the basis 
of Wagner’s theory. Qualitatively this is in agreement 
with 8 to 10 psi shown by the rise of the vertical line at 
8.5 sec in Fig. 40. 

Reference to the curve of pitching angles on the upper 
part of Fig. 40 shows that at the instant of slam (at 
8.5 sec) the ship was on an even keel. This feature is in 
agreement with towing-tank tests of E. V. Lewis (1954), 
Szebehely and Lum (3-1955), and Akita and Ochi 
(38-1955). The data on these were given by Figs. 2-34, 
35 and 36. In these figures the instants of slams were 
shown by the readings of accelerometers at the bows. 

In the present case, however, the shock at the first 
instant of slamming, at 8.5 sec, is mild as compared to the 
final development of the impact force later, and the ac- 
celerometer records are more difficult to interpret. 

On the records of the USCGC Unimak, the pressure 
pulse was of very short duration. In the case of the 
destroyer, shown in Fig. 40, the drop of the pressure 
following the pressure pulse is absent and, instead, the 
pressure rises relatively slowly with time and reaches the 
maximum value in about 1 sec after initial impact; 1e., 
at the time scale of 9.5 sec. Reference to the pitching 
curve shows that at this instant the ship’s bow is in its 
lowest position. This is confirmed by the photograph, 
No. 24, which corresponds to an instant at 10 sec. 

It appears that with the sharp V-bottom sections of a 
destroyer, the bottom impact plays a relatively small 
part in a slamming process and that maximum water 
pressure is associated with the full immersion of the bow. 
The pressure, however, is only partly hydrostatic and 
contains a large dynamic component. The peak pressure 
at Frame 195 is shown in Fig. 40 to be 27 psi. Assuming 
a height of the stem of 33 ft, the hydrostatic pressure at 
full submersion would be expected to reach only 16.5 psi. 
There is therefore an added dynamic increment of 10.5 
psi. Wagner’s theory, outlined in Section 2-7.1, indi- 
‘ates that there must necessarily occur an increase of 
local water pressure as the water level rises to the flare 
at the deck. The references cited in connection with 
Sections 2-7.1 and 7.2 show, moreover, that a significant 
pressure increase over the entire periphery of a sub- 
merged body occurs simultaneously with the sharp rise 
of the local pressure at the water level and the formation 
of the spray. The submersion of the bow and the dy- 
namic effect of the bow flare appear, therefore, to be the 
major causes of “slams” in ships of a destroyer type. 
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Fig. 38 Location of gages and shell expansion on USCGC Unimak (from Greenspon, Jasper, and Birmingham, 1957) 

This may also be the case, with fast cruisers, aircraft 
carriers and even fast passenger liners.** 

In the process outlined in the foregoing the bottom 
impact plays only a secondary part and the bow emersion 

is therefore not a necessary prerequisite to the occurrence 
of a slam. This is illustrated by Table 9 taken from 
Warnsinck and St. Denis (38-1957, NSMB Symp.). In 
two most severe slams, in which the bending moment 

amidships was approximately doubled, there was no bow 
emersion. 

23 See Jasper and Birmingham (3-1958). 

In addition to the severe shocks recorded as slams, 
the frequent bow immersion in the head seas causes 
shocks of sufficient magnitude to maintain the hull in a 
continuous state of vibration. This was noted in model 
tests by Sato and by Lewis and Dalzell. 

The effect of slamming shocks on the bending moments 
will be discussed in Section 5.5. 

5.4 Water Pressures in Slamming. Theories of 

Wagner and their adaptation to ships by Szebehely and 
M. A. Todd, model tests, and sea observations outlined 
in previous sections, taken together, form qualitatively 
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a clear picture of the slamming process. The quantita- 
tive evaluation of pressures is, however, uncertain. 

Theoretically, the pressures over 1300 psi were com- 
puted by Bledsoe (83-1956). Such pressures were not 
experimentally observed. In Chapter 2, the present 
author expressed an opinion that these high pressures 
extending over a very narrow peak have little practical 
significance, and only a mean pressure over an un- 
supported bottom-plate area is significant. When 
pressures are measured on ship models, the relatively 
large size of a gage with respect to a model and the time- 
response characteristics of the gage provide an averaging 
action of an uncertain degree. The slamming pressures 
were measured on two models of cargo ships by Ochi 
(1956a, b, 1957). The body plan of the model used is 
shown in Fig. 2-37. For the U-form ship Ochi found 
the slamming pressures to be six times the hydrostatic 
pressure in smooth water. For the V-form ship the 
slamming pressure was four times hydrostatic. Assum- 
ing a draft of 28 ft, the pressures can be estimated, there- 
fore, at 75 and 50 psi, respectively. Partly by theoretical 
means and partly from consideration of damage to 
ships’ plating, Watanabe (1957) arrived at the pressure 7 

times hydrostatic, or 87 psi in the foregoing example. 
These rather mild pressures may be explained by the 
fact that Ochi used gages of large diameter and experi- 

Table 9 Slamming Stresses. From Warnsinck and St. Denis. 
1957 NSMB Symposium 

Longitudinal 
Slamming bending Bow 

stress, stress, emer- 

Ship kips/sq in. kips/sq in. Ratio gence 

2.83 9.63 0.294 yes 
2.71 10.63 0.255 no 
3.38 9.47 0.357 yes 

le? 4.05 9.76 0.415 no 
11.20 10.61 1.055 no 
4.05 12.62 0.321 no 
4.30 14.73 0.292 no 

f 3.06 11.13 0.275 no 
Q ) 4.72 13.04 0.362 yes 

8.80 9.29 0.947 no 
fay bs} 9.00 0.570 yes 

Nore: It is pertinent to note that the highest values of slamming 
stresses were not obtained with bow emergence. Both of the slams 
giving rise to the highest slamming stresses occurred in bow, not 
head, seas. 

mented only with regular waves. It is well known that 
slamming is more readily brought about by irregular 
waves. Watanabe’s work has reflected the conditions 
actually met by cargo ships in service. It represents 
therefore an appraisal of a “residual slamming” after 
the more severe cases were eliminated by good seaman- 

ship. 
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Fig. 40 Pitching, bending stress and bottom-pressure records taken at sea on a destroyer, and photographs corresponding to the 
record (from Bledsoe, Bussemaker, and Cummins, 1960) 



Typical form of measured stress on ship deck at slam- 
ming speeds (from Ochi, 19562) 

Fig. 41 

On the USCGC Unimak, Greenspon (3-1956) and Green- 
spon, Jasper and Birmingham (38-1956) found the peak 
pressure readings of individual gages up to 295 psi, 
but quote the pressure of 86 psi as the highest mean over 
a plate at an instant of maximum strain. Although the 
figure of 86 psi is of the same order of magnitude as was 
given by Ochi and Watanabe, it is recorded here on a 
ship of finer lines. The explanation lies in the fact that 
this is a sturdily built small ship and apparently it was 
operated more daringly than would be practical in a 
cargo ship. 

Warnsinck and St. Denis stated that in most slams 
during destroyer tests the peak hydrodynamic pressure 
did not exceed 25 psi. Only about 15 per cent of slams 
exceeded a pressure of 50 psi. During one slam a peak 
pressure in excess of 100 psi was recorded. 

Ochi’s papers (1956b and 1957) contain a number of 
diagrams indicating the slamming forces and ship areas 
affected at different speeds. Most slamming is shown to 
oecur at a speed slightly above the synchronous one. 
Watanabe (1957) made an extensive theoretical analysis 
of a ship’s slamming conditions. This analysis is rather 
difficult to follow because of the large number of ap- 
proximations introduced in the process. Watanabe 
demonstrated, however, a good correlation of his ap- 
proximate theoretical results with the data on ship- 
bottom damages. Various criteria for evaluating the 
effect of a ship’s form on slamming were introduced by 
Iking (3-1934/35), Hansen (1935), Lehman (1936), 
Watanabe (1957), and Ochi. Ochi used as a criterion 
the section coefficient at 10 per cent of a ship’s length at 
50 per cent of the design draft. 

5.5 Relationship Between Slamming Load and Bend- 
ing Moment. In the process of heaving and pitching in 
waves, a ship is subjected to bending moments which 
vary approximately harmonically with time. In such a 
case the true bending moment is related to the moment 
calculated statically by the factor 

— (5) 

where 7’, is the period of the wave encounter and 7 is 

the natural period of vibration. With the average 
period of the wave encounter of 6 sec and the natural 
period of the two-node ship vibration of 0.6 sec, this 
factor is so near unity that it can be neglected. The 
bending stress is related to the imposed loading essen- 
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Fig. 42 Comparison between computed and measured stress 
(from Ochi, 19562) 

tially by the rules of statics. This condition is often 
referred to as the ‘quasi-static.’ 

Different conditions exist when a ship is subjected to a 
local impact as in a slam. The deflection of a loaded 
ship’s part is permitted by the elasticity of the adjacent 
structure and the impulse of the impact force is first 
absorbed by the momentum of the masses in its immedi- 
ate vicinity. After the impact impulse is expended, the 
structure is left in a strained state and the interplay 
of elastic and inertial forces produces a state of vibration. 
Immediately at the end of an impulse, the maximum 
bending moment (hogging) apparently is found at the 
point of the load application. The bending-moment 
diagram has essentially the form labelled “from theory”’ 
in Fig. 42. This is a transient state of short duration 
and there appears to be little probability that it can be 
spotted in model experiments. Experience shows that 
a two-node vibration is established so quickly that it is 
the only one commented upon in sea observations. 
There is no doubt, however, that a transient state exists 

and could be recorded by suitable instrumentation. 
Investigation of this transient state is important in order 
to establish the redistribution of stresses from the maxi- 
mum hogging at the point of slamming-load application 
to the maximum hogging-sagging at approximately 
amidship in the final two-node vibration. Ochi (1956a) 
shows in Fig. 42 (‘from Experiment’’) that the effect of 
the slamming is to cause the maximum bending moment 
to occur somewhat forward of the midship section. In 
his report Ochi neglected, however, to represent the im- 
pact stresses as functions of time and the stress distri- 
bution labelled “from Experiment” apparently refers 
to an undetermined instant of a transient process. 
A theoretical analysis of the response of a typical ship 

structure to an impact load apparently has not been at- 
tempted. A simplified analysis, treating a ship as a 
beam of uniform section, was made by Lockwood Taylor 
(1946), Ormondroyd, et al (1948, 1951), and Ochi (1956a, 

1958d and e) Papers on the response of a beam to an 
impact also were published by Arnold (1937), Frank- 
land (1942, 1948) and Salvadori (1947). The paper by 
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Frankland (1942) can be cited as giving a simple and 
logical introduction to a structure’s response to an impact 

load. A slender beam may vibrate in a number of modes 
which can be conveniently described by the number, 7, 

of nodal points of the elastic curve. All vibration modes 
are excited by an impact and the deflection y is expressed 
by a summation of contributions from all modes. 

Let LZ designate the length of a beam and L, the dis- 

tance from one end to the point of application of an 
impulse Pr. The deflection y of the beam at a distance 

x from the end apparently can be represented as 

Pea afin Ls 
y = (const)Pr >> f (, a ») g(t, n) (6) 

where n is the number of nodal points. The function of 
av/L, L,/L, and n is rather complicated. The function 
(t, n) is essentially sinusoidal with the period depending 
onn. The deflection, y, is represented as the summation 

of all possible modes of vibration for which the point of 
impact application does not coincide with a nodal point. 
The deflection, y, represented by such a sum of harmonic 
functions, is certain to display a transient behavior. 
Lockwood Taylor (1946) demonstrated mathematically 

that one of the manifestations of transients is a grad- 
ual shortening of the apparent period of vibration with 
time. 

Further insight into the behavior of a slender beam, 

indicated by equation (6), can be obtained by examining 
a simple case reported by Frankland (1948, equation 39). 

Frankland considered the undamped vibration of a 
simply supported beam of length Z and mass m per unit 
length subjected to a load p per unit length, uniformly 
distributed over the centrally located length a. The 
load p was assumed to be suddenly applied at the time 
¢ = O and suddenly released at the time ¢ = 7. The 
time-dependent deflection y of the beam at any point x 
and at a time ¢ > 7 has been found to be 

oo) 

y(x, t) 4pL* 2 [ - Nr in Nra a Nr 
vis = —— } sin — s -§ 

y ET7 » 2 OL Te 
N=1 

. N? ; 
sin — sin N2w,(t — 7/2) | (7) 

where N is the vibration mode, and w, the circular fre- 

quency corresponding to it. N is related to the number 
n of nodal points in equation (6) by NV = n — 1. 

The bending moment J/ acting at a section of the beam 
located at x is 

Oy — 4+pL? 2) 

Be EN ae Sa 
N=1 

M =-E 

where the dashes in square brackets designate five 
trigonometric factors identical with those of equation (7). 

Equation (8) can be s mplified by considering only the 
fundamental mode, N = 1, and by evaluating the ampli- 
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tude of the bending moment at mid-point, in which case 

the first, third, and last trigonometric factors are equal 

to unity. Equation (8) can represent a central con- 

centrated impact if the distance a is made sufficiently 

small,a < ZL. The duration 7 also can be assumed to be 
small, 7 < 7, corresponding to a slamming impact on a 
cargo ship. With these assumptions the sine of an angle 
in second and fourth factors in square brackets can be 
replaced by the angle, and equation (8), after letting 
w = 27/7’, is reduced to 

Minax = (4/2) (par) L/T (9) 

The amplitude of the dynamic bending moment for a 

small duration of an impact 7 is shown to be proportional 
to the momentum of the impulse, par, and inversely 
proportional to the natural period of vibration 7. For 
a given small impact duration 7, the ratio 7/7 increases 

for higher harmonics which have smaller 7. These 
harmonics are, therefore, easily excited by an impact 
and significantly contribute to the bending moment, as 
this was shown by Frankland (1948) and Ochi (see Sec- 

tion 5.52). 

With the foregoing background in mind, the stress 
history shown in Fig. 40 will be examined. First it is 
noted that at the instant of the bottom slam, 8.5 sec, 

there is no significant effect of the slam on the stresses 
amidships. The first and very weak sagging stress 
maximum is found 1 sec later, at 9.5 see. The amplitude 
of the vibratory stress is then observed to increase during 
the next two oscillations and reaches the maximum at the 
third peak at 11 see. This is 2'/. see after the initial 
impact. This peak coincides with the maximum of 
sagging stress in pitching oscillation and more than 
doubles this stress. The vibratory amplitude there- 
after decays very slowly but is boosted by the second 
slam at 14 sec on the time scale. This example demon- 
strates the fact that evaluation of the slamming force 
does not lead directly to the knowledge of ship stresses. 
In order to evaluate these stresses, it is necessary to solve 

the problem of the elastic response of a ship to an im- 
pact, to evaluate the transients, and to represent stresses 
as functions of time. 

5.51 Free vibrations. An investigation of the free 
vibration of ships can be considered as a prerequisite to 

the subsequent consideration of forced vibrations. Also 
it has been shown in the preceding section that the 
maximum bending stress in a ship usually occurs at some 
time after a slam when the bending stress of free vibra- 

tions 1s superposed on the wave-caused sagging bending 
stress. The following quotation from MceGoldrick, 
et al (1953) can serve as an introduction to this subject: 

“The beam-like nature of a ship’s hull is self-evident 
and has formed the basis for the ordinary strength cal- 
culations universally used in design wherein the ship is 
assumed supported on trochoidal waves which exert a 
buoyant force per unit length which varies with distance 
from the end but is considered constant in time, that is, 

the analysis is carried out as a problem in statics. 
“The simple bending theory of beams has been used 
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widely in deriving a differential equation for the free 
transverse or flexural vibrations of uniform slender bars, 
the differential equation being 

Oy o’y 
EI x! +m a 0 (10) 

where 

E = Young’s modulus 
ZT = moment of inertia of area of section with respect 

to its neutral axis. 
y = displacement in vertical plane 

co-ordinate along axis of bar 
m = mass of bar per unit length 
t = time 

t= 

“The solution of this equation for a uniform bar with 
free ends yields the formula for the natural frequencies: 

ee ea ea (11) i n ~ TA 
mL 

where 

w, = circular frequency 

L = length 
a, ‘characteristic numbers’ arising in the solution of this 

differential equation with these specific 
boundary conditions. 

“As given by Rayleigh in his ‘Theory of Sound’ the 
characteristic numbers fall closely in the ratios of the 
odd numbers starting with 3; that is, 3,5, 7,9, ete. The 
first three characteristic numbers are 4.73; 7.853; and 

10.996.” 
The foregoing expressions were based on the considera- 

tion of pure flexural deflections neglecting the inertial 
effects involved in the inclination (or rotation) of beam 

sections and neglecting damping. Further development 
consists of introducing shear deflections, rotary inertia, 
and damping. The damping is composed of the internal 
damping of the structure and external damping caused 
by surrounding water. This latter appears to be small, 
as will be shown later. The following expression is ab- 
stracted from Kumai (1958), neglecting the external 
damping considered by him: 

, £ oO nO \ Oty 

oe (1 T +) (1 ahi 3) 4 

jf ae 7 5) pe ON ay 
Ls arora at any sirsth ume gt We Elis 

as (1 EO ory r oty 9 

ae G Sy) on” AG on 2) 

where 

G = shear modulus 
ns = effective shear rigidity of hull section 

= radius of gyration of mass moment of inertia 
= coefficient of normal viscosity 
= coefficient of tangential viscosity Sues 
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The solution of equation (12) with suitable boundary 
conditions gives the frequencies of various vibration 
modes. 

McGoldrick et al (1953) cite three DTMB reports*4 
pertaining to theoretical and experimental investigation 
of vertical vibration characteristics of USS Niagara. The 
results of digital computations, based on the vibration 
theory, are given in the following quotation: “. .. The 
principal facts disclosed were the following: The calcula- 
tion based on bending only is in fair agreement for the first 
vertical mode but becomes progressively too high beyond 
the first mode; the calculation based on shear deflection 
only is quite high for the first mode but becomes progres- 
sively nearer the true value as the order of the mode in- 
creases; in the case of USS Niagara the inclusion of ro- 
tary inertia had a negligible effect on the results. 

“As will be seen from the tabulation in [Mathewson, 
1949], the calculations based on shear and bending with 
rotary inertia neglected check the experimental values 
up to the sixth mode within 5 percent with the exception 
of the fundamental mode. 

“From the profile of this vessel it can be seen that its 
island or superstructure comprising three decks extends 
for about 30 percent of the length of the hull. When 
the moment of inertia of this island was added to the 
moment of inertia previously computed up to the weather 
deck and the calculation repeated, it was found that the 
first mode checked within 1 percent but that the re- 
maining frequencies were all too high. It thus appeared 
that the stiffening effect of a superstructure of such pro- 
portions cannot be neglected in the first mode but that it 
has little effect beyond the first mode. This does not 
seem at all unreasonable as the first mode is the only 
one in which bending predominates and the superstruc- 
ture probably adds very little to the shear stiffness.” 

There exists a vast amount of literature on the subject 
of free vibration of ships. Some of the references are 
listed in the bibliography at the end of this chapter and 
some will be found in McGoldrick et al (1953), Csupor 

(1957), and Lewis and Gerard (1958). Detailed dis- 

cussion of the subject is outside the scope of the present 
monograph and the foregoing brief outline was presented 
merely in order to bring out the salient features of a 
ship’s response to slamming to be discussed further in the 
following sections. 

5.52 Forced and transient vibrations. The term 
“forced vibrations” is used in the present exposition for 
the continuously acting excitation such as is caused in 
ships by propellers and machinery. Equations (10) and 
(12) apply in this case, provided the time-dependent 
force P(t) is inserted on the right-hand side in place of 

zero. This is usually a sinusoidal function. While all 
vibration modes are excited in principle, the response of a 
particular mode, with the natural frequency nearest to 
that of the exciting cause, strongly predominates. A 
practical engineering problem is concentrated, therefore, 
on avoidance of synchronism between any one of the 

24 Jasper (1948) and Mathewson (1949, 1950). 
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natural frequencies and the frequency of the exciting 
force. 

The term “transient vibrations” will be used to define 

the vibratory response of a structure to a force P(t,x) 

variable in time and in the point of application and 
usually of a short duration. In the present exposition 
the attention is concentrated on vibrations caused by a 
slamming impact. In nearly flat-bottomed cargo ships 
it may have a duration of a fraction of a second, in a 
destroyer it may last 1.5 sec. Two separate phases are 
involved here: (a) The development of the momentum 
and energy content in a ship’s hull during force action. 
(b) The decay of free oscillations after the exciting force 
ceases to act. The second phase is more conspicuous 
to an observer aboard a ship and is important in defining 
the vibration-caused bending stress, which is superposed 
on several cycles of the wave-caused quasi-static stress. 
An investigation of the first phase is necessary, however, 
in order to define the dynamic condition of the hull at 
the end on the impact, after which a slow decay of the 
vibration begins. 

Vibrations in many modes are excited by a slam. Un- 
like the response to a specified frequency of a forced 
oscillation, the distribution of the momenta and energy 

among many vibration modes cannot be determined 
a priori. The determination of this distribution is the 
fundamental part of the problem discussed here. An- 
other important part of the problem is the evaluation of 
the damping connected with each vibration mode. 
The damping affects the ability of a structure to absorb 
the impact momentum and it controls directly the rate of 
the vibration decay in each mode. Superposition of 
vibrations of all modes, with different momentum con- 

tents, different initial time lags and different rates of 
decay, determines the entire behavior of the structure 
in time. The question of damping will be further con- 
sidered in the next section. 

Three methods of attacking the problem, outlined in 
the foregoing, appear to be available; namely, digital 
calculations, electric analog, and theoretical analysis. 

The first method was outlined by McGoldrick et al 
(1953), with reference to Jasper (1948) and Mathewson 
(1949, 1950), and by Polacheck (1957). The differential 

equations of the vibration theory had been converted into 
finite-difference form and calculations were performed 
by means of high-speed electronic computers. In this 
approach it is neither necessary nor possible to distin- 
euish between the behavior of different vibration modes. 
The calculations give directly the total behavior of a 
structure, as it could have been observed in an experiment 
without furnishing explanation as to reasons for this 
behavior. This appears to be the only method which 
currently can be applied to actual ships in which section 
properties vary along the length. Two important ap- 
proximations have to be made, however, with respect to 

the damping. A certain mean value of the damping 
coefficient has to be assumed, disregarding its dependence 

on the vibration frequency, and this coefficient has to be 

assumed as proportional to the masses of ship sections. 
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The applicability of the electrical analog method to 
ship-vibration problem was discussed by MeGoldrick, 
et al, with reference to Kron (1944) and Kapiloff (DTMB 
Rep. 742). It appears that attention was concentrated 
on determination of normal modes and natural fre- 
quencies rather than on transient responses. 

Theoretical analyses of forced vibrations and transient 

phenomena caused by slamming have been found to be 
difficult, and so far were only applied to bars of uniform 

section. The following is quoted from McGoldrick et al 
(1953) 

“The group working at the University of Michigan 

solved by means of operational calculus the partial differ- 
ential equation for the uniform bar subject to bending de- 

flection only, having a uniformly distributed viscous 
damping and acted upon by a transverse load which 
was an arbitrary function of time and position along the 

bar. This required the solution of the differential equa- 
tion 

7, OfY ory oy, 
EI a +m oe + b ia P(x,t) (13) 

“where b is the damping force per unit length of bar per 
unit velocity, and P(x, t) is the external force per unit 
length varying both with x and 1.° 

“A solution of this equation was found by the opera- 
tional method employing the Laplace transformation. 
The derivation is given in the second progress report. of 
the University of Michigan on its contract with the 
Office of Naval Research.”6 

“The solution shows that, whatever form the function 

P(x, t) takes, the response of the bar is expressible in a 
series of normal modes; in other words, the system be- 

haves in general like the systems whose small oscilla- 
tions were studied by Rayleigh... Moreover, such a 
system does not partake of wave motion in the ordinary 
sense in that there is no fixed rate of propagation of a 
flexural wave. If the bar is struck at one end, a finite 
time will be required before a finite motion takes place 
at the other end, but the process is the result of com- 

pounding motions in normal modes in each of which the 
system deflects simultaneously at all points rather than 
the result of a flexural wave traveling back and forth. 

“Tt also follows from the solution of the uniform bar 
problem that in each normal mode the system behaves 
as a system of one degree of freedom would behave and 
as though this mode only were present. The amplitude 
produced in each mode by a given simple harmonic 

driving force depends on the magnitude of the force, the 
influence function, the effective mass, stiffness, and 
damping constant of the system in that mode and on the 
ratio of the frequency of the force to the natural fre- 
quency of the mode. The ordinary resonance curve for a 
system of one degree of freedom is applicable to each 
normal mode individually .. .”’ 

Ochi (1956a, 1958d, 1958e) also obtained the solution of 

2 Previously defined symbols are omitted from the quotation. 
26 Ormondroyd et al (1948). 
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Fig. 43 Comparison of experimental and theoretical values of superimposed stress on deck amidship; V-form 
model (from Ochi, 1958) 

equation (13) for a flexural deflection of a bar of uniform 
section assuming a constant value of the coefficient of 
accession to inertia. In this connection he represented 
the damping coefficient 6 as 

re) Oty 
o— ey (0,9 + él =) 

The resultant partial differential equation is identical 
with equation (12) if the terms connected with shear 

deflection and damping are omitted. Ochi (1958e) 
obtained the solutions for two phases of the vibration 
process, 0 < ¢ <7 and ¢ > 7, where 7 is the duration of 

the impact force. The solution for the deflection and 
bending stress was given as the sum of deflections and 
stresses In various vibration modes and the investigation 
was carried up to the seventh mode. A novel and par- 
ticularly important part of this work is the evaluation 
of the impact-momentum distribution among various 
modes by the least-work analysis. The damping was 
taken as a function of the vibration frequency; Le., 
was different for each mode. 

Ochi made computations for a bar with structural 
properties corresponding to the brass ship model which 
he had tested in a towing tank. The comparison of the 
computed and experimental vibration response to a 
slam is shown in Fig. 43. The agreement is shown to be 
good except in the first vibration cycle. Conceivably, 
at the first instant the impact momentum is primarily 
absorbed in shear deflection and the neglect of this im 
computations led to the incorrect evaluation of the 
first vibration cycle. A satisfactory agreement in the 
subsequent cycles can be interpreted as a confirmation 

(14) 

Table 10 

Contributin to 
the bending 

Mode moment? 

1 —191.8 
2 — 

3 —61.2 
4 = 

5 +35.8 

6 = 

a —78.4 

* Tn foot-tons for a full-size ship. 

of Ochi’s impact-momentum distribution among vibra- 
tion modes and of his damping estimates. On the other 
hand, the results can be taken as fortuitous since neither 

shear deflections nor the variation of the mass and struc- 
tural properties along the length of the ship were taken 
into account. 

A contribution of the impact momentum to a partic- 
ular vibration mode depends on the location of the im- 
pacting force with respect to nodal points of the elastic 
curve. Therefore, the distribution of a concentrated 
impact among various modes varies rapidly with the 
location of the impact. In reality the impact force is 
always distributed over a certain bottom area near a 
ship’s bow. Ochi (1957, 1958a) measured the pressure 
distribution during model slams in a towing tank and 
approximated this distribution in the vibration analysis 
by five localized forces. The resultant contributions of 
various modes to the bending moment amidships is shown 
in Table 10. 

It should be noted that contributions of even modes 
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(odd number of nodal points) vanish amidships. How- 
ever, they will be significant at a certain point forward 
of amidships where the total vibration-caused bending 
moment should be at its maximum. Ochi’s experiments, 

Fig. 42, show indeed the maximum to occur about 7 
per cent forward of amidships. 

5.53 Added mass and damping. The vibration of 
ships is governed by the same laws of dynamics as os- 
cillations in waves and the reader is referred to Chapter 2 
for much of the discussion. The vibration analysis is 
based on the strip method of evaluating a ship’s mass 
and structural-property distributions. The effective mass 
is a mass of a ship’s section of unit length plus a certain 
imaginary added mass, the acceleration of which gives 
the same force as that caused by water pressures. The 

evaluation of the added mass is usually based on theoreti- 
cal work of F. M. Lewis (83-1929), J. Lockwood Taylor 
(3-1930b), and Prohaska (3-1947). No complete and 

reliable experimental verification of this material appears 
to be available. Model experiments may indeed be 
questionable because of certain water-separation effects 
during a part of an oscillation cycle (IXeuligan and Car- 
penter, 83-1956; T. B. Abell, 83-1916). Theory indicates 
that free-water surface effects (wave making) should not 

be significant at vibration frequencies and the data, 
given by the investigators mentioned, should, therefore, 

be directly applicable. 
The largest uncertainty is in the effect of three- 

dimensionality on the added masses obtained by two- 
dimensional strip theory. I. M. Lewis (38-1929) and 
J. Lockwood Taylor (3-1930b) made analyses of this 

effect at various vibration modes, and Lewis evaluated 
the results for the first and second modes. The im- 
portance of higher modes in slam-caused vibrations makes 
it desirable (if not mandatory) to extend these calcula- 
tions to higher modes. In this connection it is necessary 
to mention the paper by Macagno and Landweber 
(3-1958) in which it was demonstrated that results of 

the analysis strongly depend on the assumed nature of 
a body’s deflection; i.e., on movements of a body surface 
element in shear and bending deflections, including ro- 
tation of sections. 

The evaluation of the damping in vibration appears to 
be more uncertain than evaluation of added masses. 
The following quotation from Ochi (1958e) may serve as 
an introduction to this subject: “We have little data 
which is sufficient to estimate the damping coefficient in 
ship vibration, especially to estimate the external (water) 
and the internal (structural) damping coefficient. More- 
over, there are some differences between numerical 
values given in the following papers: 
“lJ. Lockwood Taylor (8-1930b) | gives the following 

simple values for small amplitude of two node vibration 
in full size ship: 

0.025 (for 80 rpm) 

0.032 (for 99 rpm) 

0.066 (for 148 rpm) 

ll b/ pA 

ll 

“where 
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b == damping coefficient 
pA = mass of ship per unit length 

“MeGoldrick (1954) mentions from the analysis of many 
data on full-scale experimental works that the damping 
in ship vibration appears to increase with frequency and 
the value of b/pAw (where w is a frequency in radians) is 
constant. He gives 0.034 as the mean value of b/pAw 

for all modes of ship vibration. Kumai (1958) recently 
discussed damping factors in the higher modes of ship 
vibration taking into account the effects of shear de- 

flection, rotary inertia, internal damping and also made 
some experiments. On the other hand, Sezewa (1936) 

made a theoretical consideration on four damping factors 
in ship vibration, namely, (1) water friction, (2) @enera- 

tion of pressure wave, (8) generation of surface wave, 
(4) structural damping force. He concluded that a 

generation of surface waves as well as a structural damp- 
ing force are the main sources of damping, especially the 
former is pronounced in light draft condition.” 

As the result of his investigation, Ochi found that the 

internal damping of his brass towing-tank model formed 
80 per cent of the total in the first mode and essentially 
100 per cent in higher modes. He also found theoreti- 
cally that the damping is proportional to the fourth 
power of the ratio a,/L, where a, is the characteristic 
number of the nth mode and ZL the length of the bar. 

The reader’s attention is called to three forms of ex- 
pressing the damping of a vibrating system: 

(a) The term “damping coefficient”? has been used for 
the coefficient b of the velocity-dependent term (¥ or 3) 
of differential equations of oscillatory motion [for in- 
stance equation (13) ]. 

(b) The factor e~“ occurs in solutions of free vibrating 

systems and is a measure of the rate of amplitude decay. 
Kumai (1958) refers to the quantity g as the “damping 
factor.” 

(c) The “logarithmic decrement,” 6, which is con- 
nected with the damping factor by the relationship 

(15) 6 = 21q/w 

where w is the natural frequency. 
Ochi’s solution of equation (13) (for pure flexural de- 

flection) resulted in the evaluation of the damping factor 

by + E(a,/L)4 

2m 
q— (16) 

where he used & = 4.07 X 10 for a steel structure. 
Kkumai (1958) computed Table 11 which shows con- 

tributions of various factors to the logarithmic decre- 
ment based on calculations for a 32,000-ton tanker. 
The last column gives the empirically obtained logarith- 
mie decrement for vertical vibration of ships from 260 
to 660 ft long. This relationship for the two-noded vibra- 
tion is 

Oy = CYL (16) 

where C is a coefficient with the value between 3 and 4, 
and L isa ship’s length. Tor higher modes the logarith- 
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Table 11 Numerical Results of Components of Logarithmic Decrement in Higher 
Symmetric Modes of Vertical Vibration of a Ship. From Kumai (1958) 

No. of Ny» 

nodes epm be d¢ 6 Semp 

2 62.04 0.01813 0.00313 0.00032 0.0216 0.0216 
4 173.80 0.02410 0.02110 0.00010 0.0453 0.0467 
6 289.30 0.02260 0.04070 0.00006 0.0634 0.0687 
8 401.00 0.02180 0.06000 0.00004 0.0818 0.0890 

Contributed by: &—normal viscosity, »—tangential viscosity, ¢—external damping. 

mic decrement 6, is related to the one at two-noded fre- 

quency, 

On = 5o(wn/ we) /* (17) 

where w, is the natural frequency of the n-noded vibra- 
tion and w, that of the fundamental two-noded mode. 

5.54 Similarity conditions in ship vibrations. The 
rapid growth of the damping coefficient with vibration 
frequency indicates that towing-tank models cannot 
directly represent the conditions of a full-size ship. 
Slam-caused vibrations in models are attenuated rapidly 
because of the heavy damping associated with high vibra- 
tion frequency. In ships, on the other hand, the damp- 
ing associated with a low frequency is small and vibra- 
tions persist a long time. This observation does not 
make model tests less valuable but it shows that inter- 
pretation of model tests can only be made with proper 
regard to the vibration-response theory. 

In metal models used by Ochi and Sato, (Sections 4.2 
and 4.3), the structural characteristics affecting bending 
deflections were similar to those of full-size ships. How- 
ever, the reduced number of longitudinals and reduced 
support of the skin may have resulted in different shear 
characteristics. Careful consideration of these appears 
to be needed in view of the large effect of tangential vis- 

cosity on damping which is shown by Table 11. 
Jasper (1958 appendix) investigated the scaling law for 

geometrically and structurally similar ships operating in 
similar seas. The results are summarized in the follow- 
ing quotation: “Thus it has been shown that the wave- 
induced stresses in similar ships, operating at the same 
speed-length ratio in similar seas, vary as the length of 
the ship for a suddenly applied step load, and as the 
square root of the length for an instantaneously applied 
impulsive load. The ordinary, slow varying, wave- 
induced stresses may be expected to vary as the length 
of the ship.” This summary indicates that quasi-static 
wave-caused bending stress and vibration-caused bend- 
ing stress should be considered as two distinct compo- 
nents to be added to obtain the total stress. A percen- 
tage increase of the wave-caused bending stress by slam- 
ming appears to be an untenable concept, except when 
comparing ships of similar size and type. 

5.55 Dalzell’s analysis of destroyer model vibration. 
Only the dynamies of the vibratory ship response to a 
slam was discussed in the foregoing sections. The prin- 
ciples on the basis of which the impact force in a slam can 
be estimated were outlined in Chapter 2 but it appears 

that no actual evaluation of the force in a typical slam 
has been made. Ochi used for his vibration analysis 
the forces measured on a model in a towing tank. Fur- 
thermore, the available methods, based on Wagner’s 
work, apply only to a sharp slam (i.e., bottom impact), 
similar in nature to the impact experienced in a seaplane 
landing. No methods of analysis were heretofore pub- 
lished for a relatively slow developing bow immersion, 
such as was observed by Warnsinck and St. Denis 
(38-1957). Dalzell’s (1959) work appears to be the first 
attempt at an analysis of hydrodynamic forces involved 
in such a case, as well as of the resultant vibratory re- 
sponse of a towing-tank model. 

The scope and objectives of this work best can be 
stated by quoting from Dalzell’s introduction: “A num- 
ber of investigations of the midship bending moments 
experienced by jointed wooden models in regular head 
waves at the Davidson Laboratory (Lewis, 1954; Lewis 
and Dalzell, 3-1958; Dalzell, 1959) have indicated 
the presence of nonsinusoidal forces at some time during 
each cycle, usually when wave length and model speed 
produce large motion amplitudes. The evidence takes 
the form of records showing vibration of the jointed 
model. Tests in irregular head waves show that the 
vibration occurs under conditions thought to be similar 
to those under which full-size ship slamming takes place. 
The purpose of this investigation was to determine 
whether the impulsive forces on the model could be eal- 
culated, utilizing existing theoretical methods and data.” 

“Tt was felt worthwhile to work with a regular wave 
case for simplicity, and the case chosen for study was that 
of a 5.71-ft destroyer model” at 6.0 ft/see in regular 
waves 7.14 ft long. Experimental records for this case 
had been obtained and indicated both large motions and 
large model vibrations. (A complete description of the 
model and experiments may be found in Lewis and Dal- 
zell, 1958). Further, the ship motion theory developed 
by Iorvin-Kroukovsky had been used to predict motions 
for this case with reasonably good agreement with ex- 
periment (see Korvin-Kroukovsky and Jacobs, 38-1957). 
The theory can also be used to predict bending moment 
response in regular waves, and this had been done for the 
case under study by Jacobs (1958). Since these methods 
utilize coupled equations of motion with constant co- 
efficients for a rigid body, the calculated motion and 
force responses to an assumed sinusoidal wave are also: 

27 The model represents a destroyer 383 ft in length. 
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Model Length 5.7! Feet 

Wave Length 7.14 Feet 
Wave Height 1.43 Inches 

Bending moment calculated by 
the extended Korvin method 
with variable coefficients 

Bending moment calculated 
by the Korvin method with 
constant coefficients 

Experimental bending 
moment (hand faired 
mean line through 

oscillations) fo} 

Midship Bending Moments, Inch- Pounds 

Hog ~—+—Sag 

Period of Encounter, Te = 0.59 Seconds 

t=O corresponds to the time that 
the wave crest is amidships 

Entering Wave ——»> Leaving Wave ——> 

Minimum Immersion Maximum Immersion 
(negative) 

Q 0.1 0.2 0.3 0.4 0.5 
t, seconds 

Fig. 44 Calculated and experimental rigid-body midship bend- 
ing moments for a destroyer model in regular waves at 6 fps. 
Model length 5.71 ft, wave length 7.14 ft, wave height 1.43 in. 

(from Dalzell, 1959) 

sinusoidal and thus do not reveal any impulsive forces. 
Experimental data indicate that the motions (heave and 
pitch) of the model seem to be little affected by whatever 
impulsive forces cause the vibration. Hence, it was 
decided to utilize the Korvin-Kroukovsky method to pre- 
dict motions, then to evaluate the hydrodynamic loads 
at successive instants of time during the cycle assuming 
the calculated motions and sinusoidal waves. This 
evaluation was to be done taking into account the varia- 
tion during the cycle of buoyancy and added hydrody- 
namic mass brought about by the geometry of the model.” 

An inertial force exerted by a fluid on a body results 
from the rate of change of the fluid momentum: 

oon d A j 
Foree = di (m"w) (18) 

where m” is the hydrodynamic mass and w the relative 
velocity of the body with respect to the fluid. In a 
seaplane landing (used by Szebehely to formulate ship 

28 Symbol w is used here for the vertical velocity of an impacting 
body. 

297, 

slamming analysis) the duration of the impact is short, 
the velocity is assumed to remain constant, and the force 
is defined as 

(19) 

In the linearized analysis of ship motions, as developed by 
Korvin-Kroukovsky and Jacobs (83-1957), a wall-sided 
ship is assumed, the hydrodynamic mass is held constant, 
and the force is expressed as 

Force = w dm"/dt 

Foree = m” dw/dt (20) 

Considering a relatively long duration of a destroyer im- 
pact and variable draft and wetted beam, Dalzell modi- 
fied Korvin Kroukovsky and Jacobs’ expressions to in- 
clude variations of both the hydrodynamic mass and 
velocity; 1.e., expressed the force as 

(21) 

Quasi-static wave-caused bending moment. resulting 
from this analysis is shown in Fig. 44 (extended Korvin 

method) for comparison with the linearized analysis of 
Jacobs (1958) (constant coefficients), and the mean line 
drawn through the oscillatory experimental data. 

In discussing results of a pioneering attempt at a 
rational analysis, it is often advisable to consider sepa- 
rately the magnitudes and curve shapes (or trends). In 
the present case an apparently improved method of 

Force = m”w + mw 

analysis resulted in large exaggeration of the bending 
moment. On the other hand, the analysis demon- 

strated a nonsinusoidal behavior of the bending moment 
and thus confirmed earlier findings of Horn (1910) and 

Hazen and Nims (38-1940). Demonstrated departures 
from a sinusoidal curve include a sharper peak at the 
maximum amplitude and steeper flanks of the curve, 
which are capable of exciting vibrations of a slender hull. 

Calculations of the vibratory responses were made 
using calculated quasi-static bending-moment curve as an 
exciting function. Basic expressions for the vibratory 
response were taken from Frankland (1942) and Timo- 
shenko.*? Natural frequency and damping were de- 
termined experimentally. Only a single vibratory mode 
was present since the model consisted of two rigid halves 
jointed and kept aligned by the dynamometer flexure bar. 
The integration of equations of motion was replaced by 

the summation of finite differences, and calculations were 
carried through seven wave-encounter cycles in order to 
eliminate the transient response caused by uncertain 
initial conditions. The cyclic bending-moment. varia- 
tions were found to repeat themselves beginning with 
the fourth cycle. 

Model speed of 6.0 fps was chosen for the analysis be- 
cause at this speed the period of wave encounter was an 
exact multiple of the model’s natural frequency and the 
calculations were thereby simplified. Unfortunately, 
at the nearest test speed of 6.1 fps test results exhibited a 
rather exaggerated amount of vibration, which did 

29 “Vibration Problems in Engineering,’? D. Van Nostrand Co., 
New York, N. Y., third edition, 1955. 
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not exist at slightly lower and higher speeds of 5.8 and 
6.8 fps. The comparison of calculated and experimental 
data in Fig. 45 is based, therefore, on these latter speeds. 
The exaggeration of the exciting bending moment, shown 
in Fig. 44 would lead to the exaggeration of computed 

responses. The “calculated 6.0 fps” curve in lig. 44 was 
drawn, therefore, taking 83 per cent of the original Dal- 

zell’s data in order to bring out more clearly the com- 
parison of the time behavior of bending moments. The 
calculations brought out the, experimentally observed 
large magnitude of the sagging moment as compared to 
the hogging one. Calculations also brought out the 
existence of experimentally observed vibrations, although 
details of the calculated and observed vibrations did not 
agree. Indeed, it appears to be almost hopeless to re- 
produce a detailed pattern of vibrations by calculation 
considering the rapidity with which this pattern changes 
with small changes of model speed in experiments. All 
one can expect is to evaluate the amplitude of the vi- 
bratory response which must be added to the quasi-static 
wave-caused bending moment. 

5.6 Statistical Theory of Slamming. It is apparently 
impossible to predict the exact shape of a wave in an 
irregular sea at a given instant and to predict a ship’s 
attitude with respect to it. The detailed description of 
the conditions leading to a slam in irregular sea, there- 
fore, cannot be formed. Valuable information, how- 
ever, can be obtained by the modern methods of mathe- 
matical statistics. Any characteristic of a ship’s re- 
sponse to regular waves can be established either by cal- 
culation or by towing-tank tests. Such characteristics 
can include, for instance, the vertical motions of a ship’s 
forefoot and the vertical velocity of the bow. From 
experience, a set of characteristics significant to slamming 
can be specified and the joint probability of their oc- 
currence can be statistically evaluated. Thus, L. J. 
Tick (38-1954) has established the joint probability of the 
bow emergence and a vertical velocity of the how exceed- 

Calculated and measured elastic responses of a destroyer model (from Dalzell, 1959) 

ing a specified value. However, a slam will occur only 
if a ship’s keel is nearly parallel to the water surface over 
an appreciable part of the ship’s length near the bow. 
In computing the joint probability, L. J. Tick (38-1958) 
extended his work to include a specification of a certain 
small keel-to-water angle. Typical slamming condi- 
tions are well defined by the joint probability of the bow 
emergence, a certain small angle of the keel to water and 
a certain vertical velocity of the bow. The significant 
values of two necessary parameters, the keel-to-water 
angle and the bow velocity, can next be defined by the 
analysis of slamming records at sea. They evidently will 
depend on the ship-form parameter, such, for instance, 
as Ochi’s section coefficient at 10 per cent of the ship’s 
length at 50 per cent of design draft. 

The statistical methods developed by Tick do not 
directly indicate the severity of a slam. This, however, 
can be evaluated indirectly. The probability of oc- 
currence of various vertical bow velocities can be com- 
puted. For any specified vertical velocity the hydro- 
dynamic impact force can be computed by the Wagner- 
Szebebely-Todd method. 

6 Statistical Data on Ship Bending Stresses— 
Related to Sea Conditions 

In this section, attention will be called to statistical 
data on ship bending stresses which are related to sea 
conditions. These latter are not measured but are 
given on the basis of visual observations, ship’s log 
data, or sometimes even wave forecasts. Only the 
general conditions prevailing at the time of stress meas- 
urement are given. Detailed relationships between 
wave profile and stresses, which were discussed in earlier 
sections, are not available in the records which are dis- 
cussed here. 

The data of the type just described are available from 
the following sources: 



Table 12 Record of Stress Ranges Exceeding 8000 psi—SS Mormacmail. 

LOADS ACTING ON A SHIP AND THE ELASTIC RESPONSE OF A SHIP AA) 

Abstracted from E. V. Lewis (1957c) 

Avg. Wind — Number of counts? in stress range, 
speed, Relative Beaufort Relative Dsl —= 

Date knots Description direction scale direction 8-12000 12-16000 16-20000 

1955 

1/26 17.08 Moderate Beam 3 Var I 0 0 
1/27 16.70 Moderate Quarter 4 Var 1 0 0 
1/30 15.87 Rough Head 5 28 3 0 0) 
1/31 13.00 Rough Head 8 35 7 0 0 
2/3 1b.0 Rough Head 6 Var gb 0 0 
3/3 14.2 Rough Head 6 Var 7 0 0 
3/5 16.0 Moderate Beam 43) Var 2 0 0 
3/25 17.14 Moderate Following 6 160P 1¢ 0 0 
3/26 17.13 Rough Following 6 Var 1 0 0 
3/27 16.00 Rough Beam 6 Var 5 0 0 
3/29 14.4 Heavy Confused 8 Var 1 0 0 
3/30 12.00 Rough Head 9 Var 36 0 0 
By/Bill 5.08 Heavy Head 8 Var 53 0 0 
4/1 6.83 Rough-heavy Head 9 258 32) 0 0 
4/2 15.39 Moderate Head 5 Var 19 0 0 
4/3 13.0 Rough to mod. Quarter 9 Hove to— 1 0 0 

9 hr 
1956 

2/23 16.17 Moderate Beam 5 129P 1 0 0 
2/28 1GE@ Rough Following 8 LE. 69 0 0 
2/29 16.66 Rough Quartering 8 154P 69 0 0 
4/3 16.72 Moderate Beam By Var 1 0 0) 
4/11 Maj Moderate Beam 4 104P 6 0 0 
4/12 15. 16 Rough Beam 9 Var i 0 0 
4/16 19.32 Rough Following 9 Var 4 0 0 
4/24 15.72 Moderate Beam 4 2858 1 1 0 
4/26 16.00 Light Beam 2 2665 i 0 0 
4/29 16.48 Light Beam 2 585 1 0 0 
4/30 16.61 Light Beam 2 1158 1 1 0 
5/1 17.13 Light Quarter 4 Var 0 1 0 
5/26 15.41 Moderate Head 5 Var 1 0 0 
§/27 11.33 Heavy Head a) Var 66 2 0 
5/28 5.76 Very rough Head 10 408 1 0 0 
5/29 14.36 Rough Head 6 128 44 0 (0) 
5/20 10.8 Rough Head 8 158 2 0 0 
6/3 16.9 Light Beam 2 pe 1 0 0 
6/26 — 1 Quarter 4 112P 1 0 1) 
6/27 —_— 4 Following iy 153P 1 1 0 
7/20 = 6 Beam 6 868 1 i 0 

Wotaleeemmnetsemetetetcre 452 7 0 
Per cent of total counts over 500 psi?.... 0.10 0.0015 0 

2 Per day if not otherwise noted. 
® In 10.6-hr period. 
© In 14-hr period. 
4 Total number of counts over 500 psi was approximately 450,500. 

1 Kent, Kempf, and Hoppe data described in Sec- 
tion 3-5.11 and Table 3-3. 

2 Schnadel’s data described in Section 3-5.12 and 
Tables 3-4 and 3-5. 

3 Data of the Admiralty Ship Welding Committee on 
SS Ocean Vulcan. General description of the obser- 
vations was given in Section 3-5.13. Tables of stresses 
measured under different weather conditions are given 
at the end of Report No. 8. This report also contains 
a summary of stresses measured by previous investi- 
gators on several ships. 

4 Data obtained on SS Nisset Marw as described in 
Section 3-5.15 and in Tables 3-8 and 3-9. 

5 Data obtained on SS Mormacmail and SS Mor- 
macpenn as reported by E. V. Lewis (1957c). 

For the purpose of the present monograph it will be 
sufficient to discuss the last set of data. Strain gages 

and stress cycle counters were installed by the David 
Taylor Model Basin under weather decks of two C-3 
type cargo ships. On each ship there was a gage on one 
side of the ship only. The counters were arranged so 
that they counted all of the ranges of stress (hog + sag) 
exceeding each of the following levels: 500, 4000, 8000, 
12,000 16,000, and 20,000 psi. The counters were read 

once each watch by the ship’s officers. Once a day 
weather, sea conditions, ship speed, and course also were 
recorded. These data were tabulated and presented to 
S-10 panel of The Society of Naval Architects and Marine 
Engineers by E. V. Lewis (1957c).. The data were ob- 
tained during seven voyages of SS Mormacmail and five 
voyages of SS Mormacpenn. The voyages (double 
crossings) were made over the north part of the North 
Atlantic between northeast coast ports of the United 
States and Scandinavian and Baltic sea ports, occasion- 
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Table 13. Record of Stress Ranges Exceeding 8000 psi—SS Mormacpenn. 

THEORY OF SEAKEEPING 

Abstracted from E. V. Lewis (1957c) 

Avg. Sea Wind Number of counts in stress range, 
speed, Relative Beaufort Relative psi = 

1955 knots Description direction scale direction 8-12000 12-16000 — 16-20000 
9/12 L555 Moderate Bow 5 Bo 2 0 0 
9/13 14.2 Rough Head 7 lok 106 0 0 
9/14 Lie Rough Var ¢ Var 8 0 0 
9/15 13.4 Very rough Bow 8 425 188 4 0 
9/16 11.2 Very rough Var 11 _— 40 0 0 
9/17 1250) Very rough Var 11 = 302 13 —_ 
9/18 6.6 Very rough Bow 10 8558 13 0 0 
9/19 16.2 Moderate Beam 3 855 2 0 0 
9/20 16.0 Moderate Head 3 9S 8 0 0 
9/21 9.1 Very rough Beam 7 728 198 17 ub 

10/8 16.59 Moderate Quartering 4 1228 1 0 0 
11/20 15.9 Rough Beam 6-7 69P 55 0 0 
11/21 12.2 Very rough Bow 7-8 40P 1 0 0 
11/22 14.04 Very rough Bow 7 54P 34 0 0 
12/14 15.62 = Bow 5 82P 44 1 0 
12/15 10.82 — Bow 9 79P 124 1 0 
12/16 LD 7, = Bow 6 82P 69 0 0 
12/17 14.83 — Bow 5 298 30 0 0 
12/18 14.04 = Bow 6 398 13 0 0 
12/25 15.56 — Quartering 7-8 245 1 0 0 

1956 

1/12 16.96 Quartering 64P 3 0 0 
2/7 15.30 = Beam 7 — 34 0 0 
2/8 7.61 X9 Bow 10 Hove to 24 13 0 
2/15 15.00 — Following 4 —_— 1 0 0 
3/17 16.46 = Following 3 100P 1 0 0 
3/20 16.08 = Beam 4 685 4 2 0 
3/21 14.64 = Bow 6 845 Ab 0 0 
3/22 16.33 —_ Bow 4 845 il 0 0 
3/24 16.64 = Quartering 2 18P 1 0 0 
4/8 14.66 Rough — 3 Var 154 6 0 
4/9 16.08 Moderate — 2 Var 5 0 0 
4/10 15.41 Moderate = 1 1128 1 0 0 
4/11 15.56 Moderate — 1 22P 4 0 0 
5/29 15.92 Moderate Following 2 158P 2 0 0 
5/30 — — — = 1 0 0 
5/31 14.11 Rough — 3 Var 61 oO 0 
6/1 15.88 Moderate Beam 2 188P 1 0 0 
6/2 16.32 Light Bow 2 585 1 0 0 
6/5 17,32 Calm = 0 25P 1 0 0 

NO bal, ste stn evectae 1760 60 1 
Per cent of total counts over 500 psi... 0.91 0.03 = 

2 Total number of counts was approximately 193,300. 

ally touching Iceland. The parts of the ocean and the 
times of the year covered by these voyages are known for 
the great frequency of adverse weather. 

Lewis’ (1957c) tabulations included all days of the 

voyages and all stress ranges just cited. The abstract 
of these data, is given in Tables 12 and 13 and includes 
only the data on stress ranges exceeding 8000 psi. 
Figs. 46 and 47 show the number of counts per day of 
stress ranges between 8000 and 12,000 plotted against 
average wind force for head seas and for beam, quarter- 
ing and following seas, respectively. 

A perusal of the described material shows that: 
1 The stress range of 12,000 psi is exceeded in a 

relatively small number of cases. There is but a single 
reading over 16,000 psi. 

2 The number of stress counts in the range 8-12,000 
psi in head and beam seas increases with wind force. 

3 At the wind strength 7, the stress range 8-12,000 

psi is encountered more often in beam seas than in head 
seas. 

4 The stress range 8-12,000 psi is encountered in all 
sea directions and in all winds from Beaufort 1 to 11. 

5 Sea directions and wind strength appear to affect 
only the frequency of occurrence of stress in this range 
and not the stress level. 

6 The conventional method of describing wind and 
sea does not provide indication of stress magnitude, 
although it provides indication of the frequency of the 
stress occurrence. 

The difference in stress response of two apparently 
identical ships is of interest. In the SS MZormacpenn 
the stress range 8-12,000 psi was encountered 9 times 
more often (in relation to the total number of counts) 
than on the SS Mormacmail. The stress range 12—16,000 
psi was encountered 20 times more often. 

The author had the privilege of being aboard the SS 
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Mormacpenn on the eastward crossing of the fourth 
voyage. This included February 8, 1956, on which the 
second largest numbers of counts in the ranges 8-12,000 
and 12-16,000 psi were recorded. Numerous observa- 

tions during this crossing indicated that the ship had an 

abnormally short rolling period. As the result of this, 

it rolled violently with the amplitude of +25 deg in head 
seas at the time of maximum pitching. Since the strain 
gage was installed on the port side only, it is possible 
that high frequency of stress in.the foregoing ranges 
resulted from the addition of the vertical and lateral 
bending moments. Attention should be called to the 
fact that terms vertical and lateral refer to ship co- 
ordinates. A large lateral component may occur simul- 
taneously with the vertical one when the ship’s bow 
plunges into a wave while the ship isat a large roll angle. 

In the literature on ship stresses (for instance, SS 
Ocean Vulcan) the impression is given that the addition 
of the lateral moment is seldom important. With ships 
of reasonably long rolling period, significant rolling does 
not occur in head or bow seas. With an abnormally short 
rolling period, however, a severe rolling in head seas 
may occur. In such a case there is a great probability 
of the significant effect of the lateral moment. This 
indicates that the information on rolling should be in- 
cluded with other data describing ship conditions during 
stress measurements. 

7 Statistical Data on Ship Bending Moments— 
Unrelated to Sea Conditions 

Jasper (38-1956) presented a large collection of statisti- 
cal data on bending stresses measured on several ships. 
These data were obtained from unmanned stress gages 
and stress-cycle counters, and the ambient weather 
conditions were not recorded. The nature of the data 
permits, therefore, studies to be made of various statisti- 
cal laws to which stress distributions are subjected. 
It also indicates the stress levels which can be expected 
on ships at sea. However, the relationship of these stress 
levels to the conditions which caused them is not de- 
terminable. 

Since the statistical stress-distribution laws were in- 
vestigated separately on several ships, it would appear 
to be possible to determine the effect of a ship form and 
loading on stresses. However, the analysis of the rela- 
tionship between the ship form and stress level was not 
included in Jasper’s paper. 

Additional data on Jasper’s paper will be found in 
Section 3-5.2. This section includes two quotations 
defining the utility of the statistical information which 
was collected and developed by Jasper. 

7.1 Maximum Bending Moment Expected at Sea. 

In his paper, Jasper (38-1956) included the discussion of 
the maximum bending moment expected at sea. This is 
based on the extrapolation of the frequency distribution 
of observed data using strictly statistical methods. 
The author does not believe that this approach can be 
fruitful. This opinion is based on the following: 
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1 Inarandom distribution of measured stresses, any 
arbitrarily large stress can be indicated provided suffi- 
ciently low probability of occurrence is specified. 

2 The extrapolation is based on the observational 
data in which a very small number of occurrences of a 

high stress is found.*® The starting point for the extrap- 
olation is therefore uncertain. 

3 A statistical extrapolation necessarily assumes an 
unchanged environment. However, the physical con- 
ditions of a ship among waves change with excessive in- 
crease of sea severity. The nonlinearities, which nor- 
mally may not be important, grow in importance in waves 
of extreme steepness. 

It is the author’s opinion that the evaluation of ex- 
treme stresses should be based on the consideration of 
the physical conditions of ship operation. It has been 
shown by calculations and by model tests that maximum 
bending stresses are caused by waves of the length in the 
range of 0.75 to 1.25 of a ship’s length. Within this 
length range, the stresses increase with wave steepness; 
Le., with the ratio of the wave height to wave length. 
The wave steepness, however, cannot increase without 

limits. In regular waves the limiting steepness is !/7. 
Statistical metbods, used in describing an irregular sea, 
do not permit at present prediction of the steepness to be 
expected in waves of a specified length. The research 
in formulating the necessary mathematical methods for 
this purpose is recommended. 

Sea observations on wave steepness as a function of 
wave length had been made and were described in Chap- 
ter 3.31 Relatively mild steepnesses were observed. 
The extrapolation of these empirical observations to the 
extreme conditions is, however, extremely uncertain. 
Therefore, a theoretical research, mentioned previously, 
is recommended. 

Ship stresses do not increase in proportion to wave 
steepness. As the wave steepness increases, the action 
of the relieving dynamic effects rapidly increases. An 

effective limit to the maximum stress can therefore be 
expected. 

It may be of interest to imagine a case of a small ship 
carried on a crest of a regular wave of the extreme !/; 
steepness. In appearance, the ship is in the hogging 
condition as it is supported by the sharp crest of the wave. 
In reality, the dynamic acceleration effects are such 
that the ship and the water are essentially weightless, 
being in the condition of a free falling body. The bend- 
ing stresses are nil in this extreme condition. 

Theoretical and experimental model research are 
recommended in order to evaluate the extreme bending 
moment conditions on physical grounds, 

8 Concluding Remarks and General Research Suggestions 

Chapter 5 of the present monograph is concerned with 
the methods of evaluating the loads on the basis of which 

% This for instance is illustrated by Tables 12 and 13. 
31 See Figs. 3-37, 38 and 44. 
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Fig. 46 From E. V. Lewis, 1957 

ship bending moments and stresses can be computed. 
The conventional static method has served well as a 
yardstick for the evaluation of bending moments. How- 
ever, it does not represent the physical conditions of a 
ship moving among waves. During several decades in 
the past, isolated attempts were made to include in the 
analysis various aspects based on the wave and_ ship 
dynamics. In the past few years it became possible to 
combine these separate attempts into a single logical 

system of bending-moment calculation. This system 
was outlined in Section 2 and it can now serve as the 
basis for further research. 

8.1 Ship Motions and Damping Forces. It has been 
demonstrated that the load distribution is composed of a 
number of components defined by displacements, veloci- 
ties, and accelerations of ship masses as well as of water 
in waves. The evaluation of ship motions is therefore a 
necessary prerequisite to the evaluation of the structural 
loading curve and of bending moments. Therefore all 
suggestions for research, made in connection with Chap- 
ters 2 and 3 are directly relevant to calculations of bend- 
ing moments. In particular, the poor state of knowledge 
in regard to damping forces must be emphasized. 
Neither of the two available methods of damping-force 
‘alculations* is found to agree with experimental data.** 
There is an acute need for both theoretical and experi- 
mental data on damping forces of prismatic bodies as 

82 Holstein-Havelock’s and Grim’s methods. 
38 Golovato (3-1956, 1957); Gerritsma (1957). 
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well as on the distribution of these forces along a ship. 
The inadequacy of the available data adversely affects 
but does not invalidate ship-motion data. However, 
the bending-moment calculations require greater ac- 
curacy and are more strongly affected. 

8.2 Need for Ocean-Wave Data. Bending moments 
as well as ship motions at sea can be estimated in two 
steps: (a) The response of a ship to regular waves must 
be evaluated; and (2) a ship’s behavior in irregular sea 
waves can be determined by the methods of mathemati- 
cal statistics. The second step is based on the knowledge 
of ship responses to regular waves and of the irregular 
sea spectrum. Review of the ocean-wave knowledge 
was made in Chapter 1 and it was shown that the avail- 
able knowledge is inadequate. Even if only the wave 
spectrum at a point is considered, there is no unanimity 
of opinion among different research groups as to the spec- 
trum form and as to the wave height corresponding to 
given atmospheric conditions. There appears to be 
practically no data on the directional spectrum in an open 
ocean. Yet, the directional spectrum, which causes the 
wave short-crestedness, is very important in defining 
ship motions and ship stresses. In Section 6 and in 
Tigs. 46 and 47, it is shown that high stresses occur fre- 
quently in a beam sea and this fact is evidently caused 
by the wave short-crestedness. As far as the rational 
evaluation of a ship’s bending moment at sea is concerned, 
the lack of reliable data on the sea wave spectrum ap- 
pears to be by far the most important factor. 

In view of the foregoing, the evaluation of the sea 
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spectrum in various weather conditions must be con- 
sidered as the most important direction of research 
leading to the rational evaluation of ship stresses. Since 
apparently insurmountable differences of opinion exist 
between certain currently dominant research groups, it 1s 
suggested that efforts be directed to interest and support 

additional research groups, not yet associated with one 
or another of the mutually opposed opinions. The 
foregoing remarks are made here only as a reminder on 
the importance of research on conditions of the sea. 
For a more detailed exposition the reader is referred to 

Chapter 1. 
8.3. Linear Theories and Model Tests. ‘he linearized 

ship-motion and ship vertical bending-moment theories 
in head or following seas appear to be in a reasonably 
good state. They were formulated in a general form 
which includes all aspects affecting a ship’s behavior. 
Further improvements are necessary, of course. How- 
ever, they will be directed primarily to the evaluation of 
various coefficients entering into differential equations 
of motions. The most important of these are the co- 
efficients of damping forces, and the acute need of further 

research on these was pointed out earlier. 
Towing tank data on ship-model motions in head 

regular seas appear to be satisfactory and are in reason- 

ably good agreement with calculated motions at model 
speeds which are higher than synchronous speed. Model 
test data appear to be unreliable for speeds below syn- 
chronism because of the interference of waves reflected 
from the towing tank walls, Abkowitz (8-1956a). The 
only measurements available to date in a wide maneuver- 
ing tank, Numata (1957), indicate considerable dif- 

ferences in model motions from the results obtained in 
long tanks at and below synchronous speed. Since ships 
are always operated below syuchronous speed in heavy 
weather, the additional experimental research in wide 
tanks in the low speed range is necessary. 

Model tests in towing tanks have given clear quali- 
tative information on the magnitude of bending moments 
as functions of encountered waves. This information, 
in agreement with theory and with meager data obtained 
at sea, shows that a ship’s bending moment is much 
smaller than is indicated by static calculations. Static 
calculations exaggerate bending moments even if the 

Smith effect is taken into account. The inertial forces of 
ship masses and hydrodynamic forces resulting from 
interaction of a ship and waves further reduce bending 
moments. Rationally computed as well as experi- 
mentally measured bending moments are much smaller 
than statically computed ones in any given regular wave. 
On the other hand, individual waves in a typical irreg- 
ular sea are often much steeper than the 1:20 wave used 
in conventional static calculations. As a result, the 

actual bending moments in irregular sea are of the same 
order of magnitude as conventionally computed ones in 
the case of normal cargo ships. 

Nevertheless it is recommended that the research in 
further development of rational methods of bending- 
moment calculations be pursued. The research in this 

303 

domain already has indicated that the bending moment 
experienced by a ship is a relatively small difference of 
several large static and dynamic components of different 
signs. It can be imagined readily that, in an irregular 
sea, an unfavorable combination of several components 
may occur from time to time. Unusually high stresses 
may then result. Such an oceasional unfavorable com- 
bination may explain the recorded occurrence of high 
stresses under apparently muild-weather 
Section 6. 

Quantitatively, significant differences are observed in 
bending-moment behavior as measured on models by 
different investigators. These differences are partic- 
ularly conspicuous in the variation of bending moments 
with model speed and in the amount by which the sagging 

stresses exceed the hogging ones. Further model re- 

search in bending-moment and shear distribution is, 
therefore, recommended. The probability of important 
wall interference in long tanks indicates that research 

programs in wide tanks are needed. 
8.4 Nonlinear Theories. Previous remarks on the 

rational theory of ship motions and bending moments 
were based on a linear theory. The significance of non- 
linearity in defining ship motions at large amplitudes is 

uncertain, and carrying out of nonlinear calculations of 
motions was suggested in Chapter 3. However, effect of 

nonlinearity on motions is not believed to be important 
for ships of normal form, and this direction of research 
can be assigned a lower priority than the calculations 
and measurements of mean added masses and damping 
forces. This opinion is based on the fact that ship mo- 
tions are obtained by double integration of accelerations 
‘caused by hydrodynamic forces. Nonlinearities cause 
certain short-duration deviations of instantaneous forces 
from the mean harmonic variation. The effect of these 
short-duration variations is smoothed out in the process 
of double integration®! and the motions are mainly de- 
fined by the mean energy transfer between a ship and 
waves. 

A different situation exists in the case of bending 
moments. The variations of local displacement and 
hydrodynamic forces are felt instantly by a ship’s struc- 

ture while inertial forces depend on the ship’s motions. 
The bending moments are caused by the unbalance 
among hydrodynamic and inertial forces and, therefore, 
can be expected to be sensit ve to nonlinearities. The 
increase of sagging bending moments of destroyers with 
the wave height and a ship’s speed (Sato, 1951; Lewis 
and Dalze'l, 1958) is suspected to be caused by non- 
linearities resulting from the submersion of a flared bow 
in waves. The foregoing discussion and the model ex- 
periments indicate that the motions remain nearly har- 
monic in regular waves and are not changed appreciably 
even by slamming. Hence, the instantaneous hydrody- 
namic forces can be calculated considering the actual 

conditions, 

34 The expression ‘‘double integration’? should not be considered 
as applicable to calculations but rather as the description of a 
physical process in which time is needed for accelerations to develop 
velocities, and for velocities to develop body displacements. 
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conditions of submergence, velocity, and acceleration at 
sach ship section while computing these latter on the 
basis of the linear theory of motions. Only a pioneer- 
ing attempt in this direction was made by Dalzell (1959) 
and further work of this type 1s suggested. 

8.5 Ship Motions in Seven Degrees of Freedom.” 
Measurements of stresses on ships at sea (E. V. Lewis, 
1957c), shown in Figs. 46 and 47, indicate frequent 
occurrences of high bending stresses in other than head 
waves. The necessary material for rational analysis is 
completely lacking in this case. First of all, a reliable 
knowledge of the directional sea spectrum is necessary 
and is not yet available. Next, the calculations of ship 
motions in seven degrees of freedom*® must be formu- 
lated. The formulation of the equations of motions 
has been accomplished by Ixriloff (8-1898) and is also 
found in aeronautical literature. A large amount of 
theoretical and experimental research is needed, how- 
ever, for evaluation of the necessary coefficients of 
differential equations of motion. This subject was dis- 
cussed in greater detail in Chapter 3. However, the 
subject is again emphasized here because the data of 
E. V. Lewis’ (1957c) report indicate the significance of 
oblique sea conditions in causing large ship bending 
moments. 

8.6—Slamming: 8.61—Bottom impact. The problem 
of ship slamming has been treated quite inadequately in 
the past. No clear distinction has been made between 
(a) the high pressure significant for the bottom plating, 
(b) the total bottom impact force causing ship vibrations 
and affecting ship bending moments, and (c) the force 
resulting from the submersion of a flared bow of ships 
designed for high speed. The loads, listed under (b) 
and (c), are applied to a ship’s structure with such a 
rapidity that ship vibrations are excited. The relation- 
ship between the load and the stress cannot be deter- 
mined in this case by the rules of statics and it is neces- 
sary to investigate the elastic response of a ship’s struc- 
ture. It appears that little attention has been given 
so far to the study of these elastic effects. 

Theoretical evaluation of bottom pressures in slam- 
ming has been developed only in the past few years by 
Szebehely and bis associates at the David Taylor Model 
Basin. This activity was based on theories of H. Wag- 
ner which had been found valid in seaplane engineering 
for surfaces of large deadrise (say over 10 deg). In the 
case of ships, the theory apparently gave good results 
in the estimate of the total impact force when the edges 
of the wetted area reached the turn of the bilge. It 
indicated, however, peak pressures sometimes exceeding 
1300 psi, which apparently are many times higher than 
those measured at sea or estimated from ship-damage 
observations. 

Attention should be called to the fact that these high 
pressures are indicated both by Wagner’s expanding- 
plate and Wagner’s spray-root theories. The first of 
these, however, is intended to represent the total force 

% Surge, sidesway, heave, rolling, yawing, pitching and rudder 
motion. 
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acting on a plate, but does not represent correctly the 
flow condition at the edge of the wetted area. The 
spray-root theory represents these conditions correctly, 
provided the deadrise angle is not too small. It is a 
potential-flow theory and it remains valid as long as the 
fluid velocities change not too rapidly with distance; 
ie., the velocity gradient is small. If the velocity 

gradient is large, the viscosity becomes significant and the 
potential flow breaks down. These conditions can be 
expected to occur at a spray root of a V-section with a 
very small deadrise angle. Flat bottoms or bottoms 
with excessively small deadrise should be avoided in the 
fore parts of ships. As long as they are used, however, 
research on the impact of such surfaces is recommended. 
It should represent an extension of Wagner’s work but 
should not be an indiscriminate application of it. The 
physical conditions existing at a low deadrise should be 
taken into account. 

The application of Wagner’s expanding-plate theory 
to the calculation of the total impact force involves the 
concept of an added mass. Very high forces at low 
deadrises result from the consideration of the added 
masses of water as though they were real masses of a 
fixed magnitude. In this approach a force of infinite 
magnitude is predicted in the case of a flat-bottom 
impact. After reaching this point, the writers on the 
subject usually invoke the elasticity of water or of a 
body’s structure in order to explain this physically im- 
possible result. However, a quantitative analysis of 
the effect of these elasticities is lacking. Two alternate 
research programs can be suggested here: (a) The de- 
velopment of an impact theory in which the hydrody- 
namic mass is derived on the basis of true physical con- 
ditions*® and is not assumed in advance. (b) The 
quantitative evaluation of the effects of water’s and 
ship structure’s elasticity. 

The research directed to obtaining reliable experi- 
mental data on impact pressures is recommended. As 
this was suggested in Chapter 2, the mean pressure over a 
certain bottom area should be measured rather than a 
peak pressure at an isolated gage. The size of the area 
should correspond to a typical area of a ship’s bottom 
plating between supports. 

8.62 Slamming—submersion of a flared bow. In 

the foregoing paragraphs attention was concentrated on 
the aspects of slamming which affect the bottom plating 
and which define the total forces resulting from bottom 
impacts of cargo ships. It is suggested that such cal- 
culations as were made by Bledsoe (3-1956) for cargo- 

type ships be extended to cover the full submersion of a 
flared destroyer bow. In this case the impact lasts an 
appreciable amount of time*” and the impact force must 
be presented as a function of time. Typical combina- 
tions of the ship and wave motions should be assumed. 
These can be obtained either from model tests or from 

36 Not forgetting the extremely rapid changes of the flow pattern 
with time, and the effects of viscosity when the velocity gradient 
becomes excessive. 

37 Of the order of 1 sec. 
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calculations of motions. Basing the entire investiga- 
tion on calculations can be expected to yield more con- 
sistent results from which it will be easier to derive 
various trends. Unlike the bottom impact of cargo 
ships, the force acting on a submerged destroyer bow 
consists of the static buoyancy and of dynamic pressure 
forces of the same order of magnitude. The measure- 
ments of the time history of the hydrodynamic force 
during flared bow submergence is also recommended. 
This can be done on models in towing tanks. Care must 
be taken to consider the hydrodynamic force and not the 
model’s elastic response. The latter appears to differ 
from the response of a full-size ship. 

8.7. A Ship’s Elastic Response. By far the most 
neglected and most needed field of research in ship 
stresses lies in the determination of a ship’s elastic re- 
sponse to a slamming impact. This subject was out- 
lined in Section 5.5. The importance of it was demon- 
strated by the preliminary data on destroyer tests pub- 
lished by Warnsinck and St. Denis (38-1957, NSMB 

Symp.). In these tests the bending stress amidships 
was more than doubled by the slamming impact.* 
The important feature of the impact action is the fact 
that the critical stress does not occur at the time of im- 
pact but some time later. The first effect of the impact 
is to excite ship vibrations of all modes. The super- 
position of several modes of vibration defines the tran- 
sient state. During the transient state, the initial peak 
hogging bending moment at the point of an impact 
eradually but rapidly changes to the peak alternating 
hogging-sagging moment slightly forward of amidships. 
This is associated with a two-node mode of vibration. 
In the transient process, dangerous peaks of stress may 
occur at structural discontinuities and also at discon- 
tinuities of mass distribution. The bending stress of the 
two-node vibration is superposed over the maxima of 
several bending-moment cycles which occur at the fre- 
quency of wave encounter. Not only the maximum 
stress is often more than doubled but also a large num- 
ber of stress fluctuations is thereby produced. 

8.71 Suggested procedure in research on elastic 
response. As has been stated already, the research 
in the elastic response of ships appears to be in 
its infancy. Very few references were found in the 
literature and these were mentioned in Section 5.5. 
These references had given a rather incomplete treat- 
ment of an impact on a slender beam and have not yet 
considered a complete ship structure. In its entirety, 
the problem is evidently extremely complicated. In 
order to formulate a fruitful research and to make rapid 
progress, it is necessary to subdivide it in its composite 
parts. 

It appears to the author that it is possible in the first 
approximation to separate the impact investigations 
from the investigations of the vibratory characteristics of 
ships. A large literature already exists in regard to the 

38 Previous data were obtained on slow cargo ships and indicated 
bending moment increases of the order of 20 per cent. 
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latter.2® It deals with free vibrations and with the 

steady-state forced harmonic vibrations. ‘The most 
important results of investigations are the evaluation of 
the locations of nodal points and of frequency of dif- 
ferent vibration modes. Next in importance, and ap- 
parently less developed, is the experimental evaluation of 
damping characteristics for different modes. The deter- 
mination of these characteristics for higher modes is 
important in evaluating the transient vibration after 
impact. 

An analysis of the impact response can be simplified by 

assuming the location of the nodal points and of fre- 
quencies of vibration as they are found from the afore- 
mentioned analysis of harmonic-vibration characteris- 
tics. The analysis of an impact response can then be 
made assuming the structure to be an artificial simple 
slender beam limited to the modes of vibration described. 
The problem is reduced to finding the amplitude of each 
mode of vibration as a function of an impulse Pr and its 
location with respect to the locations of nodal points. 

It is believed that the simplest form of solution will be 
obtained with a rectangular impulse of a localized uni- 
form force P acting over an extremely short time 7. A 
certain distribution of impulses along a ship’s length will 
be necessary in order to represent a pressure area of a 
given magnitude. Tor the more slowly applied impacts 
of flared bows, such as are found in destroyers, an ad- 
ditional distribution of impacts with time will be neces- 
sary. 

In the form of research suggested above the problem 
is subdivided in four stages: 

1 Determination of frequencies and locations of nodal 
points for a number of vibrational modes. An evaluation 
of the corresponding damping characteristics (by analysis 
of experiments). 

2. Distribution of amplitudes excited in all significant 
modes by a single impulse. A simple beam theory is 
used, but the beam is artificial in that it is limited to the 

vibration characteristics found under (1): 
3 After completion of the foregoing solution, the 

transient time history of deflection and stresses can be 
computed readily by simple summation of deflections 
caused by all vibratory modes along the entire length of a 
ship. 

4 Superposition of deflections caused by impulses 
distributed along a ship’s length and with time in order 
to represent an actual force distribution. 

Some readers may not agree with the simplifying order 
of procedure suggested and may formulate another ap- 
proach. The author only wishes to emphasize the 
importance of the research in this field and the need to 
simplify the complicated problem. It appears to him 
that a principle “to divide and to conquer” is a promising 
approach, which moreover, permits spreading the work 
among many investigators. Apart from the funda- 

39 The investigation of a ship’s structural characteristics is out- 
side the scope of the present monograph. The following two refer- 
ences can be given, however, as illustrating the latest achievements 
in this field: MeGoldrick and Russo (1955) and Csupor (1956). 
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mental difficulties in formulating a satisfactory ap- 
proach, the difficulties are expected in the attainable 
accuracy of evaluating characteristics of bigher modes of 
vibration. These may be important in the early stages 
of the transient process. They also may be important 
in defining stress upsurge at structural and mass discon- 
tinuities. 

8.72 Experimental data on elastic response. The 

experimental data on structural responses to impulses are 
evidently needed. The organization of experiments and 
the reporting of test data should correspond to theoretical 
outline given. The deflections and stresses must be re- 
ported as functions of time as well as of the location 
along the beam. [Experiments with simple rods in a 
structural laboratory will serve to verify the simple beam 
theory. Built-up ship-like structures may be used in a 
laboratory in order to verify the “artificial-beam”’ ap- 
proach suggested earlier. Observations on ships at sea 
must include the installation of a series of strain gages 
along a ship’s length. Simultaneous records must be 
taken so as to bring out the time history of all gage 
readings. Care must be taken in locating the gages to 
make them represent the general structure and to be free 
from areas of structural or mass discontinuities. The 
effects of these latter must be investigated separately by 
additional groups of gages. 

It has been mentioned frequently that slamming has a 
great effect on bending stresses in destroyers and only a 
mild effect on cargo ships. . It is suggested therefore that 
sea research on elastic response to slamming be made on 
destroyers or other ships designed for high speed. This 
research will require a more elaborate strain-gage in- 
stallation than is common in the bending-moment re- 
search. As much investigation as possible should be 
done in harbor since the difficulties of maintaining the 
extensive equipment at sea were emphasized in the work 
on the SS Ocean Vulcan. 

The strain-gage installation should be supplemented 
by the optical deflection measurement similar to those 
used by Kempf on the SS Hamburg and Schnadel on the 
MS San Francisco. However, a continuous optical 
recording must be devised to investigate the time de- 
pendence of deflections and to permit the harmonic 
analyses of these. 

It is conceivable that the entire research project on a 
ship at sea can be based on the optical method of de- 
flection measurement. The extreme difficulty and 
tediousness of an extensive strain-gage installation 
thereby can be avoided and only a few strain gages in 
accessible locations need be used. The optical equip- 
ment can be of semi-portable type requiring a minimum 
modification of a sbip’s structure. 

8.8 Statistical Studies. The statistical studies of 
ship stresses in relation to the ambient weather were 
illustrated in Section 6 by an abstract of data obtained 
on two C-3 cargo ships. The work of this kind should 
be continued but more attention should be given to 
reporting weather conditions. It is suggested that a 
complete copy of a ship’s weather log be included in the 
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reports on stresses. The author does not consider the 
wave forecasts or hindeasts on the basis of meteorological 
data to be sufficiently accurate for judging the relation- 
ships to ship stresses. A weak part of the weather 
descriptions, as it is used at present, is the lack of clear 
distinction between swell and wind sea. It is very 
difficult to make this distinction visually even in moder- 
ate weather and impossible to do so in a wind of Beau- 
fort 6 and above. The value of stress measurements, 

such as were made on C-3 ships, would be enhanced if 
ships were equipped with shipborne wave recorders. 
From the analysis of wave records the presence of a 
swell can be detected. On large ships, however, the 
available wave recorders (Tucker’s) do not give satis- 
factory records of moderate wind sea. This is caused 
by the depth of the gage installation and the resultant 
attenuation of the effects of small waves. 

E. V. Lewis’ (1957c) report on stresses on two C-3 
type ships indicated a frequent occurrence of high 
stresses in moderate wind conditions. It is almost cer- 
tain that in such conditions the stresses are caused 
primarily by swells. A simple method of photographing 
the radar screen (Roll, 83-1952) gives a valuable quanti- 
tative information regarding the direction and wave 
lengths of the swells. It is recommended that the 
simple equipment needed for this purpose and the routine 
operating procedures were developed for making these 
recordings in connection with the measurement of ship 
stresses. The swell heights can be determined if a 
shipborne wave recorder also is available. 

The research in evaluating the maximum bending 
moments, expected at sea, must continue. It should 
not be limited, however, to pure statistical extrapolation 
of existing stress measurements. Instead a rational 
method must be developed in which the physical sea 
conditions and ship dynamics are taken into account. 
This was discussed in greater detail in Section 7.1. 

8.9 Condensed Summary. In the research aimed at 
defining the bending stresses acting on ships at sea, two 
broad domains particularly must be emphasized. These 
are: 

1 The evaluation of wave conditions at sea in terms of 

directional spectra. 
2 Evaluation of the elastic response of a ship to a 

slamming impact. This appears to be particularly im- 
portant for ship forms designed for high speed. 

In these two domains the available knowledge is in- 
sufficient and the uncertainties of stress estimates are 
excessively large. Immediately next in importance is: 

3 Evaluation of ship motions with seven degrees of 
freedom (including rudder motions) and resultant ship 
stresses. These motions and stresses occur in oblique 

irregular waves. 

9 Condensed List of Suggested Research Topics 

1 Bending Moment Analysis of several ships is sug- 

gested using equations of motion with variable coef- 
ficients, Section 2.2. The linearized theory (using con- 
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stant coefficients) can be assumed to hold for ship 
motions, but instantaneous values of coefficients, taken 
as functions of the draft, are to be taken for bending 
moment analysis. 

2 Bending Moment Analysis of ships to which the 
linear theory does not apply is suggested. This includes 
such forms, for instance, as the yacht discussed by 
Korvin-Kroukovsky and Jacobs (3-1957) and a shallow- 

draft vessel of Akita and Ochi (3-1955). In this ease 
the variability of coefficients must be considered in 
‘alculations of motions, as well as bending stresses, and 

the project involves step-by-step numerical integration 

or the use of an analog computer. 
3 Effect of Attenuation of the Wave Profile as the 

wave progresses along the ship should be investigated. 
In the strip method of calculation, based on WKorvin- 
Kroukovsky and Jacobs (38-1957) and Jacobs (1958), 

this effect is neglected. Therefore, usually it is not pos- 
sible to achieve the closing of the bending-moment 

diagram, and calculations are based on the front half of 
a ship’s length. The method of correcting for the wave 
attentuation can be based on Grim (8-1957b, second 
part). In addition to closing of the bending-moment 

diagram, the improvement can be expected in the evalua- 
tion of phase relationships. These relationships are 
sensitive to cross-coupling coefficients which are directly 
affected by the wave attenuation. Stresses are in turn 
sensitive to phase relationships. 

4 Development of the Control Over Ship’s Loading 
is suggested in order to avoid excessive ship stresses. 
It was shown in Sections 3.1 and 3.2 (MS San Francisco 
and SS Ocean Vulcan) that bending moment caused by 

a ship’s loading often doubled the wave-caused moment. 
5 Correlation of the Computed and Measured Bend- 

ing Moment on ships at sea can be made broadly follow- 
ing the technique of Schnadel and Admiralty Ship Weld- 
ing Committee, Sections 3.1 and 3.2. However, con- 

siderable refinement in the instrumentation and analysis 

isneeded. Continuous and simultaneous recording of all 

data must be provided. The method of recording must 
be co-ordinated with the available methods of analysis 
so that a larger proportion of the obtained data could be 
utilized than heretofore has been possible. The instru- 
mentation should include a shipborne wave-height 
indicator (at present Tucker’s), preferably installed 
somewhat ahead of the front end of bilge keels in order 
to reduce the ship’s hull interference. The properties 

of irregular waves must be considered in reconstruction 
of wave profiles. The wave height at positions different 
from the place at which the height is measured conceiv- 
ably can be evaluated by methods of Fuchs (38-1952 

and Cote (1-1954). 
The author does not believe that it is practical to use 

enough pressure gages to evaluate the total hydrody- 
namic force with sufficient precision. He suggests, 
therefore, that pressure measurements and their correla- 

tion with theory be made only on one or two ship sections. 
Other correlations would be limited to ship motions, 

bending moments and deflections. 
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Past experience indicates the difficulty of maintaining 
at sea the instruments installed at the ship’s bottom. 
Therefore, it is suggested that strain gages at the deck 
only be used at sea and that their relationship to bending 
moments be established by calibration in port. Asin the 
case of pressure gages, one or two ship sections In ac- 
cessible location (engine room) can be equipped com- 
pletely with strain gages. 

It is recommended that a suitable towing-tank test be 
conducted on the model of a ship used in sea observa- 
tions. The data from such an auxiliary project will 
help in interpretation of the data obtained at sea, and 
also may be used to fill in the missing data, for instance, 

because of malfunctioning of isolated transducers. 
6 Relationship Between Hogging and Sagging Bend- 

ing Moments should be investigated further by theory 
and model tests. The data of Schnadel, Lewis, and Ochi 
agree in showing that the sagging moment is larger, but 
disagree on the relative magnitudes (see the end of 
Section 4.2). The ratio of the sagging to hogging bend- 

ing moments depends, of course, on the type of ship. 
7 Limiting Value of Bending Moments in head seas 

should be investigated by using nonlinear theory and 
computational procedure. The technique is similar to 
that indicated in project 2; ship motions and bending 
moments are to be evaluated employing step-by-step 
integration of the coupled pitch-heave equations of mo- 
tion with time-dependent coefficients evaluated on 
the basis of instantaneous conditions. A suitable section 
of a typical long-crested irregular wave pattern is to be 
chosen and calculations should cover several wave cycles, 

starting with a quiescent period and running through the 
group of highest and steepest waves. It is suggested 
that the investigation be made in irregular waves, since 
the phase relationships in a continuous train of regular 
waves may be different from those in a group of a few 

high irregular waves, and since bending moments are 
strongly affected by phase relationships. Calculations 
should be repeated for a few sea conditions of increasing 
severity in order to establish the relationship among bend- 
ing moments and statistically defined sea conditions. 
Once the computational programming is developed, the 

additional cases can be evaluated on high-speed com- 
puters with but little additional labor. 

8 Bending-Moment Measurements on Models should 
be made under conditions analogous to the ones outlined 

in project 7. It should be emphasized that project 7 
has for its aim the detailed explanation of the limiting 
ship stress conditions; it is not a statistical project. 

Project 8 has for its first objective the comparison of 

theoretical (from project 7) and experimental values. 
However, this project can be continued to the second 
objective; namely, to establish statistically the fre- 
quency distribution of high bending moments in a 
sufficiently long typical irregular wave pattern. In a 
towing tank of limited length, the long irregular sea 
pattern can be composed of a number of short test runs 
in successive sections of a continuous pattern. 

9 Bending-Moment Measurements on Models in 
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Short-Crested Oblique Seas should be made in wide 
tanks, a number of which is now becoming available. 

The ship log studies of E. V. Lewis, Section 6, indicated 
that high stresses occurred in light seas and in beam seas 
although at a lower frequency than in high and head 
seas. It is theoretically conceivable that critical 
bending-moment conditions may occur in steep oblique 
or beam short-crested waves of too small a length to be 

critical in head waves. 
The vertical and lateral bending moments should be 

measured in these tests and/or strains should be re- 
corded on both sides of the deck. In particular, the 
models representing ships with large metacentric height 
may develop severe rolling and in so doing generate 
large unsymmetrical stresses (see end of Section 6). 
These programs, therefore, must include variation of the 
metacentric height. Realistic short-crested irregular 
wave system should be used in these tests, and exaggera- 
tion of natural sea conditions should be avoided. 

10 Model Experiments on Slamming of cargo-type 
ships are needed. Previous experiments of Lum, E. V. 
Lewis, Akita and Ochi, Section 5.1, clarified the general 

pattern of events, but more complete and detailed in- 
formation is needed for the correlation with theory, which 
is necessary for the proper understanding of the slamming 
process. In particular, it is important to record all 

events simultaneously as functions of time, and to dis- 
tinguish among approach conditions, the impact process 
and subsequent vibration. It is suggested that experi- 
ments be made in reasonably realistic irregular sea con- 
ditions at practical values of a light ship draft. Most of 
the experiments in the past were made in regular waves 

and the models were made to slam by artificial means, 
such as unusually steep regular waves or unusually 
shallow draft and unusual ship forms. 

In the approach conditions, it is desired to evaluate the 
relative ship-wave vertical velocity and the local wave 
profile in the impact area. In the impact process, the 
development of the wetted area and of the total hydro- 
dynamic force with time should be recorded. This 
process in cargo-type ships is extremely rapid and high- 
speed recording is needed. The low-speed records, 
such as are shown in Figs. 39 and 41, do not permit 
sufficiently accurate evaluation of the force develop- 
ment with time. The time at which a slam occurs can 
be established by preliminary tests in reproducible ir- 
regular wave pattern in a towing tank. The short in- 

terval of time of particular interest in a continuous wave 
pattern can be covered in subsequent tests with high- 
speed recording; i.e., open time scale. 

Open-scale recording also is needed for the history of 
slam-caused free vibrations in order to evaluate the 
effect of transients and to correlate with a theory. It is 
emphasized that it is impossible to obtain the combined 
hydrodynamic and structural response similarity for the 
model to represent directly a full-size ship. Therefore 
the history of model vibrations should be used for veri- 
fication of the elastic-response theory and the latter 
subsequently applied to full-size ships. 

THEORY OF SEAKEEPING 

In pressure measurements, a thorough investigation 
must be made of the transducer and recording-system 
frequency response. Also it should be remembered that, 
according to Wagner’s theory, the recorded pressure will 
be a function of the pressure-gage area. 

11 Records of Slams of Ships at Sea should be 
obtained. The observations reported by Warnsinck 
and St. Denis, Section 5.3 and Fig. 40, can be taken asa 
euide, but should be improved by instrumental recording 
of wave profiles. The use of the more open time scale 
is suggested in order to permit a more complete analysis 
of the initial stages of the impact and of the subsequent 
free vibrations. Strain-gage instrumentation should per- 
mit tracing of the time history of shear and bending- 
moment variation along the length of a ship. Tests in 
waves at sea should be supplemented by investigation of 
ship structural properties in calm water, including forced- 
vibration tests and derivation of damping coefficients 
in several vibration modes. These calibration tests should 
be made in a sufficiently deep water, since hydrodynamic 
masses and damping are strongly affected by water 
shallowness. 

12 Effort to Evaluate Water Pressure Experienced 
in Slamming should be continued using theoretical 
methods, model tests in towing tanks, and observations 
at sea. The first two of these approaches may err in 
stipulating unrealistically severe conditions. There- 
fore, sea observations are particularly valuable in 
establishing pressures encountered in practical operating 

conditions. 

It should be remembered that there is no uniquely de- 
fined figure for the magnitude of the water impact pres- 
sure. It depends on ship-motion characteristics, details 
of the bottom shape, and operating conditions of a ship, 

Section 5.4. In model tests the size and frequency re- 
sponse of a gage also affect recorded pressure. 

13. Efforts to Develop a Suitable Theory for Flat- 
Bottom Impact are needed. Presently available Wag- 
ner’s theories fail in case of a flat bottom. 

14 Methods of Theoretical Analysis Should Be Sought 
for the Impact of Surfaces of Very Small (Vanishing) 
Deadrise. An approach different from Wagner’s 
expanding-plate theory should be sought in that the 
evaluation of the hydrodynamic mass may differ from 
the one derived by analogy with a fully submerged 
plate in a steady flow. The approach also may differ 
from Wagner’s spray-root theory in that the potential 
theory is expected to fail locally as the result of large 
velocity gradient in the spray-root region at a small 
deadrise surface. This is expected to cause a reduction 
of peak pressures given by potential theory. 

15 Impact of a Flat or Small Deadrise Surface on 

the Rippled Water Surface Should be Investigated. 
The impact of a body on smooth water surface hereto- 
fore has been investigated in theoretical and model- 
test approaches to the impact problem. It corresponds 
to a ship slamming in a smooth-surfaced swell in the ab- 
sence of any wind. While such a condition may occur 
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at sea, it is by no means common. Usually swells, or 
waves of sufficient length to cause ship motions, are 
covered by an endless variety of small waves, chop, and 
ripple. These have the effect of cushioning the impact of 
the nearly flat bottom found in most cargo ships. Theo- 
retical efforts and model tests are suggested for the in- 
vestigation of the impact pressure and total impact force 
in these conditions. Theoretical work is visualized as 
progressing in two stages: (a) The impact on a single 
sharp wave crest can be investigated and the history 
of the force development can be expressed as a function 
of the wave steepness; Le., the degree of the crest 

sharpness. (b) The results can be generalized by 
methods of mathematical statistics to represent the 
impact on a set of small waves which are characterized 
by the high-frequency end of a wave-energy spectrum. 

16 Evaluation of Hydrodynamic Masses for High 
Vibration Modes is needed. The solution of the problem 
was given initially by F. M. Lewis (38-1929) and J. Lock- 

wood Taylor (8-1930b) and the masses for the two 
lowest modes were computed. The differences between 

these two investigators were resolved, and a more com- 

plete solution was presented by Macagno and Land- 
weber (3-1958) together with numerical data for the two- 

node vibration. The extension of this work to higher 
modes (at least to the seventh) is visualized under the 

project here suggested, Section 5.53. 

17 Evaluation of the Internal Damping Characteris- 
tics of ship hulls is needed for use in the analysis of slam- 
caused transient vibrations. The discussion given in 
Section 5.53 indicates the inadequacy of the currently 
available data. 

18 Methods of Introducing Variable (Frequency- 

Dependent) Damping Into the Finite-Difference Com- 
putational Solution of slam-excited vibration should be 
developed. This is needed in order to represent faith- 
fully the transient state of the slam-excited vibration and 
the experimentally observed variability of the apparent 
vibration period with time. While it is not practical to 
distinguish among vibration modes in this method, the 
variable damping can be set as a function of instan- 
taneous values of O4y/Ox!, O4y/dx70t?, and O*y/Ol! as 
shown by equation (12). 

19 Active Theoretical Work in Analytical Solution of 
Slam-Excited Vibration is Recommended, and is given 
a high priority in the present list of research topics. 
This can be considered as a continuation of the work of 
Ormondroyd and of Ochi, Section 5.52. Mathematical 
difficulties so far have limited this work to the vibration 
of beams of uniform section, considering only flexural 
deflections. While a complete solution of the problem 
for a true ship structure is desirable in principle, the 
possibility of obtaining it in the near future appears to 

be remote. However, it appears to the author that a 
simple short cut in this procedure exists and may bring 
about a quick and comprehensive solution. It may be 
assumed that positions of nodal points and the normal 
mode frequencies computed for a free vibration will 

309 

remain sensibly unchanged in a slam-caused vibration.” 
A number of methods now exist for the evaluation of these 
for ship hulls (McGoldrick et al, 1953; McGoldrick, 

1954; Csupor, 1956). These methods take into con- 
sideration the variability of structural properties along 
ship’s length, flexural and shear deflections, and rotary 
inertia. The activity under this proposed project can 
be directed to evaluating the distribution of the momenta 
and energies among various vibration modes. The work 
of Ochi (1958e) in applying the method of least work 

for this evaluation can be used as a starting point. Once 
the energy contained in each mode (and therefore the 
corresponding amplitude) is evaluated, the time history 
of the entire process is obtained by a simple summation 
of time and position dependent deflections, using appro- 
priate added masses and damping. 

20 Experimental Measurements of Elastic Response 
of Structures*! to slam-like impact are needed for the 
dual purpose of 1) providing the knowledge of the 
physical behavior of structures and thereby setting tar- 
gets for the future analytical work; and 2) providing 
experimental data for comparison with completed sec- 
tions of analytical work. In connection with 2), strue- 
tural tests must be planned for a series of structures of 

increasing complexity. The following steps are sug- 
gested: 

(a) Slender steel and brass bars. A uniform section 

bar flexural theory is expected to be applicable. 
(b) A thin-walled tube (steel and brass) in the air 

and also floating half submerged on water. A uniform- 
bar theory based on flexural and shear deflections is 
expected to be applicable. 

(c) <A built-up steel girder of uniform section and of 
structure generally similar to those used in ships. Longi- 
tudinal and transverse-framing types may be compared. 
A uniform bar theory based on flexural and shear de- 
flections and considering rotary inertia is expected to be 
applicable with greater emphasis on shear than in sub- 
project (0). 

(d) A complete ship model, reproducing a ship in 
essential structural properties, such as for instance used 
by Ochi and Sato, Sections 4.2 and 4.3. Models with 
transverse and longitudinal framing are suggested. 

In all cases a slam-like impact of a known force-time 
pattern should be applied and simultaneous time history 
of deflections at a number of points along the beam length 
should be recorded. Sufficiently close spacing of meas- 
uring points should be used to permit the comparison 
of experimental and analytical data at higher vibration 
modes. In steps (c) and (d) the design of instrumenta- 
tion should aim at distinguishing between flexural and 
shear deflections. In all cases the impact tests should be 
supplemented by forced-vibration tests to establish 
elastic characteristics of structures at all vibration 
modes. 

ean assumption appears to be implicitly included in Ochi’s 
WOrk. 

‘1 This project corresponds to Lewis and Gerard (1958) project 
III-3-2. 
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Direct objectives of the tests are to provide data for 
comparison with analytical work, to evaluate internal 
damping,*? and, in structures alternately tested while 
floating on water, to evaluate added masses. 

In tests made in the air a free-free condition may be 
achieved by suspending a structure on a number of light- 
weight long springs of low spring constant. 

21 Investigation and Well-Defined Statement of 

Similarity Relationships should be developed for ships 
and models involving hydrodynamic loading and the 
elastic response of the structure, Section 5.54. It 

appears at the moment that the strong dependence of 

the structural damping (hysteresis) on vibration fre- 
quency prevents direct comparison of models and full- 
size ships. It is necessary to establish what information 
can be obtained in model tests and how it should be 
interpreted to indicate the ship behavior. The investiga- 
tion suggested here also has bearing on the comparison 
of sea-observation data obtained on ships of different 

sizes and types. 

22 Parallel Investigation of Transient Elastic Vibra- 
tions on a Ship and a Model is suggested. For this pur- 
pose the model listed in project 20 item (d) should cor- 
respond to an available ship. Also the model test con- 
ditions should include those practical for the ship, such 
for instance, as the dropping of an anchor. The sup- 
plementary steady-state vibration tests on the model 
should be produced in a manner similar to those pro- 
duced by the vibrator available for the ship. 

23 Detailed Step-by-Step Calculation of Forces Act- 
ing on a High-Speed Ship Model and the Resultant 
Model Vibrations is recommended as a further develop- 
ment of the pioneering attempt by Dalzell, 1959, Section 
5.55. It is suggested that such investigation be made on 
a destroyer model in an irregular sea imitating the con- 
dition reported by Warnsinck and St. Denis (1957). A 
short sample of a wave record can be chosen starting 
with a quiescent period and running through a group of 
high waves. Corresponding ship motions can be esti- 
mated by the linear theory of Fuchs and McCamy 
(3-1953). Such a project will help to develop under- 
standing of the wave and slam-excited vibration of 
destroyers. 

24 Statistical Collection of Bending-Moment Data 
Related to Sea Conditions is recommended. This is to 
be a continuation and further development of E. V. 
Lewis’ activity described in Section 6. It is suggested 

that the weather log as well as the deck log be used in 
reporting sea conditions. It is also suggested that ships 
be equipped by two strain gages, one on the port and one 
on the starboard sides, since unusually high stresses 

conceivably may be caused by the rolling of the ships 
(with excessive metacentric height) in head seas. There- 

fore, the amount of rolling should be recorded, or at least 

commented upon. 

“2 The evaluation of internal damping is emphasized by Lewis 
and Gerard (1958) in their suggested project ILI-3-4. 

THEORY OF SEAKEEPING 

25 Development of a Statistical Method for Predic- 
tion of Wave Steepness in a Specified Wave Length 
and in Specified Wave-Energy Spectrum is recom- 
mended. This is needed in connection with establishing 
the maximum bending moment expected in ships at sea. 
A rather high priority is suggested for this project. 

26 Effect of Discontinuities on the Elastic Response 
should be investigated by experimental and analytic 
means. The experimental data should be obtained to 

establish the pattern of physical events. A suitable 
mathematical model can be formulated after examination 
of this pattern. On the other hand, analytical work can 
be pursued concurrently with the particular aim of 
checking whether the existing vibration theories will 
yield satisfactory results by mere insertion of discon- 
tinuous mass and structural property distributions. It 
is emphasized that discontinuities in mass as well as sec- 
tional property distributions are important. 

27 Experimental Investigation of the Impact of 
Prismatic and Cylindrical Bodies** of the section typical 
of bow sections of ships is suggested in order to help the 
analysis of pressure and forces experienced by ships in 
slamming impact. Two distinct cases are visualized here. 
In sections typical for cargo ships the deadrise angle is 
small, the duration of the force is short, and the vertical 

velocity remains constant during impact. In destroyers 

the duration of the impact is from the first contact to 
the full submergence of the bow; i.e., about a quarter 
of the wave-encounter eycle. The vertical velocity is 

variable from maximum at the beginning to zero at the 
end. Attention should be paid to choosing realistic 
velocities. The results of this investigation subsequently 
can be used to evaluate the total impact force by the 
strip method. 

Nomenclature 

Symbols listed at the end of Chapter 2 and in Appendix 
C apply unless otherwise stated. Additional symbols 
are as follows: 

b = damping coefficient 
b; = damping coefficient caused by water 
E = modulus of elasticity 
G@ = shear modulus 
I = moment of inertia of a hull section 

k'AG = effective shear rigidity of a hull section 
m = amass; mass per unit of a beam’s length 
m™m = mass per unit length of ship structure, equipment and 

load (the overbar may be omitted when there is no 
ambiguity ) 

m” = hydrodynamic mass 
n = number of nodal points; also used as a subscript for a 

vibration mode designation 
P = impacting force 

P(t) = impacting force as a function of time 
P(z, t) = exciting force as a function of position and time 

p(t) = exciting force per unit of mass, also per unit of a beam’s 
length 

q = damping factor (defined in Section 5.53) 
r = radius of gyration of a hull section 

a, = characteristic numbers defined under equation (11) 
6 = logarithmic decrement 

43 Lewis and Gerard (1958) project 4-3-1 is here relevant. An 
extension of this project to investigate the effect of rigidity of a 
built-up structure was suggested by Lewis and Gerard in the 
project III-3-1. 
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nny ns = Wave-height ratios (Ochi, Section 4.2) 
n = coefhicient of tangential viscosity \equations (12) 
& = coefficient of normal viscosity and (14) 
7 = duration (usually short) of an impacting force 
w = circular frequency 

w, = circular frequency of n-node vibration 

BIBLIOGRAPHY 
(For code of abbreviations, see page 218.) 

Akita, Yoshio (1957), “Bending Moment of Ships in a 
Seaway,” SNAME of Japan, translation by I<azuo 
Ochi, SIT Davidson Laboratory Note 459, December 
1957. 

Alexander, F. H. (1911), ‘The Influence of Longitudinal 
Distribution of Weight Upon Bending Moments of 

Ships Among Waves,” Trans. INA, vol. 8, 1911, pp. 
100-117 and plates 9 and 10. 

Arnold, R. N. (1937), “Impact Stresses in a Freely 
Supported Beam,” Proc. of the Institution of Mech. 
Eners., vol. 137, 1937, pp. 217-281. 

Biermann, W. (1956), ‘Die rechnerische Bestimmung der 

Eigenfrequenz und Wigenschwimmungsformen eines 
Schiffes mit Hilfe von Gelenkketten,’” Schiffstechnik, 

Band 38, Heft 16, April 1956, pp. 202-206. 

Borg, 8. F. (1957), “Some Contributions to the Wedge- 
Water Entry Problem,” Proe. Amer. Soc. of Civ. 
Engrs. Mech. Div., April 1957. 

Borg, 8. F. (1958a), “Blunt Nosed Wedge Water Entry,” 
SIT Davidson Laboratory Note 468, January 30, 1958. 

Borg, 8. F. (1958b), “A Study of the Length-of-Time 
Effect in Ship Slamming Problems,’’ SIT) Davidson 
Laboratory Note No. 472, March 10, 1958. 

Borg, 8. F. (1958c), “Damping of the Vibrational Os- 

cillations of a Ship Due to a Slam,” SIT Davidson 
Laboratory Note No. 477, March 21, 1958. 

Borg, S. F. (1958d), “A Study of the Model Scaling 
Requirements in Ship Slamming Phenomena,” SIT 

Davidson Laboratory Note No. 478, April 11, 1958. 
Borg, 8. F. (1958e), “A Detailed Explanation of the 

Proposed Method for Determining Shear, Moment 
and Deflection Time Histories of Ship Hulls Subjected 
to Slams,”’ SIT Davidson Laboratory Note No. 485, 
April 22, 1958. 

Borg, 8. F. (1958f), “An Approximate Method for De- 
termining the Response of a Ship Hull (Free-Free 
Beam) in the Elasto-Plastic Range to a Slam Load- 
ing,” SIT Davidson Laboratory Note No. 491, July 
16, 1958. 

Burril, L. C. (1935), “Simple Method of Estimating 
Critical Frequencies,’’ NECI, vol. 51, pp. 259-276 and 
D-87 to D-98. 

Constantini, M. (1938), ‘Vibration in Ships,” Trans. 
INA, vol. 80, 1938, pp. 181-208. 

Csupor, Denis (1956), ‘“Methoden zur Berechnung der 
freien Schwingungen des Schiffskérpers,” JSTG, 50. 
band, 1956, pp. 206-266. 

Dalzell, J. F. (1959), “The Calculation of Forces Causing 
Vibration of a Jointed Destroyer Model in Waves,” 
SIT Davidson Laboratory Report No. 752, July 1959. 

31] 

Does, J. Ch. de (1960), “Experimental Determination 

of Bending Moments for Three Models of Different 

Fullness in Regular Waves,” Int. Shipb. Pr., vol. 7, 
no. 68, April 1960, pp. 139-160. 

Frankland, J. M. (1942), “Effect of Impact on Simple 
Klastic Structures,” DTMB Report 481, April 1942. 

Frankland, J. M. (1948), “Effect of Impact on Simple 
Elastic Structures,” Proc. of the Soc. for Experimental 
Stress Analysis, vol. 6, no. 2, 1948, pp. 7-27. 

I'riese, Th. (1958), “Schwingunestechnische Bedingungen 

fiir die Messung von Schub-und-Drehmomentschwank- 
ungen im Modellversuch,”’ Schiffstechnik, band 5, 
heft 28, September 1958, pp. 149-151. 

Gerritsma, J. (1957), “Experimental Determination of 

Damping, Added Mass and Added Moment of Inertia 
of a Ship Model,” International Shipbuilding Progress, 
vol. 4, no. 38, October 1957. 

Hanaoka, Tatsuro (1957), “Theoretical Investigation 

Concerning Ship Motion in Regular Waves,” Pro- 
ceedings NSMB Symp., 1957, pp. 266-285. 

Heller, S. R. Jr. and Abramson, H. Norman (1959), 

“Hydroelasticity: a New Naval Science,” ASNE, vol. 
71, no. 2, May 1959, pp. 205-210. 

Horn, Fritz (1910), “Die Dynamischen Wirkungen der 
Wellenbewegung auf die Ldngsbeanspruchung des 
Schiffskérpers,’ Verlag von Julius Springer, Berlin, 
1910 (out of print; a microfilm copy can be obtained 
from the Photographic Service of the New York 
Public Library, 42nd Street and 5th Avenue, New 

York 18, N. Y.). 
Jacobs, Winnifred R. (1957), ‘Preliminary Note on the 

Correlation of Calculated and Experimental Shear 
and Bending Moment for a Destroyer Model,” SIT 
Davidson Laboratory Note No. 463, December 1957. 

Jacobs, Winnifred R. (1958), “The Analytical Caleula- 
tion of Ship Bending Moments in Regular Waves,” 
Journal of Ship Research, vol. 2, no. 1, June 1958, pp. 
20-28. 

Jacobs, W. and Maday, A. (1959), “Comparison of Ex- 
perimentally Measured and Theoretically Estimated 

Bending Moments of Three Tanker Models in Regular 
Head Seas,” SIT Davidson Laboratory, Rep. no. 774, 
July 1959. 

Jasper, N. H. (1948), “Vibration Generator Survey of the 
USS Niagara (APA 87),” DTMB Report 699, Decem- 
ber 1948. 

Jasper, H. and Andrews, John N. (1959), ‘Preliminary 
Report of Strains and Motions of USS Ranger (CVA- 
61) During a Voyage Around Cape Horn,” DTMB 
Report 1289, January 1959. 

Jewell, David A. (1960), “A Note on Hydroelasticity,”’ 

J. Ship Res., vol. 3, no. 4, March 1960, pp. 9-12 and 29. 
Johnson, A. J. and Ayling, P. W. (1958), “Graphic 

Presentation of Hull Frequency Data and the In- 
fluence of Deck Houses on Frequency Predictions,” 
Intern. Shipbld. Progr., vol. 5, no. 44, April 1958, pp. 
178-197. 

KXapiloff, E., “The Calculation of Natural Frequencies 
and Normal Modes of Vibration of Ship Hulls by 



312 

Means of the Electrical Analog,’ DT MB Report no. 
742. 

Kkron, G. (1944), “Tensorial Analysis and Equivalent 
Circuits of Elastic Structures,” Journal of the Franklin 

Institute, vol. 238, 1944. 
Kkumai, Toyoji (1958), “Damping Factors in there High 

Modes of Ship Vibration,’ Reports of Research Jn- 
stitute for Applied Mechanics, Kyushu University, 
vol. 6, no. 21, 1958, pp. 25-384 (in English). 

Lehmann, G. (1936), ‘““Bodenschiiden ins Vorschiff und 

die neuen Vorschriften der Klassifications Gesell- 
schaften,” Schiffbau, 1936, p. 129. 

Leonard, R. W. (1958), “On Solutions for the Transient 

Response of Beams,” NACA TN 4244, June 1958. 
Lewis, Edward V. (1954), “Ship Model Tests to Deter- 

mine Bending Moments in Waves,” Trans. SNAME, 
vol. 62, 1954, pp. 426-490. 

Lewis, Edward V. (1957a), “Introductory Remarks on 

Subject 8—Dynamic Forces and Moments in a Sea- 
way,” Eighth International Towing Tank Conference, 
Madrid, 1957; see also SIT-ETT Tech. Memo No. 
117, May 1957. 

Lewis, Edward V. (1957b), “Formal Discussion of Sub- 
ject 8 (Dynamic Forces and Moments in a Seaway),”’ 
at Eighth International Towing Tank Conference, 
Madrid, 1957. 

Lewis, Edward V. (1957c), “Stress Data Obtained on SS 
Mormacmail—Jan. 1955—July 1956 and SS Mormac- 

penn, Aug. 1955—July 1956,”’ Summarized for Panel 

S-10 of SNAME, SIT-ETT, Letter Report No. 605 
(Revised to Oct. 1957). 

Lewis, Edward V. (1957d), “A Study of Midship Bend- 
ing Moments in Irregular Head Seas,” Journal of 

Ship Research, vol. 1, no. 1, April, 1957, pp. 48-54. 
Lewis, Edward V. (1958), Discussion of the paper by 

Ochi (1958), Trans. SNAME, vol. 68, 1958, pp. 869- 
ayflle 

Lewis, Edward V. and Dalzell, John F. (1958), ‘Motion, 

Bending Moment and Shear Measurements on a 
Destroyer Model in Waves,” SIT Davidson Labora- 
tory Report No. 656, April 1958. 

Lewis, Edward V. and Gerard, George (1958), ‘A Long 
Range Research Program in Ship Structural Design,” 
SIT ETT Report No. 703, December 1958. 

Mathewson, A. W. (1949), ‘Preparation of Data for 

Computation of Vertical Flexural Modes of Hull 
Vibration by Digital Process,’ DTMB Report 632, 
September 1949. 

Mathewson, A. W. (1950), “Calculation of the Normal 

Vertical Flexural Modes of Hull Vibration by Digital 
Process,” DTMB Report 706, February 1950. 

McGoldrick, R. T. (1954), “Comparison Between Theo- 
retically and Experimentally Determined Natural 
Frequencies and Modes of Vibration of Ships,” 
DTMB Report No. 906 (1954). 

McGoldrick, R. T. (1957a), “Calculation of the Re- 

sponse of a Ship Hull toa Transient Load by a Digital 
Process,’”? DIT MB Report 1119, 1957. 

MeGoldrick, R. T. (19570), “Buoyancy Effect on Natural 

THEORY OF SEAKEEPING 

Frequency of Vertical Modes of Hull Vibration,’’ J. 
Ship Res., vol. 1, no. 2, July 1957, pp. 47 and 53. 

McGoldrick, Raymond T. and Russo, Vito L. (1955), 
“Hull Vibration Investigation on SS Gopher Mariner,” 
Trans. SNAME, vol. 63, 1955, pp. 4836-494. 

McGoldrick, R. T.; Gleyzal, A. N.; Hess, R. L. and 
Hess, G. KX. Jr. (1953), “Recent Developments in the 
Theory of Ship Vibration,’ DTMB Report 739, 
October 1953. 

Moskovin, D. 8. (1955), “Matrix Method for Evaluation 
of Transient Processes,” (in Russian), Transactions of 
the Second All-Union Conference on Theory of Auto- 
matic Regulation,’ vol. 2, Academy of Sciences 
USSR, Moscow, 1955. 

Naerlovich, Natalya (1958), ‘‘Numerical Methods of 

Computing Vertical Vibrations of Ship’s Hulls,” 
Intern. Shipbldg. Progr., vol. 5, no. 44, April 1958, pp. 
151-162. 

Numata, E. (1957), “Tests of a Model at Low Speeds in 
Regular Head Seas,” SIT-ETT Note No. 448, No- 
vember 1957. 

Numata, Edward (1960), ‘Longitudinal Bending and 
Torsional Moments Acting on a Ship Model at 
Oblique Heading to Waves,” J. Ship Res., vol. 4, no. 1, 
June 1960, pp. 35-48. 

Ochi, Kazuo (1956a), “On the Stress Distribution of Ships 

at the Slamming Speeds,” (in English), Report No. 
19 of Trans. Tech. Res. Inst., March 1956, published 
by The Unyu-Gijutsu Kenkyujo Mejiro, Toshimaku, 
Tokyo, Japan. 

Ochi, Kazuo (1956b), ‘Investigation on the Influence of 
Ship Forms Upon the Strength of Ships Going in 
Waves,” (in English), JZK, vol. 100, Autumn 1956, 
joloy SSH) 

Ochi, Kazuo (1957), “Investigation on the Influence of 
Ship Forms Upon the Strength of Ships Going in 
Waves,” (2nd report, in English), JZK, vol. 101, Spring 
1957, pp. 79-84. 

Ochi, Kazuo (19584), ‘Model Experiments on Ship 
Strength and Slamming in Regular Waves,” Trans. 
SNAME, vol. 66, 1958, pp. 345-383. 

Ochi, Kazuo (1958b), “Experiments on a Destroyer 
Model Moving in Regular Waves,’”’ Committee No. 34 
of Shipbuilding Research Association of Japan, May 
1957; rough translation by Kazuo Ochi, SIT David- 
son Laboratory Note No. 496, September 1958. 

Ochi, Kazuo (1958ce), “Model Experiments on Submarine 
Chaser in Irregular Waves,’’ Committee No. 34 of the 
Shipbuilding Research Association of Japan, May 
1958; rough translation by Kazuo Ochi, SIT David- 
son Laboratory Note No. 499, September 1958. 

Ochi, Kazuo (1958d), “Some Considerations Concerning 
the Effect of Slamming Impact on Hull Structure,” 
SIT Davidson Laboratory Note No. 479, May 1958. 

Ochi, Kazuo (1958e), “The Effect of Slamming Impact 
on a Ship Hull Structure,” SIT Davidson Laboratory 
Note No. 497, September 22, 1958. 

Odenbrett, Clayton (1958), “Log Analyses of C3-S-A2 



LOADS ACTING ON A SHIP AND THE ELASTIC RESPONSE OF A SHIP 

Cargo Ships and C3-S-DXI Schuyler Otis Bland,” 
SIT Davidson Laboratory Note No. 467, February 11, 
1958. 

Ormondroyd, J.; Hess, George K. Jr.; Hess, R. L. 
(1947), “Theoretical Research on the Dynamics of a 
Ship’s Structure,” University of Michigan, Project 
M670-4, June 20, 1947, (unpublished). 

Ormondroyd, J.; Hess, G. K.; Hess, R. L.; and Edman, 

J. L. (1948), “Theoretical Research on the Dynamics 
of a Ship’s Structure,” Second Progress Report 

of Michigan Project 670-4 

1946 to March 31, 1948 (un- 
of the University 
for the period July 1, 
published), 

Ormondroyd, J.; Hess, R. L.; Hess, G. K. Jr. (1949) 
“Third Progress Report on Dynamics of a Ship’s 
Structure Summarizing the Work on a Ship’s Strue- 
ture for the period March 31, 1948 to March 1, 1949,” 

University of Michigan Project M670-4, March 1, 
1949. (Unpublished) 

Ormondroyd, J.; Hess, R. L.; Hess, G. IX. Jr; Wrench, J. 
W. Jr.; Dolph, C.L.;8e hoenberg (1951), ‘Final Report 
on Dynamics of a Ship’s Structure Summarizing the 
Work on Project M670-4 for March 1, 1949 to Sep- 
tember 30, 1949,” Engineering Research Institute, 
University of Michigan, Ann Arbor, unpublished, 
cataloged by Armed Services Technical Information 
Agency as ATI No. 195319 

Petershagen, H. J. (1958), “Be ‘itree zur Theorie erzwun- 

gener Stabvibrationen im Hinblick auf erzwungene 

Vibration des Schiffsrumpfes,” Schiffstechnik, band 5, 
heft 28, September 1958, pp. 151-156. 

Polacheck, H. (1957), “Calculation of Transient Excei- 
tation of Ship Hulls by Finite Difference Methods,” 
DTMB Report No. 1120, 1957 

Radoslavljevié, Lj. B. (1957a), “On the Smith Effect,” 

International Shipbuilding Progress, vol. 4, no. 37, 
1957. 

Radoslavljevié, Lj. B. (1957b), “The Influence of the 
Inclination of the Sides of a Ship on Her Motion in a 
Seaway,” International Shipbuilding Progress, vol. 4, 
no. 38, pp. 542-550. 

Reed, Edward J. (1872), Royal Society, 1872. 
Richardson, J. Wigham (1883), “On the Modes of Es- 

timating the Strains to which Steamers are Subject,” 
INA, vol. 24, 1883, pp. 131-134 and plates 7 and 8 

Robb, A. M. (1918), “An Investigation of the Shearing 
Force and Bending Moment Acting on the Structure 
of a Ship, Including Dynamic Effects,’’ INA, vol. 40, 
1918, pp. 188-203 and plates 26 and 27. 

Salvadori, M. G. (1947), “A Mathematical Treatment of 
the Generalized Hertz Impact of a Mass on a Simply 
Supported Beam,” The Welding Journal, July 1947, 
p. 4268. 

Sato, Masahiko (1951), “Model Experiments on the 
Longitudinal Strength of Ships Running Among 
Waves,” paper presented before SNA, Japan, Autumn 
1951; English translation by Yoshio Akita, SIT-ETT 
Report No. 614, December 1956. 

Schadlovsky, E. (1932), ‘““Uber Rechnung und Messung 

Ss 

der Elastischen Eigenschwingungen von Schiffsk6r- 
pern,” JSTG, vol. 33, pp. 280-335. 

Schnadel, G. (1931), “Tlastizitéts Theory und Versuch,” 
JSTG, 82 band, 1931, pp. 153-181. 

Schnadel, G. (1937/38), ‘Ship Stresses in Rough Water 
in the Light of Investigations Made Upon Motor- 
ship San Francisco,” Trans. NEC, vol. 54, 1937-1938, 
pp. 119-136. 

Sezawa, K. (1932), “Die Wirkung des Enddriickes auf 

die Biegungsschwingung eines Stabes mit innerer 
Dampfung,” ZAMM, 1932 

Sezawa, K. (1936), “Damping Forces in Vibration of a 
Ship,” Trans. SNA of Japan, 1936. 

Sezawa and Watanabe, W. (1936), “Damping Forces in 
Vibration of a Ship,” Jour. of Soe. of Naval Archi- 
tects, Japan, No. 59, 1936. 

Suehiro, K. (1929), “On the Damped Transversal Vi- 
bration of Prismatic Bars,” Bull. Earthq. Res. Inst., 
Tokyo Imp. Uniy., vol. 6, 1929. 

Swaan, Jr. W. A. (1959), ““Amidship Bending Moments 
for Ships in Waves,” International Shipbuilding Pro- 
gress, vol. 6, September 1959, no. 61, pp. 898-408. 

Szebehely, Victor G. (1956), “Preliminary Report on the 
Joimt Royal Netherlands Navy and United States 
Navy Seakeeping Trials,’ SNAME, Appendix to the 
Minutes of the Panel H-7 (Seakeeping Characteristics), 
May 11, 1956. 

Taylor, J. Lockwood (1930a), ‘‘Vibration of Ships,” 
INA, vol. 72, pp. 162-196 and a plate. 

Taylor, J. Lockwood (1930b), “Some Hydrodynamical 
Inertia Coefficients,’ The London, Edinburgh and 
Dublin Philosophical Magazine, series 7, vol. 9, 1930, 
pp. 161-183. 

Taylor, J. Lockwood (1946), ‘Dynamic Longitudinal 
Strength of Ships,” INA, vol. 88, 1946, pp. 328-336. 

Trilling, Leon (1950), ‘The Impact of a Body on a 
Water Surface at an Arbitrary Angle,” Journal of 
Applied Physics, vol. 21, no. 2, February 1950, pp. 
161-170. 

Voight, H. (1956), ‘Professor Horns Arbeiten zur 

Erforschung von Schiffsschwingungen und Schiffsvi- 
brationen,” Scbiffstechnik, band 38, heft 16, April 
1956, pp. 198-201. 

Ward, L. W. (1956), “Methods for Estimating Impact 
Forces on Ship Appendages,”’ SIT Davidson Labora- 
tory Report No. 616, December 1956. 

Watanabe, Yoshihiro (1957), 1. “The Strength of Ship 
Going Among Waves,” 2. “On the Water-Pressure in 
the Tank due to the Rolling of a Ship,’’ Memoirs of the 
Faculty of Engineering, Kyushu University, vol. 16, 
no. 4, pp. 151-182. 

Weinblum, G. (1956), “Neuere Untersuchungen tiber 

die des Schiff im Seegang beansprucbenden Ixriifte,”’ 
HANSA Zeitschrift. fiir Schiffahrt-Schiffbau—Hafen, 
93 Jahrgang, no. 7/8, February 18, 1956, pp. 352-358. 
Additional Bibliographies will be found i in: Admiralty 
Ship Welding Committee Report No. 8; McGoldrick 
et al (1953); KE. V. Lewis (1957a); Lewis and Gerard 
(1958). 



APPENDIX A | Theory of Simple Waves 

1 The Trochoidal Wave 

In the literature on naval architecture, the ‘‘tro- 
choidal”’ wave has been most often used as a representa- 
tion of asimple wave. This isa purely geometric descrip- 
tion, shown in Fig. 1. The shape of the water surface is 

generated by a point on the smaller of two concentric 
circles (radius r) rotating together with the larger one of 
radius R. The latter rolls through an angle @ on an 
imaginary horizontal track located at a certain height 
above the still-water surface. By virtue of this geometry, 
the instantaneous co-ordinates of the point P on the small 
circle, i.e., the co-ordinates 2 and y of the described tro- 
choidal curve, are given by the parametric equations 

ve = Ré+rsiné 

y — ih -- 7 cosié 
(1) 

The origin of the horizontal co-ordinates x is at the 
wave hollow and the angle @ is measured from the lower 

vertical, passing through the center of the generating 
circle. The ordinates y are measured downwards from 

the track x — x. A conspicuous feature of the trochoidal 
curve is sharper curvature at the wave crest and a lesser 
curvature at the wave troughs. This difference is ag- 

gravated as r increases and approaches R. At r = R, 
the wave crest takes the form of a sharp cusp. In this 
case the wave height would be 2R and, since wave length 
h = 27F, the minimum ratio of wave length to height 
would be 3.14. Such a wave height never occurs in na- 
ture, and is not compatible with the theory of potential 
waves discussed in the next section. For waves having 

a height-to-length ratio often found in nature, such as 
159 for instance, the trochoidal curve agrees well with 

experimental tank observations. 

Equations (1) merely define the trochoidal form, but 

do not give any indication of its relation to the still-water 
level. This relation is defined by the condition that the 
total water volume above this level must be equal to the 
one below. In order to satisfy this condition, the line 
of centers of the rolling circles must be located 7?/2R 
above the still-water level. 

The dynamic characteristics of the wave, such as its 

velocity of propagation and pressure gradients, are 
derived from the condition that a uniform atmospheric 
pressure acts on each part of its surface. Since there is 
no pressure gradient along the surface, there is no fluid 
acceleration in this direction, and all fluid accelerations 
at the free surface are normal to it. This fact will be seen 

later to play an important part in the theory of ship 
rolling. In this connection, this was demonstrated ex- 
perimentally by W. Froude (1861), who fitted a pen- 
dulum over a small float and found that the pendulum 
remained in its still-water position normal to the float, 
regardless of the inclinations taken by the float in waves 
in a towing tank. He found this to hold even when the 
float was partially inverted on the forward face of a 
breaking wave. 

Certain values of the circular frequency w and of the 
wave celerity c are needed to fulfill the foregoing con- 
ditions. The acceleration of a water particle at the sur- 
face must be such that, combined with the acceleration 
of gravity g, it would give the total acceleration normal to 

the trochoidal surface. On this basis, the following rela- 
tionships have been established : 

Wave celerity ¢ = Vn 2a 

= 2.26 Vd ft (fps) = 1.34 Vd ft (knots) 

Wave period (sec) T = d/c = V2ad/g = 0442 Writ 

Wave length (ft) \ = 0.0196c? (fps) 

= (.57/c? (knots) = 5.11837 

A water particle, initially at rest in still water, is lifted 
at the approach of the wave crest, moved forward at the 
crest, lowered at the approach of the hollow and moved 
aft at the hollow. It thus describes a complete circle of 
radius r at the circular frequency w, the complete circular 

path being accomplished in the passage of one wave; 1.e., 
in the period 7. This is known as the oribital motion, 
and the particle velocity as the orbital velocity. The 
whole mass of water in the immediate vicinity of a 
particle goes through approximately the same motion, 
so that there is no significant rotation of the particle or 
of the small mass of water in relation to the ambient 

water. However, any initial rectangular mass a b cd, as 
shown cross-hatched in Fig. 2, is distorted into a’ b’ c’ d’ 
in such a way that the motion is not “irrotational” or 
“potential” from the point of view of hydrodynamics, and 
cannot be represented in a simple form needed for the 
solution of most hydrodynamic problems. This severely 
limits the practical usefulness of this theory. 

A very simple and well-developed exposition of the 
trochoidal theory—from the naval architect’s point. of 

view—is given by Manning (1-1942, pages 1-7).! A 

1 Reference to sections, equations, figures and bibliography will 
be designated by chapter number and section, equation, figure, or 
bibliography; reference noted is to Manning, chapter 1 (1942). 
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more mathematical presentation will be found in Lamb 

(1-D pages 421-423), Milne-Thomson (1-F pages 381— 
385), and, in a more complete form, in Kochin (1-C pages 
441-448). The extension of the theory to shallow water 

is given by O’Brien and Mason (1-G pages 28, 29). 
Historically, introduction of the trochoidal theory into 

Naval Architecture was rather unfortunate. As men- 
tioned before, it cannot be used in most hydrodynamic 
problems. It fails in defining the maximum possible 
wave height. The vertical position of the trochoidal 
curve on the water surface is not included in the basic 
definition, and has to be evaluated independently. 
Finally, it does not indicate the ‘‘mass transport,” 1.e., 
the greater amount of water surge in the direction of 
wave propagation at wave crests than in the return back- 
ward movement at wave troughs, which is clearly ob- 
servable in nature. All of these characteristics form an 
integral part of the potential theory of gravity waves of 
finite amplitude. Moreover, the potential theory of 
waves of finite amplitude gives a wave profile which, like 
the trochoidal one, is in agreement with observations 
for waves of moderate height. In other words, the 
trochoidal form and the form of waves of finite height 
are identical within the obtainable accuracy of experi- 
mental observations although mathematically they 
always differ in the terms of higher order. 

2 Potential Theory of Surface Waves 

2.1 Outline of Theory, Velocity Potential, Wave 

Elevation and Celerity. The theory of two-dimensional 
gravity waves on the surface of water is usually known 
as “potential theory of surface waves.’’ The wave crests 
are of infinite length, uniformly spaced and parallel to 
each other, and are advancing in the direction normal to 
them at a certain celerity c. The word ‘‘celerity”’ is used 
for this velocity of propagation of wave form, to dis- 
tinguish it from the water-particle velocity U, which is 
usually very much smaller than c. With infinitely long 
and uniform wave crests, the various functional rela- 
tionships involved in the wave description remain un- 
changed for any change of position along the direction 
parallel to the wave crests. Only the distances x meas- 
ured in the direction of wave propagation, and the verti- 
cal distances y have any effect on these functions. Such 
waves are therefore often referred to as two-dimensional. 
Since the wave form advances with celerity c, the wave 
elevation (as well as all other functions involved, such as 
pressure for instance) depends on time ¢, as well as on the 
distances « and y; that is, all relationships involved 
have the general form F(z, y, t). 

Water is assumed to be inviscid and incompressible; 
its motion can therefore start from rest only by pres- 
sures or impulses acting normally to any water surface 
or boundary. Such a motion is called “irrotational” 
or “potential” and is characterized by the existence of 
the velocity potential ¢@ and of the stream function y 
such that 
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Horizontal component of water velocity 

u = —0¢/d0x = —Oy/dy 

r + (2) 

Vertical component of water velocity 

v = —0¢/dy = Oy/dz, 

where the origin of co-ordinates is taken at the water 
surface, positive x is in the direction of the wave propaga- 
tion, and y is positive in the upward direction; i.e., it is 
negative throughout the region occupied by the water. 

In any form of potential flow, the functions ¢ and wy 
satisfy Laplace’s equations: 

Vd = (0°4/de*) + (0% /2y)=0 3) Il 

and 

Viv = (0%Y/dx2) + (d2y/dy2) = 0 (4) 
Solution of a hydrodynamic problem (in this case the 

wave motion) consists of finding relationships between 
the function ¢ or y and the co-ordinates v and y such that 

the Laplace equations are satisfied. In addition, such a 
solution must satisfy the geometric and dynamic condi- 
tions existing at various boundaries of the fluid. In the 
case of two-dimensional waves in water of uniform depth 
h, three boundary conditions are to be satisfied: 

(i) At the bottom (—y = h), the vertical velocity is 
nil; 1.e., 

Op — = 0 5 (5) 
(ii) At the free surface, the vertical velocity of the 

water particles, » = —0O¢/Oy, must be the same as the 
vertical velocity of the surface itself, 0n/Ot, where n de- 
notes the wave elevation; 1.e., 

Ory On 
ot ( =e © 

(iii) The atmospheric pressure acting on the free 
surface is uniform. 

In connection with condition (iii), it should be noted 

that the theory of surface waves treats the propagation 
of free waves solely under the action of gravitational and 
inertial forces. Neither the method of generating waves 
nor the exciting or damping effect of air motions is in- 
cluded here. These are treated separately in Chapter 1. 
Condition (iii) is put into mathematical form by use of 
Bernoulli’s equation for time-dependent flows with 

gravity force gn: 

gn + 1/2(u? + v?) — 0¢/ot = F(t) 

where F(#) is an arbitrary function of time resulting from 
integration of Euler’s equations of motion. 

Including F(¢) in 0¢/Ot: 

n= 1 o¢ = 7 (u2 + v2) (7) 

In the first-order theory, usually referred to as the 
theory of ‘waves of small amplitudes,” simplifying as- 
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Table 1 Properties of Harmonic Deep-Water Waves 

Surface profile. ... n = acos k(x — ct) 

Velocity potential... . @ = —ace™ sin k (x — ct) 
y= Stream function. . —ace™ cog k(x — ct) 

: : = —0d¢o/dx = —dy/ 
Horizontal water velocity. Ve Pies M oy 

fl = kace™ cos k(x — ct) 

Vertical water velocity . ee ah koe aye 
= kace™ sin k(x — ¢ . | k ca k( t) 

oN g rv \'72 
Wave celerity. . i bs 

1 (3) 21 

gT ; 
to 2 6 Lx 

20 by 

F 27rc? 219g gT? 
Wave length. . == =—— =~ pln" 

g a? 21 

21 )? f dar? 
Wave number........ ee — 

aN g c? gT? 

Pressure **. . ae p = apge™ cos k(x — cl) 

Horiz. pressure gradient** Oop/dx = —apgke' sin k(« — cl) 

Vert. pressure gradient**. odp/dy = apgke’” cos k(x — ct) 

: = 2a 
Maximum wave slope She = se 

* X in feet, c in feet per sec. ** Exclusive of hydrostatic. 

sumptions are made in evaluating boundary conditions 
(ii) and (iii). In the first case it is assumed that condi- 

tion (ii) is fulfilled at the undisturbed water level y = 0 

instead of at y = 7, 1.e., condition (41) is written as 

On/Ot = (—0¢/0Y)y=0 (8) 

In the second case the squares of the small perturba- 
tion velocities wu and v are neglected in comparison with 
O¢/Ot, and (ii) reduces to 

(1-simplified ) 

(9) (iui-simplified) » = 

The simplified conditions (11) and (ii) can be combined 

to form 

(iv) (10) a ae) a = Oat y=0) 

which is usually referred to as the free-surface condition: 
In the present work the notation conforms to the 

sketch at the top of Table 1. The origin of co-ordinates 
(cx = 0, y = 0 at t = O) is taken at the still-water level 
under the wave crest. The x-co-ordinates, the wave 
celerity c, and the horizontal component wu of the water 
velocity are positive to the right. The ordinates y and 
the vertical components v of the water velocity are posi- 
tive in the upward direction; i.e. below the still-water 
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level, y has negative values. The water depth h is taken 
as a positive quantity. 

The Laplace equation (3) and the boundary conditions 
(i) and (iv) are satisfied by the expression for the com- 
plex potential (Milne-Thomson, 1-F, p. 357, modified 
for change in the origin of the co-ordinates from nodal 

point to crest and from bottom to still-water level): 

sin(kz + tkh = ket) 

sinh kh 
w=o+iv = —ac (11) 

where z = x + iy, k is written for 27/\ and a is the 

amplitude, or more exactly half the wave height meas- 
ured from trough to crest. Separation of real and 
imaginary parts gives the velocity potential: 

cosh k(y + h) 
—ac —— — 

sinh kh 
¢= sin k(vw — et) (12) 

and the stream function 

_sinh k(y + h) 

sinh kh 
y= -—ac cos k(v — ct) 

By the use of expression (19) for c?, and noting that ke 
= w (where w is the circular frequency in radians per sec), 

equation (12) can be rewritten in an alternate form: 

ga cosh k(y + h) . 
_ ——“ § 
w cosh kh 

o=- rhk(w — ct) (14) 

For very deep water (i.e., large h; in practice, h > d/2), 
these expressions become 

—ac e” sin k(x — ct) o= 

y = 

(15) 

(16) —ac e” cos k(a — ct) 

The components of the water velocity at any point 

p(x, y) in the water are obtained by partial differentia- 
tion, as shown by equations (2). The resulting expres- 

sions are listed in the summary tables of wave proper- 
ties, (1) and (2). 

The elevations of lines of equal pressure are obtained 
by using expressions (14) and (15) for ¢ in equations (9), 
as follows: 

For water depth h, 

4 cosh k(y + h) 

cosh kh 
R= cos k(x =C5) 

and for deep water, 

n = ae cos k(x — ct) 

In particular, the surface wave profile is obtained by 
letting y = 0. In this case the factors containing hyper- 
bolic functions and the exponential become unity. 

The velocity of wave propagation c is found by insert- 
ing the expressions for @ in the surface condition (iv); 
1e., equation (10), so that: 

For water of depth h, 

; g 2Qah 
C= tanh — 19 

27 ON Me) 
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Table 2 Properties of Harmonic Waves in Water of any 
Depth 

7 = acos k(x — ct) 

w= O+ip 

ac 

Surface profile. . 

Complex potential 
sin (kz + tkh — ckt) 

sinh kh 

cosh k(y +h). 
sin k(x — ct) Velocity potential go = —ac 

sinh kh 

ja cosh k(y +h) . 
= pease sin k(x — ct) 

(a) cosh kh 

sinh k(y + h) 
Stream function. . v= -—ac — — cos k(x — ct) 

sinh kh 

cosh k(y + h) 
uw = ack = 

sinh kh 

: sinh Ky + h) 

Horiz. water velocity cos k(x — ct) 

Vert. water velocity v = ack ; sin k(a — ct) 
sinh kh 

F > gA 
Wave celerity C= tanh kh 

. 21 

cosh k(y + h) 
Pressure p = apg - cos k(x — ct) 

cosh kh 

Horiz. pressure gradient Op/oxr 

cosh k(y +h). P : 
= —apak : —— §In K(x — ct) 

Ps cosh kh 

Vert. pressure gradient Op/Ooy 

sinh k(y + h) 
= apyk Le cos k(x — ct) 

cosh kh 

For very shallow water (h < d/20), this becomes 

(= fp (20) 

and, for deep water (h > d/2), 

ean (21) 
2a 

All characteristics of the deep-water gravity waves are 
summarized for ease of reference in Table 1. The 
characteristics of waves in water of limited depth are 
summarized in Table 2. Table 3 shows the relationships 

among wave length, period, and celerity in deep water. 
2.2 Velocity and Path of Fluid Particles. The total 

velocity of a fluid particle can be obtained by adding 
vectorially the wu and v components: 

U=u+w (22) 

By inserting the values of wand v from Table 1 for deep- 
a DoD 

water waves and letting « = 0 and 2rct/X = owt, 
ta) 

9 _ 2Qrac 5_,) a 
U = —— e?"/* (cos wt — 7 sin wt) 

or 

(23) 
9) p 

U = <7aCc erty » pial 

The particle velocity, therefore, is represented by a vec- 
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tor whose uniform absolute value is 27ac/ at the water 
surface and which rotates at the angular velocity w im 

radians per sec, making a complete revolution in the 
period of the passing wave. The path of the particle at 
the surface is therefore a circle of radius a. The absolute 

value of the velocity vector and the radius of the circular 
path of the particle diminish with depth as e77”. This 
result is identical with the result of the trochoidal-wave 
theory. 
When the wave is in water of limited depth h, the path 

of a particle is elliptical and is defined by the equation 
(Milne-Thomson, 1-F, page 356; Coulson, 1-A, page 

78) 

(24) 

where & and 7 are the horizontal and vertical dis- 

placements of a particle from its initial still-water posi- 
tion, and a and 6 are semi-axes of the ellipses: 

a cosh k(h + y) 

sinh kh 
(25) 

— asinh k(h + y) 

sinh kh 

Here, k is again written for brevity in place of 27/n. 
All the ellipses have the same distance 2a/sinh kh be- 
tween their foci, but the semi-axes a and 6 diminish 

with depth and 6 vanishes at the bottom, y = —h, where 
water particles have a rectilinear motion between foci. 

The theory as outlined in the foregoing, i.e., based on 
the simplifying assumptions (ii) and (111) shown by equa- 
tions (8) and (9), is known as the linear theory, or theory 
of waves of small amplitude. The wave described by 
equation (18) is known as a “simple harmonic wave.” 
The derivation becomes exact for vanishingly small wave 
amplitude a. With waves of growing height the true 
surface profile, which is practically trochoidal, deviates 
increasingly from equation (18). However, the profile of 
such a wave can be represented by a Fourier series of 

simple harmonic waves, and in that case equation (18) 
represents the first term (the first harmonic) of such a 

series. Equations (15), (16) and (18) represent the 

simplest form of gravity wave. As such, they are in- 
dispensable as the basic material from which any type 

wave can be constructed by a suitable superposition of a 

number of simple forms. 

‘ 

2.3. Pressure and Pressure Gradient. A wave charac- 
teristic which is often needed in analyses of engineering 
structures (including ships) is the pressure acting at any 
point in water. Within a first approximation, equation 
(9) for example, the pressure is given by 

Op 
ot 

where p is the mass density of water 2 lb per cu ft for sea 
water. For water of limited depth h, on the basis of 

equation (12) 

p=p (26) 
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Table 3 Properties of Simple Waves. From Robert L. Wiegel (1-K) 

G | Xr ; ’ 3 Cc, y , 5 | C, ’ , ’ ’ , 

sec fps knots ft sec fps | knots ft sec | fps | knots] ft sec fps knots ft 

0.5 2.56 ey 1.28 | 720 35.8 21.2 251 |e sal fabs) 69.0) 40.9 933 20.0 102.4 | 60.6 2047 
0.6 SUV 1.82 | 1.84 | ial 36.3 | 21.5 | 258 |} 13.6 69.6 41.2 947 20.1 102.9 | 60.9 2068 
0.7 3.58 2.12 now dee 36.8 21.8 265 eet S3a7A 70.1 41.5 961 20.2 103.4 | 61.2 2088 
0.8 4.09 | 2.42 3.28 Lia) 37.4 22.1 (aes 13.8 70.6 41.8 975 20.3 103:.9 6125 2109 

0.9 A561) 2573 4.15 7.4 She D |" 2264 280 | 1359 yAleal 42.1 989 20.4 104.4 61.8 2130 
1.0 5.12 3.03 5.2 7/33) 38.4 22.7: 288 14.0 71.6 42.4 1004 20.5 104.9 62.1 2151 
Tel 550300) ue oeos 6.19 7.6 38.9 23.0 296 14.1 Hee 42.7 1018 20.6 | 105.4 62.4 2172 
ie 6.14 3.64 7.37 Lad. 39.4 | 23.3 | 304 14.2 i2aL 43.0 1032 20.7 105.9 62.7 2193 
1.3 6.65 3.94 8.65 7.8 | 39.9 | 23.6 312 14.3 73.2 | 43.3 | 1047 20.8 | 106.4 | 63.0 | 2214 
1.4 Tis Lid: 4.24 10.0 739 40.4 | 23.9 320 14.4 73.7 43.6 1062 20.9 107.0 6353: 0\|) 2235 
1900 ||) 47.68 4.55 1125, 8.0 40.9 | 24.2 328 | 1435 | 74:2 43.9 1076 21.0 | 107.5° | 63.6 | 2257 
Tee 8.19 4.85 T3ik 8.1 41.4 24.5 | 336 | 14.6 74.7 44.2 1091 2a 108.0 63-9) 492278 
lis? 8.70 Belo 14.8 8.2 42.0 24.8 | 344 14.7 Tee 44.5 1106 21.2 108.5 64.2 2300 
1.8 OF2t |) 5645 16.6 Biase Bea 25 riley! 353 14.8 752: 44.8 1121 Calves) 109.0 64.5 | 2322 
1.9 Sete 5.76 18.5 8.4 43.0 | 25.4 361 14.9 76.2 | 45.1 1137 21.4 | 109.5 | 64.8 2344 
2.0 10:2) 6.06 | 20:5 8.5 43.5 rLaee/ 370 15.0 76.8 45.4 1152 PANEL) 110 65.1 2366 
2.1 LOS 7 6.36 22.6 8.6 44.0 26.1 | 379 Teyaal 77.3 45.8 1167 2156 110.5 | 65.4 | 2388 
2ne, 11.2 6.67 24.8 8.7 | 44.5 26.4 388 allay 7 77.8 46.1 1183 2057 abate 65.8 2410 
223 11.8 6.97 risa! 8.8 45.0 26.7 | 397 bes 78.3 46.4 1199 21.8 111.6 66.0 2432 
2.4 12.3 7.27 290 | 8.9 | 45.6 27.0 | 406 15.4 78.8 46.7 | 1214 PAN) 112.1 | 66.4 2455 
250 12.8 798 || 3220 | 9.0 46.1 (ee) 415 Gy) 793 47.0 1230 22.0 112.6 | 66.7 | 2477 
2.6 1353 7.88 34.6 9.1 46.6 27.6 | 424 | 15.6 79.8 47.3 1246 22.0 | 113.1 67.0 2500 
Ql 13.8 8.18 37.3 9.2 47.1 27.9 433 I TS 80.4 47.6 1262 ene 113.6 6753 2522 
258) 14.3 8.48 40.1 9.3 47.6 28.2 | 442 | 15.8 80.9 47.9 L277 22nd 14a 67.6 2545 
2.9) 14.8 8.79 43.0 || 9.4 48.1 28.5 | 452 1529) 81.4 48.2 1293 22.4 114.6 67.9 2568 
3.0 15.4 eal 46.1 9.5 48.6 | 28.8 | 461 16.0 81.9 48.5 1310) | 22,0 || llbe2 68.2 2591 
Ball 15f9) 9.4 49.2 9.6 49.1 2951 471 16s 82.4 48.8 1326 22,0 0| oll5a7 | 685) 2614 
ame 16.4 Cy) 52.4 9.7 | 49.6 | 29.4 | 481 16.2 82.9 49.1 1343 |eceeew eM LiGa2 68.8 2637 
Bins) 16.9 10.0 5on6 9.8 50.2 29.7 491 16.3 83.4 49.4 1359 | 22.8 116.7 69.1 2661 
3.4 17.4 10:3 592 9.9 50d 30.0 502 16.4 | 83.9 49.7 1376 } 22.9) Asse | 6954 2684 
3.5 lyfe) 10.6 62.7 10.0 5l.2 30.3 512 16.5 84.4 50.0 1393 |ies2320 Leet | 20987, 2707 
3.6 18.4 10.9 66.4 10.1 51.7 30.6 522 16.6 85.0 50.3 1410 23h 118.2 70.0 2731 
Sia 18.9 M2 70.1 | ills 4) Gyser 30.9 533 16.7 85.5 50.6 1427 23.2 | LUBe7 70.3 2755 
3.8 19:4 } 11.5 (EE) 10.3 527 312 1 543 16.8 | 86.0 50.9 1444 2303" |) 10972 70.6 2779 
3},0) 20.0 11.8 Vso 10.4 53.2 Sieo 554 16;.9 86.5 51.2 1461 | 23.4 | 119.8 70.9 2803 
4.0 20.5 iya3l 81.9 LORS 53.7 31.8 564 | 17.0 87.0 | 51.5 1479 | 23.5: |!) 120.3 Y Aly 2827 
4.1 21.0 12.4 86.1 10.6 54.2 32.1 575 || 17.1 87.5 51.8 1496 23.6 | 120.8 715 2851 
4.2 21.5 12.7 90.3 10.7 54.8 32.4 | 586 1752 88.0 52.1 | 1514 23.7 lelis | 718 2875 
Ass 22.0 13.0 94.7 10.8 ERE} 32.7 597 Wiss 88.5 52.4 1531 |) 23-8: | 1228 || -72e1 2899 
4.4 22.5 1333 Oona 10.9 55.8 33.0 608 \) 17.4 89.0 52.7 1549 239) 12223) 72.4 2924 
4.5 23.0 1366 104 11.0 56.3 gaps 620 17.5 89.6 53.0 1567 24.0 122.8 ea 2948 
4.6 2350 139 108 alia 56.8 | 33.6 | 631 | 17.6 90.1 53.3 1585 24.1 123.3 7320 2973 
4.7 24.0 14.2 113 ee Lifer} | shi) 642 V7.7 90.6 53.6 | 1603 | 24.2 123.8 73.3 | 2997 
4.8 24.6 14.5 118 11.3 57.8 34.2 | 654 alert} O11 53.9 | 1621 24.3 124.4 73.6 | 3022 
4.9 25 eu 14.8 123 11.4 98.3 | 34.5 | 665 17.9 91.6 54.2 1639 24.4 124.9 79) 3047 
5.0 25-6) Toe 128 11.5 58.9 34.8 | 677 18.0 92.1 | 54.5 | 1658 24.5 125.4 74.2 3072 
Bel 26.1 1525: 133 11.6 59.4 35. 689 18.1 92.6 54.8 | 1677 24.6 125.9 74.5 3097 
bid 26.6 1558 138 i y/ Ge) 6) 35.4 701 18.2 93.1 | 55.1 | 1695 24.7 126.4 74.8 3123 
ps} Para 16.1 144 11.8 60.4 35.8 713 18.3 93.6 55.4 1714 24.8 126.9 750 3148 
5.4 27.6 16.4 149 119 60.9 | 36.1 725 18.4 94.2 | 55.8 1732 24.9 127.4 73.4 | 3173 
Bo 28.1 16.7 155 12.0 61.4 36.4 737 18.5 94.7 | 56.1 1751 25.0 128.0 75.7 | 3199 
5.6 28.7 17.0 161 12s 6129) 36.7 750 |} 18.6 | 95.2 | 56.4 1770 raiyai 128.5 76.0 3225 
iad 29.2 17.3 166 Vee: 62.4 | 37.0 762 | 18.7 LK Einyé 54.7 1789 (aay 129.0 76.4 3250 
5.8 29.7 17.6 172 12.3 63.0 | 3753 775 18.8 96.2 57.0 1809 25.3 iW) 76.7 3276 
ee) 30.2 79) 178 12.4 63.5 37.6 | 787 18.9 96.7 57.3 1828 24 130.0 77.0 3302 
6.0 30.7 18.2 184 12:5 64.0 | 37.9 | 800 || 19.0 O72 4) 576 1847 || 25.5 130.5 Tiles 3328 
6.1 31.2 18.5 191 12.6 64.5 38.2 | 813 | i Bal 97.8 | 57.9 1867. | 25.6 131.0 ddaG 3354 

6.2 lod 18.8 197 12.7 65.0 | 38i0 826 ngR2 98.3) 58.2 1886 2087 TS1e5) TER) 3380 
6.3 32.2 19.1 203 12.8 65.5 38.8 | 839 19.3 98.8 58.5 1906 25.8 132.0 78.2 3407 
6.4 32.8 | 19.4 210 1229 66.0 | 39.1 | 852 | 19.4 | 99.3 | 58.8 1926 229 132.6 | 78.5 3433 
6.5 33.3 | 19.7 | 216 13.0 66.5 39.4 865 19.5 | 99.8 | 59.1 1946 26.0 133.1 | 78.8 3460 
G56 h33.0 20.0 223 T3eL) 467004) 39.7: 879 19.6 100.3 59.4 1966 26.1 | 133.6 TAY 3486 
6.7 34.3 (ARS) 230 ilelare 67.6 40.0 892 | 19R7 100.8 LY eY/ 1986 26.2 134.1 79.4 3513 
6.8 | 34.8 20.6 237 | 13.3 68.1 40.3 906 | 19.8 101.3 | 6.0 2006 26.3 134567 |) 7/927) ) 3940 
6.9 Onsen mec so 244 | 13.4 68.6 40.6 919 i) 29E9) 101.8 | 60.3 2027 26.4 13521 80.0 | 3567 

| 

cosh k(y + h) xe When the dimensions of a body are small as compared 
— cos k(a — ct) (27) ee ; ee co : ey 

cosh kh to the wave length, the total force exerted on it by waves 

can be represented in terms of the body volume and pres- 
sure gradient existing instantaneously at a particular 

p = apge™ cos k(x — ct) (28) point under the surface wave. This will often prove to 

be much less laborious than integration of pressures over 

p = apg 

and for deep water, on the basis of equation (15) 

The pressures indicated by equations (27) and (28) are d : 
those due to wave formation only; 1.e., the pressures the body surface, particularly for a complicated body 
which act over and above the hydrostatic pressure py) form. The pressure gradients are obtained by partial 

= —pgy in still water. differentiation of equations (27) and (28) with respect. to 
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x or y, giving: In the horizontal direction, for shallow 

water, 

cosh k(y + h) 
(Op/Ox) = —apg a sin k(a — ct), (29) 

COs v 

and for deep water 

(Op/dx) = —apgke” sin k(x — ct), (30) 

in the vertical direction, for shallow water 

(Op/dy) = apgk sinh Sy cos k(x — ct), (81) 
208. iY 

and for deep water 

(Op/dy) = apgke cos k(x — ct) (32) 

In applying the expressions for the pressure gradients, 
the distinction between the effects of the hydrostatic and 
dynamic gradients should be remembered. In a hydro- 
static case, the force acting on a body is given by 
—(dp/dx) times the volume of the body. It has been 
shown by G. I. Taylor (1-1928) that when the pressure 
gradient is caused by velocities and accelerations in the 
fluid, this relationship is modified and becomes: 

Force = —(d0p/dx)(body volume)(1 + /,) 

where k, is the coefficient of accession to inertia in the 

x-direction in the case of the horizontal force. A similar 
expression is obtained for the vertical force by using the 

derivative 0p/dy, and the k,-value for the vertical direc- 

tion. Fora cylindrical body k, = 1, and the force due 
to a dynamic pressure gradient is double that due to a 

hydrostatic one. 
Now the complete forms sin k(2 — ct) and cos k(a — 

ct), which had to be kept throughout the development, 
since various derivatives had to be taken, can be simplhi- 
fied for two typical cases. 

If a ship, relatively long with respect to the wave 
length, is analyzed at a specified instantaneous location 
on the wave, the time ¢ at this particular instant can be 
considered zero, so that the expressions become sin(277/ 
d) and cos(2mx/d). In another case an analysis may be 
required of time-dependent pressures and forces acting 
on a small body at a fixed location, which can be taken 
as « = 0. The expressions become then functions of 
(2rct/d), and are expressed more conveniently in terms 

of the circular frequency w as sin wt and cos wt. 

3 Waves of Finite Height 

3.1 Stokes’ Waves. In the previous section the ap- 
proximations made in writing the boundary condition 
equations (8), (9) and (10) made the analysis exact only 
for vanishingly small wave height. It has been men- 
tioned already that in the case of a finite wave height this 
analysis gives correct expressions for the first harmonic 
of the wave form expressed by a Fourier series. A brief 
discussion of the theory of waves of finite height will now 
be given in order to support this statement, to demon- 
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strate the significance of the approximation made, and 
to compare the results of the potential theory with the 
trochoidal one. The theory of waves of finite amplitude 
was formulated first by Stokes (1-1847), and was further 
developed and confirmed by Levi-Civita (1-1925), and 
Struick (1-1926). <A brief exposition of it is given by 
Lamb (1-C par. 250, pages 417-420), and the results are 
stated in a simple and convenient form by O’Brien and 
Mason (1-G, pages 14-24). The subject is completely 
missing in other basic texts on hydrodynamics. 

Stokes (1-1847) gives the following expressions for the 
wave in deep water: 

To the second order, 

(n/X) = (a/d) cos kx + r(a/r)? cos 2kx (34) 

and 

c = (g\/27)'” (as in the linear case) 

to the third order, 

(n/X) = (a/d) cos kx + m (a/d)? cos 2kx + 
372(a/d)3 cos 3kx (85) 

and 

© = (gh/2m)'” E aor (“| 

For a wave of length-to-height ratio \/2a = 20, the 
correction to ¢c in the latter case is only 1.25 per cent. 

According to Stokes, equation (35) for a potential 
wave of finite amplitude to the third order of approxima- 
tion coincides with the sum of the first three harmonics of 
the trochoidal form. This is above the accuracy attaina- 
ble in practice in wave generation and measurement. For 

the equation of 7 to the fourth order, and for correspond- 

ing expressions for water of depth h the reader is referred 
to O’Brien and Mason (1-G pp. 15-22). 

From the work of Rayleigh (1-1876) (see Lamb, 1-D, p. 
417, equation 1) it is seen that expression (15) for the 
velocity potential ¢ in deep water is valid within a second 
approximation; correction is needed only for third-order 
and higher approximations. Correction of the first-order 
theory to a second approximation, therefore, involves only 
the relationship between wave height and potential, 
which was mutilated in making the approximations 
shown by equations (8) and (9). Part of the correction 
is to reinstate the terms in velocities uw and v of equation 
(7). Denoting this correction to 7 by Ai using expres- 

sions for wand v listed in Table 1 (for y =0) and substitut- 

ing c? = g\/2m, 
2 

Ay = — — [sin? k(x — ct) + cos? k(w — ct)] (86) 

The second necessary correction Asn to the 7 given by 
equation (8) can be accomplished by the method of R. 
Guilloton (see Korvin-Kroukovsky and Jacobs, 1-1954, 
pages 26, 27). To the first order of approximation equa- 
tion (8) represents a function F(z, 0) and it is desired to 
find F(x, ). Taking the first two terms of the expansion 

in a Taylor’s Series 
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F(x, 9) = F(x, 0) + (n0F(a, 0)/dy) 

Asn then amounts to the second term of expression (37). 

Substituting expression (18) for n, taking its derivative 
with respect to y, and letting y = 0 

Aon = 2(ma?/d) cos? k(x — ct) (38) 

The total correction is therefore 

A(n/d) = (Ain + Aon) /d 

= (2) [cos? k(a — ct) — sin? k(a — ct)] 

a 2 

= —) cos 2k(a — et T (<) te) iG ) 

After letting t = 0 this is seen to be identical with the 
second term of Stoke’s equation (34). 

In a great majority of potential-flow problems con- 

nected with waves, the work is based not on the wave 
height itself, but on the velocity potential of the wave 
motion. The primary purpose of the foregoing discus- 
sion has been to demonstrate that work based on the 
wave-velocity potential is correct within a second-order ap- 
proximation in the potential gravity wave theory. While a 
simple harmonic wave is usually referred to in the intro- 
ductory text of any such work, the results apply in reality 
to very nearly trochoidal wave form. 

3.2 Maximum Wave Height. As the wave height in- 
creases, and the terms of higher order become significant, 
the crest of the wave becomes sharper and sharper, until 
finally it takes the form of a sharp cusp. The value of 
the minimum included angle at the cusp was derived by 
Stokes on the following basis: A uniform velocity —c is 
imposed on the water, so that the waves become sta- 
tionary in space. At the cusp the velocity must be zero, 
and in close vicinity to it the water flow corresponds to 
the one occurring in a re-entrant angle. Using polar co- 
ordinates and the notation indicated in Fig. 3, the velocity 

(39) 

Sketch used in connection 
with Section 3.2 

Fig. 3. 

potential of such a flow is (Lamb, 1-D, par, 63, p. 68 and 
p. 418) 

o@ = Ar” sin no (40) 

The velocity normal to the bounding surface (1.e., at 
i) = S503) 

nAr’—! cos n —(0¢/r0#) = 0 = 

and therefore 

(41) 

32a 

no — n/2. (42) 

The velocity along the surface is 

U = —(0¢/dr) = 

Since the water motion in the wave is solely due to 
gravity and inertial forces, and since the velocity is zero 
at the cusp, the velocity at any vertical distance r cos 6 
below the cusp is 

—nAr®' sin nd at @6= +a (48) 

U = (2gr cos 6)'” (44) 

By equating the exponents of 7, (n — 1) in equation (43) 
and '/, in equation (44), n is evaluated as 3/2. Irom 

equation (42) it then follows that max 6 = a = 7/3; 
therefore the total included angle 2a@ is 120 deg. 

Michell (1-1893) and Havelock (1-1918) found that 
the corresponding limiting wave height from trough to 
crest 7s 0.14 (expressed to two decimal points). Such a 

limiting height is approached in experiments only with a 
perfect wave form. Any irregularity of the wave 
causes a premature breaking of crests. 

3.3. Mass Transport. The volume of water flowing 
between the free surface and a depth y below it is ex- 
pressed by the stream function? 

wv = —ace cos k(x — ct) (45) 

where to the second order of approximation 

y = yo + ae cos k(x — ct) (46) 

Substituting equation (46) into (45) and retaining only 
the first two terms of a serial expansion of the ex- 
ponential, 

vy = —ace [1 + kae* cos k(a — ct)] cos k(a — ct) 

(47) 

The mean rate of flow for the water layer contained 
between the surface and the depth yo can be obtained by 
integration of w over the cycle period 7. The mean rate 
of flow is independent of the position 2, and without loss 
of generality can be evaluated at x = 0. Noting further 
that only terms containing cosine squared in the integral 
contribute to the value of the integral, the mean value of 
y, designated here by y, is 

T 
y= z kateer f cos? 2rt/T dt 

T 0 
(48) 

a af otarcee 

The mean velocity 7 of the water flow at the depth yo 
is obtained by partial differentiation 

—Odp/dyo = k?a2ce2*o (49) 

which is identical with the expression derived by Lamb 
(1-D, p. 419, equation 16). 

As an example, a wave 600 ft long and 30 ft high (a = 
15) can be considered. Its celerity is 55.4 fps. The sur- 
face layer of water is shown by equation (49) to drift at 

“= 

2 Table 1 in this Appendix. 
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A 

Fig. 4 

1.36 fps; ie., a shallow floating object will drift 19.3 
nautical miles ina day. Because of the factor of 2 in the 
exponential, the drift velocity diminishes very rapidly 
with depth. 

4 Wave Energy and Group Velocity 

4.1 Energy per Unit of Sea Surface. The energy 
connected with water motion can be considered from two 
points of view: (a) Energy contained per unit area of sea 
surface, and (b) energy transported by waves through a 
vertical plane normal to the direction of wave propaga- 
tion. 

In considering the first of these aspects, distinction is 
made between the potential and kinetic energy. The 
potential energy is due to the weight of water pg, and its 
elevation or depression with respect to the still-water 
level. For a unit width of the sea surface area, and for 
one wave length, it is defined as 

Ba We pg Se nedx 

Using the artifice of making the wave motion steady by 
superposing the water velocity —c, which is equivalent to 
taking 7 at ¢ = 0 

(50) 

Visa COS ee (51) 

and therefore 

E, = 3/ sa? pgr (52) 

The kinetic energy contained in a body of fluid is de- 
fined in terms of the conditions existing at its boundaries 

Ey = '/2 Sf} (0¢/dn)ds (53) 

where ds is an increment of length taken along the 
boundary. Consider a mass of water contained between 
the free surface, the bottom and two vertical control 
planes spaced one wave length \ apart, as shown in Fig. 4. 
As the integral is taken following these boundaries in the 
clockwise direction, the contribution due to the control 
planes vanishes, as it is equal and opposite in sign on the 
two planes. At the bottom (0¢/dn) = 0, so that the 
only non-vanishing contribution comes from the free 
water surface. With the low wave height assumed in the 
linear theory, the normal surface velocity —d¢/dn can 
be replaced by the vertical one —d¢/dy. Substituting 

=A 

Sketch used in connection with Section 4.1 

the values of 

tone —n0 (54) @ = cx — acsin kx 

and 

—ack sin kx (55) 0g/Oy = 

and omitting the constant term resulting from cv, the 
kinetic energy due to wave motion is found to be 

Ey, = '/sa?pgr (56) 

1e., the potential and kinetic energies in wave motion are 
equal and the total energy is 

KE=H, +f, = oS sl ) oa pg per wave length — (i 

or 

(58) 

4.2 Energy Transfer. The rate at which the wave 
energy is transferred in the direction of wave propagation 
can be evaluated by considering the rate at which the 
work is being done on the water to the right of a vertical 
control plane (Lamb, 1-D, page 383). The control plane 
can be assumed to be located at « = 0. This rate of work 
is evidently a product of the pressure p and the horizon- 

tal water-particle velocity u. Using the previously de- 
rived values of these, the instantaneous rate of work is 

EH = '/,a°pg per unit area of sea surface 

OF/dt = f°, pu dy = pgarke cos? k(x — ct) f2., e% 

(59) 

The mean value of cos? k\(a — ct) over a cycle is 1/2, so that 

finally 

= !/spga?c cos? k(a~ —ct) 

Mean 0F/0t = '/spga?(c/2) (60) 

i.e., the total energy of wave motion in deep water is 

transferred at half the wave celerity. 
4.3 Group Energy. The following is essentially 

quoted from Lamb (1-D Art. 236, pp. 380, 381), with 

minor changes and some abbreviation: 

It has often been noticed that when an isolated group 
of waves, of sensibly the same length, is advancing over 
relatively deep water, the velocity of the group as a whole 
is less than that of the individual waves composing it. 
If attention be fixed on a particular wave, it is seen to 
advance through the group, gradually dying out as it 
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approaches the front, while its former place in the group 
is occupied in succession by other waves which have 
come forward from the rear. 

The simplest analytical representation of such a group 
is obtained by the superposition of two systems of waves 
of the same amplitude, and of nearly, but not quite, the 
same wave length. The corresponding equation of the 
free surface will be of the form 

n = asin (kx — ot) + asin (k’x — wt) 

k)x : o(w = 2a cos {1/2(k 

sin 12 l(k-+ kz —! o(w + w')t (61) 

where w is written for the circular frequency ke = 2ac/X. 
If k, k’ be very nearly equal, the cosine in this expres- 

sion varies very slowly with wv, so that the wave profile at 
any instant has the form of a curve of sines in which the 
amplitude alternates gradually between the values 0 and 
2a. The surface, therefore, presents the appearance of 

a series of groups of waves separated at equal intervals by 
bands of nearly smooth water. Since the distance be- 

tween the centers of two successive groups is 2a/(k — hk’), 
and the time occupied by the system in shifting through 
this space is 27(w — w’), the group-velocity (U, say) is 
= (w — w’)/(k — k’) 

U = dw/dk (62) 

This result holds for any case of waves traveling 
through a uniform medium. In application to waves on 

water of depth h, 

= (2 any 

k 

and therefore, for the group velocity, 

2kh eee Ril (63 
a ( sinh a ey 

The ratio which this bears to the wave celerity ¢ in- 
creases as kh diminishes, being 1/2 when the depth is 
very great, and unity when it is very small, compared 
with the wave length. 

It is observed that the group velocity is identical with 
the rate of transmission of the energy in waves. Indeed, 
an isolated group of waves cannot advance into. still 
water unless its energy is transmitted at the velocity of 

the group. 
4.4 Damping of Waves. The theory of waves dis- 

cussed up to now neglects the viscosity and assumes a 
perfect or inviscid fluid. The waves described by this 
theory represent therefore a ‘conservative system’’; 
i.e., there is no loss or gain of energy, and the total energy 

contained in the system remains constant. Under 
“energy” here is meant the sum of the potential (gravity) 
and kinetic energies. Loss of energy means conversion 
of it into the energy of molecular motion; 1.e., heat. In 
an actual fluid possessing a small viscosity, as is the case 
with water, the equations resulting from the potential 
theory are still found to describe the flow correctly 

U = d(ke) /dk = 
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(Lamb, 1-D, Art. 346, pages 623-625), but there is a 

certain small rate of dissipation of energy due to internal 
friction resulting from the distortion of fluid elements. 
The waves, therefore, cannot propagate without change 
of form, but propagate with gradually and very slowly 
decreasing amplitude. Tquation (58) for the total 
energy per unit area of sea surface can be rewritten as 

E = '/spke?a? (O4) 

and the rate of energy loss expressed as 

d/dt('/spkc?a2) (65) 

From a consideration of the work done by viscous 
forces (Lamb, 1-D, p. 624) the rate of energy dissipation 
1S 

— 2Quk%e?a? (66) 

where yu is the viscosity of water. By equating (65) and 
(66) the rate of decrease of wave amplitude is 

da x 
= —2vk’a 
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dt me 

or 

a = ae 2vk2t (6S) 

where ap is the initial wave amplitude at ¢ = 0, a the 
amplitude at the time ¢, and v is the kinematic viscosity 
= u/p. The time necessary for the wave amplitude to 
be reduced to 1/e of its original amplitude, called the 
modulus of decay, is 

t = d2/8r7? (69) 

Since k is squared in the exponential, the short waves 
with large / are damped rapidly, while the long waves 
with a small / are attenuated extremely slowly. Table 4 
(taken from O’Brien and Mason, 1-G, page 42) gives the 
length of the wave travel in which the amplitude is re- 
duced to 1/e of its initial value. 

Table 4 

Wave Wave Wave Wave 
period, length, celerity, travel, 

sec ft fps miles 

1 oul on S200 
5 128 25.6 102000 

10 512 51.2 3250000 

The foregoing theoretical computations are confirmed 
qualitatively by observing waves in nature. The small 
ripple is found to disappear in a few minutes, while the 
long swells are found to travel hundreds or thousands of 

miles without appreciable attenuation. This slow rate 
of damping of long swells makes it possible to forecast 
the surf conditions, which often have their origin in 

a far distant storm. The rate of amplitude decay just 
given is entirely due to internal friction. In the actual 
sea there is additional and apparently larger dissipation 
of energy due to turbulence and to the breaking of steep 

waves. 
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Fig. 5 Streamlines of water flow in standing waves (from Lamb, I-D) 

5 Standing Waves 

The waves discussed in the foregoing propagate in one 
direction with celerity ¢ and are known as “progressive 
waves,” as distinguished from “standing waves”; in 
these latter, the water particles at crests and troughs 
move up and down in a vertical straight line, while the 
particles at nodal points move to and fro along horizontal 
straight lines. This system can be represented mathe- 
matically by superposing two progressive wave trains 
moving in opposite directions, each with the amplitude 
a/2. It will be convenient first to modify equations 
(13) and (14) by replacing cos k(a — ct) by sin k(a — ct) 
and vice versa. This brings the notation to the form 
used by Lamb (1-D, Art. 228, page 364). Substituting 

(a/2) for (a) in these equations, forming two pairs of 
equations with +c and —c, and using trigonometric re- 
lationships for the sum and difference of two angles, the 
following expressions for the velocity potential and 
stream function are obtained: 

ag cosh k(y + h) 
~ cos kx cos wt (70) g 

w cosh kh 

ag sinh Ky + hy) sin kav cos wt y= (71) 
w cosh kh 

The corresponding streamlines are shown in Fig. 5. 
The relationship between the circular frequency w, wave 
length \ (through k = 27/i) and water depth h is given 
by (Lamb 1-D, page 364): 

w? = gk tanh kh 

The water velocities are found by partial differentiation 
of equation (70) with respect to x and y, 

= = ot = ase ae h) sin kv cos wt (73 

j= Og = + agk sinh ky + A) cos kx cos wt (74) 
Oy w cosh kh. 

and displacements of water particles & and 7» from the 
still-water position (x, y) are obtained by integration of 
the foregoing equations with respect to ¢, and combining 
with equation (72) for w?, 

cosh k(y + h) 

sinh kh 
utr sin kx sin wt (75) 

_ sinh k(y + h) 
: cos kv sin wt 76 

sinh kh vec gonea (76) 

These equations show that the motion of each particle 
is rectilinear and simple harmonic, the direction of each 

motion varying from vertical beneath the crests and hol- 
lows (kx = 0, x, 27, etc.) to horizontal beneath the nodes 

(ka = 7/2, 37/2, etc.). 

The shape of the free surface is obtained from (76) by 
letting y = 0, 

7 = acos kx sin wt (77 

Two cases of standing waves are of greatest interest to 
naval architects; namely, that formed by interaction of 
the wave reflected by a beach or a vertical cliff with the 
oncoming sea wave, and that formed by water oscillating 
in a rectangular tank. The first case needs only to be 
pointed out, since all relationships given in the foregoing 
apply for the case of a complete reflection. In the case 
of partial reflection, the result is a weaker standing-wave 
system superposed on the progressive wave system. 
This is often found in towing tanks when the wave- 
absorbing beach at the end of a tank is not sufficiently 
good. In the actual sea this phenomenon is often mani- 
fested in a sea condition which is much more unfavorable 
for ships near the shore than in the open sea; the Bay of 
Biscay is particularly known in this respect. It has been 
derived theoretically and verified experimentally (Penny 
and Prince, 1-1952; Taylor, 1-1953) that the minimum in- 

cluded angle at the wave crest of a standing wave is 90 
deg, as against 120 deg for the progressive wave system; 
i.e., much steeper waves can be encountered in a stand- 
ing-wave system than in a progressive one. 

5.1 Waves in Rectangular Tanks. The sloshing of 
water in rectangular tanks is an instance of a standing- 
wave system which is of interest to naval architects. The 
basic principles of the problem are discussed by Coulson 
(I-A, Art. 49, page 75) and Lamb (1-D, Art. 190, pages 
283 and Art. 257, pages 440, 441), and in application to 
swimming pools on board ships by Comstock (1-1947). 
All the boundary conditions discussed earlier in connec- 
tion with waves in water of limited depth h are applicable 
in this case, and in addition the normal velocity at tbe 
tank walls must vanish. Equation (72), connecting the 
wave frequency, wave length, and tank depth applies in 
this case, but the possible choice of k-values is now 
limited to certain ratios of tank length or width to wave 
length, 1/2, 1, 2,..., or specifically 
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k? = (2/2)? = w*[(m*/L?) + (n*/W*)] (78) 
where m and n are whole numbers 1, 2, 3,..., L is the 

tank length and W the width. If L > W, the component 
oscillation of the longest period is obtained by making 
m = 1,n = 0; the wave motion is then parallel to the 

long side Z of the rectangle and the wave length \ = 2L. 
The crest is at one end of the tank simultaneously with 
the trough at the other end. The wave component or 
mode corresponding to m = 2, Le., \ = ZL, is often also 

of interest. In this case crests occur simultaneously at 

both ends with the trough in the middle, or vice versa. 

Generally all modes can occur simultaneously, and the 

a = wave amplitude (more exactly, p = pressure 

half the height) r = a polar co-ordinate 

{ = a coefficient ¢t = time 

c = wave celerity T = wave period 

H = wave energy u, v = horizontal 
E,, = kinetic wave energy 

E,, = potential wave energy Wamecatermcelocite 

h = water depth oe 
f= aah) Wavemumber w = complex potential 

gq = acceleration of gravity 

k,, k, = coefficients of accession to inertia a, B = horizontal 
in directions of x and y-axes 

nm = an index 

and vertical 

nents of orbital water velocity 

a = included half-angle at wave cusp 

and 

axes of water-particle path in 

water of limited depth 
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wave elevation is represented by the double Fourier’s 
series. 

7 = DD Gn,» cos (mr2x/L) cos (nr2/W) (79) 

and the velocity potential of each individual mode is 

¢ = ga cosh k(y + h) cos (mrx/L) cos (n7z/W) 
w cosh kh (20) 

In writing these equations the origin of co-ordinates 1s 
taken at one corner of the tank, so that the tank is 

bounded by the vertical planes at x = 0 and L, z = 0 
and W, with y negative downwards, and h the depth of 
the tank. 

a 

Str , 7 = horizontal and vertical displace- 

ments of water particles in 

orbital motion 

= wave surface elevation 
ll a polar co-ordinate 

maximum wave slope 

wave length 

coeflicient of viscosity 

kinematic viscosity, u/p 

mass density 

compo- 
ll 

i] 

velocity potential 

stream function 

circular frequency = 27/7 

vertical semi- 
ll 

EGov wv FY aWes 

ll 



APPENDIX B 

Nomenclature 

The nomenclature on page 90 of Chapter 1 applies in 
general to Appendix B. Additional symbols are as 

follows: 

A= acoefficient; energy 

A,= energy transmitted by normal component of drag 
force, equation (19) 

A,= energy transmitted by tangential component of drag 
force, equation (20) 

“effective dissipative factor,’’ equation (56) 

“effective friction factor’? or ‘‘resistance factor”? in 
work on drag force, equations (37 and 38) 

H,, Ho, H; = equivalent heights of three major waves, 8», 8(1) and 
Bm™ 

T), Ts, 1,= characteristic mean periods of above waves 
a= a coefficient 

sere : Designations of waves, defined 
Bm= “sea” with e < l | as characteristic mean values 

B(1)= intermediate — | ~~ for certain period intervals 
wavec = [ } when a continuous spectrum is 

Bn* = long wave | visualized as subdivided into 
A= Weve | three major intervals (Neu- 

| mann, 1952b) 

a = value of turbulent viscosity u* (U) ina fully developed 
seaway with B = const 

1 Introduction 

In this Appendix the work of Neumann on wave gen- 
eration (1-1948, 1949a and b, 1950, 1952a and 6b)! will 
be outlined. This work is based either on consideration 
of the significant wave, as by Sverdrup and Munk (1- 
1946, 1947), or on taking the sea as composed of three 
predominant wave systems. Neumann’s formulation of 

the continuous sea spectrum (1-1953, 1954, and Pierson 
and Neumann, 1-H) was presented in Section 1-6.2. 

Neumann’s work on wave generation is outstanding 
because: 

(a) The experimental material, either taken from 

previous observations of other oceanographers or ob- 
tained by Neumann himself, covers a very wide range of 
wind and sea conditions and of geographic locations. 

(b) A determined attempt is made in the analysis to 
adhere as closely to the rational procedure as available 
means permit. 

(c) It appears to be the only work on wave develop- 
ment in which the balance of energies transmitted from 
the wind and dissipated in waves is fully discussed. 

1 References to sections, equations, figures, and bibliography 
will be designated by chapter number and section, and so on; 
reference noted is to Neumann, Chapter 1 (1948). 

Newmann’s 1948-1952 Work 

on Wave Generation by Wind 

(d) The mathematical and_ statistical formulations 

are preceded or accompanied by a large amount of physi- 
cal description of sea conditions. 

The author considers the foregoing features (particu- 
larly item c) to be of sufficient importance to warrant a 
comprehensive summary. While the detailed work based 
on the concept of a significant wave or that of three wave 
components is outdated, the work as a whole can still be 

used as a valuable guide for future research. At least it 
has to serve as such until a more modern work of com- 
parable scope appears. Contributions to the theory of 
wave generation found in the literature appear to be 
concerned only with individual facets of the problem. 
Neumann’s 1948-1952 work appears to be the only one 

treating the problem in its entirety. 

In the following exposition an attempt will be made to 
present, in as logical and as short a form as possible, the 
content of six of Neumann’s papers published in the 
years 1948 to 1952. While the mathematics and basic 
concepts involved in these papers are simple, it is not 
always easy to follow Neumann’s logic. The reader is 
warned therefore not to accept the following as an ade- 
quate presentation of Neumann’s work, but to consult 

the original papers for a serious study. The difficulties 
mentioned result primarily from two causes: The work 
represents a transition period from the concept of a simple 

harmonic sea to the spectral presentation developed later; 
also it represents a gradual development of ideas from 
paper to paper, but not quite a continuous one. New 
ideas appear without conspicuous announcement, older 
ones are abandoned without a word, although a good 
deal of the older material is used and is referred to. 
Under no condition, however, can this set of six papers be 
considered as being superseded by the subsequent work 

on the sea-energy spectrum. 

The work on the speetrum is concerned entirely with 

the statistical study of observational material, without 

any regard to its physical or hydro-aerodynamic proper- 

ties. It is a good presentation of observed facts without 

regard to the hydro-mechanical causes of their existence. 

Contrary to this, Neumann’s work of 1948-1952 repre- 

sents the most complete investigation of the mechanics 

of wave formation available to date, while his description 

of the observable characteristics of a seaway must be 

kept in mind by all theoretical investigators of lesser sea 

experience. 
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Table 1 Sin W Versus U: 

U, meters ps... | 2 3) 
10? sin ~........-. 0.2 0.8 1.2 1.4 
Number of days 

observed......... 34.50 351 66 

Table 2 Sin y Versus U: Single Observations; 
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Observations Made in 1925; Average Depth 70 M 

5 6 7 Se OL omeuze 18 
2.04 256: -3..09 346.456 “7.7% | 144 

44 By 23 14 13 15 5 

Average Depth 50 M 

Jan. 2 and 4 
——TIn a storm from October 4 to 6, 1936 = 1935 

U, meters ps. 9.3 11.8 13.0 16.1 17.6 19.4 23.4 24.6 26.0 10.5 18.0 

10! sin y... 6.8 9.7 12.4 19.1 23.3 25.7 31.5 36.3 43.6 6.5 16.0 

In the Section 6 of Chapter 1 it was demonstrated that 
large differences exist among various spectra obtained on 
the basis of empirical data. In the introduction to Chap- 
ter 1 the author stated his belief that the purely empiri- 
cal approach is inadequate and that concurrent theoreti- 
cal development is needed. The Neumann’s work, here 

outlined, can be taken as a general guide for such an ap- 
proach. However, it has to be supplemented by, and 
blended with, the recently developed mathematical sta- 
tisties of irregular sea. 

2 Horizontal Drag Force 

In accordance with items (b) and (ec) of the introduc- 

tion, the question of the energy balance in wave growth 

is given a large amount of attention. The primary in- 
formation (experimentally obtained) needed in this con- 

nection is the horizontal drag exerted by wind on a water 
surface. This forms the specific subject of Neumann 
(1-1948). In Sections 1-2.3 and 2.7, an attempt was 

made to correlate the drag force with the wave form 
which, in turn, depends on wind speed, fetch, and so 
forth. Since quantitative data on the wave form at sea 
are not available, Neumann attempts a direct correlation 
of drag force with wind speed. For this purpose he ex- 
amines the large number of observations of wind-caused 
inclination of sea surface made by Palmén (1-1932 aand b, 

1-1936, Palmén and Laurila, 1-1938). Observations were 

made in the Bay of Bothnia in the northern part of the 
Baltic Sea, where the relatively uniform, small water 
depth and steady wind conditions over a large area pro- 

vided the opportunity for the most accurate observations. 
The mean observed data on wind and sea-surface slope 

are given in Table 1, together with the number of ob- 
servations involved. Table 2 gives a set of isolated ob- 
servations made during a storm in the Baltic Sea where 
satisfactory observation conditions also existed. 

For observations made on land, 1e., with a constant 

degree of roughness, G. I. Taylor expressed the tangential 
force 7 as 

(1) 

with the coefficient y between 0.0022 and 0.0032 based 
on the wind velocity U measured at the height of 30 m. 
With particular emphasis on strong winds, Palmén and 
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Variation of drag-force cofficient y with wind velocity 
U (from Newmann, 1948) 

Laurila (1-1938) also derive the same expression with 
0.0024 (but presumably with U measured at the 

more usual 6 or 10-m height). Since the wave form at 

sea is variable and depends on the wind, Neumann as- 
sumes a relationship of the form 

y= 10) Sie (2) 

His plot of log y (observed) versus log U is shown in Fig. 
1, and his line ITT is found to give the simple relationship 

y = 0.09U— (with U in em/sec) (3) 

and 
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t = 0.09p’U%/? (4) 

The final plot of the coefficient y versus U is shown in 
Fig. 2. 

The drag coefficient y diminishes with stronger winds; 
i.e., from the point of view of the energy transmission 

from wind, the sea becomes less rough in a stronger wind. 
While startling at first, this result is consistent with the 

fact shown earlier by Sverdrup and Munk (1-1946, 1- 
1947) that wave steepness decreases with increase of wind 

strength (see Fig. 1-18). Neumann (1-1948) inde- 
pendently obtains a rapid reduction of wave steepness 
from the limiting value of \/H = 7.33 at U = 1 m per 
sec to the maximum \/H = 25 at 12 m per sec. Darby- 
shire (1-1952), attempting to use Jeffreys’ (1-1925) theory 
to explain some of his findings, came to the conclusion 
that the sheltering coefficient s is not constant, but can 
be assumed to be proportional to the wave slope 07/02. 
This slope decreases with H/\ and with increase of wave 
length at increasing c/U ratio. 

Additional confirmation of the decrease of drag-force 
coefficient with increase of wind is found in the measure- 
ments of wind-velocity gradient made by Wiist (1-1937) 
and Jeffreys (1-1920). The theory of such measurements 
is outlined in Section 1-2.7, but will now be repeated 
following Neumann (1-1948).?. It isassumed that the flow 
of air along the sea surface is of the same nature as along 
a rough plate. L. Prandtl expressed the tangential force 

per unit of plate area as 

p'(du/dz)? (5) 

where w is the air velocity at the distance z from the 
plate, and 1 is the ‘mixing length,’”’ expressed in the 

vicinity of the plate as 

L = ko(z + 2) (6) 

Here ko is a constant evaluated theoretically by von 
Karman as 0.38, and experimentally measured as 0.40; 
z is a length dimension which defines the “roughness” 
of the plate. From (5 and 6), it follows that 

p' ky(z + 20)?*(du/dz)? (7) 

du 1 T \t2 
= — ; 8 

dz ko(z + 20) (=) ) 

Assuming that shear stress in the vicinity of the plate 
can be taken as independent of z, it follows after inte- 

eration, that 

7 = Adu/dz = 

7 = 

or 

1/2 2 2 

u= E (5) In Ztail (9) 
ko p 20 

and 

T= 2 SRI = uw (10) 
(mn ts) 

20 

Comparing (10) with Taylor’s expression (1), it follows 

that 

2 For a recent review of this subject see Neumann (1-1955). 
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(11) 

From measurements of velocity wat several heights z the 
tangential foree + and the roughness parameter 2 can 

be computed. The results of such measurements and 
computations made by Wist (1-1937) and Jeffreys 

(1-1920) are given in Table 3. The roughness parameter 
zy is seen to diminish very rapidly with increase in wind 
speed at low wind speeds, and more slowly at higher wind 
speeds, when it generally has a very low value. 

Table 3. Roughness Parameter z: Versus Wind Speed 

Rough- Wind 
ness speed, 

Source Method Zo, cm m/s 

Wiist Wind velocity gradient in 5 hri// 
(1-1937 lowest air layers 17 4.3 

1.6 Ae 
4.3 5.5 
0.6 5.8 
1.4 6.2 
0.8 6.2 
0.8 6.3 
0.9 7.0 

Jeffreys Angle between surface wind 0.7 10.25 
(1-1920) and gradient wind 0.49 15.25 

0.32  22(?) 
Jeffreys Relationship between wind 0.85 10.25 

(1-1920) velocity on the surface 0.36 15.25 
and strength of gradient 0.64 22(?) 
wind 

Auruor’s Remark: The reduction of the tangential- 
force coefficient y with wind speed can logically be ex- 
plained on the basis of Section 1-2, taking into considera- 
tion the complex nature of sea waves. In moderate to 

strong winds, it can be expected that the surface of 
larger waves is entirely covered by small waves and rip- 
ples, for which 8 = c/U < 0.4 and which attain the limit- 
ing steepness of 1/7 and develop sharp crests. The drag 
coefficient Cz, on the basis of Motzfeld’s (1-1937) wind 

tunnel tests as well as the wind flume tests of Francis 
(1-1951) and of Johnson and Rice (1-1952), can be ex- 
pected to have attained its maximum value and to re- 
main approximately constant. The coefficient Ca is de- 
fined, however, with respect to the relative velocity 
U-C, where C is the facet velocity of Munk (1-1955) and 
probably can be identified with the formula velocity of 
Keuligan (1-1951) and Van Dorn (1-1953). The co- 
efficient y on the other hand is referred to U. It follows 

then that 

y =~ C,U2/(U — C)? (12) 

and decrease of y with increase of U occurs if C increases 
less rapidly than U, even in the case of constant maxi- 

mum value of Co. 
Moreover, the description of a complex sea given by 

Neumann in the references here considered indicates that 
the small ripples are not uniformly distributed over the 

surface of the sea. They are more developed on the wind- 
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ward side of large wave crests and appear much smoother 
on the lee side. The turbulence caused by breaking 
wave crests also damps out small waves temporarily, but 
they are again regenerated by wind. Therefore, with the 
development of larger waves the mean value of Cy can 

be expected to assume values smaller than the maximum 
and a further reduction of y can be expected. 

3 Drag as Function of Wave Slope 

For later use, Neumann develops an expression for the 

tangential stress as a function of the maximum wave 
surface slope (07/0.2°) max 2ra/X = ak, where k is the 

wave number 27/\. In terms of the drag coefficients, 

{ Ca g. (U — cc)? (13) 

and in terms of the wave slope and a coefficient s (similar 
to Jeffreys’ except for the factor of 1/2), 

IED) 
/ 

r= 8s? ark(U — co)? 

It follows that 

Ca = sa*k? (15) 

Noting that Motzfeld (1-1937) obtained different 

powers for a and k from his wind-tunnel experiments, 
Neumann (1-1949) writes Ca generally as 

(Ch Ran ee (16) 

Using equation (4) for the total stress +, Cg Is com- 
puted by equation (13) on the assumption of ¢ = U/3. 
By using the empirical relationship for a/\ derived in 
Neumann (1-1948), simultaneous solutions for s and n 

are obtained for a number of wind speeds. These show 
that mean constant values of nm = 1 and s = 0.095 can 
be assumed. The final relationship 

(17) 
'g 

T=S a ak(U — c)? 

is then adopted. The restriction to ¢ = U/3 in the 
derivation of Ca appears to be neglected in the subse- 
quent work, and a constant value of s = 0.095 is used 

independently of 8 = c/U. 

4 Description of the Sea 

As mentioned under (d) in the introduction, Neu- 
mann’s work is valuable not only for its formal deriva- 
tions, but also for the descriptions of the observed sea 
conditions. These descriptions are inserted throughout 
the cited references, and it would be impractical to repro- 
duce them with any degree of completeness. However, 
a few quotations (in an informal translation) will be use- 
ful here. Thus from Neumann (1-1950, page 42), speak- 
ing about initial waves: “... at a wind of about 1 m/sec 
they are about 7 cm long, and the height of these ‘ripples’ 
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amounts to about 0.5 em. As the wind becomes stronger, 

the sea surface takes on a pronounced ‘rough’ appear- 
ance. The early regularity of initial wave is destroyed; 
with relatively rapidly growing waves, all possible wave 
lengths appear beginning with small ripples up to the 

maximal wave. In this wave confusion certain waves 
show signs of breaking, or the beginning of breaking, of 
sharp crests. This condition establishes itself relatively 
fast with freshening wind. The steepness of waves (H/) 
= 6) isrelatively large. According to the results of various 
observers, the maximum ratio 6 appears to le at 1/8, 
which comes close to the theoretical maximum 6dinax. 

= 1/7, which Michell calculated for the steepest waves 
according to Stokes’ theory.” 

“When the wind strength further increases, the wave 

lengths and wave heights grow rapidly. A fact known to 
all sea travellers is that with a suddenly developing wind, 
and quickly whipped-up sea, the wave crests are steeper 

than with an older sea at corresponding wind strength. 
With a steady wind velocity and with waves reaching 
full development, a certain maximal wave corresponding 
to the wind strength always develops. It is what a sea- 
man designates as ‘sea.’ These seas can be individually 
recognized, sometimes more, sometimes less clearly, in 

the wave confusion in a seaway. But the more fully de- 
veloped the sea is, the more conspicuously these waves 
appear; further indication of a fully developed seaway in 
a storm wind is the increasing length of wave crests. 
The ‘sea’ is entirely overlaid by shorter waves down to 
ripples. The stereophotographs in the work on ‘“‘Meteor”’ 
(Schumacher, 1-1925) show how the wave-agitated sea 
surface consists of overlaying of the large forms by the 
smaller and the smallest. Particularly in ‘storm seas’ 
this is a well known oecurrence. The long ‘rolling’ sea is 
almost always clearly seen in a seaway, and its surface 
appears to be strongly roughened.” 

“The wave confusion of overlaying small waves stands 

close to a ‘continuous spectrum,’ which can be observed 
in a young seaway thrown up by a sudden onset of wind. 
Again and again these small waves are rebuilt by absorp- 
tion of the energy from wind, grow to maximum steep- 
ness and break; they represent an important factor in 
the question of energy transfer from wind to water. In 
the development of the complex sea they act in a certain 
sense as ‘roughness protuberances’ for the wind sweeping 
over the main wave profile of the sea. The resulting 
shearing forces form a substantial part of the total thrust 

exerted by wind on the sea surface. They also can be 
effective in the sense of energy transfer when those 

waves occur whose celerity exceeds the wind velocity.” 
On the basis of the plot of 6 = H/) versus c/U, shown 

in Fig. 1-19, Neumann (1-1950, page 45) writes: “Among 

the waves in the appearance of the complex seaway three 
types will play particular roles:— 

“1 The short but steep breaking ¢e = U/3 wave.® It 
is of small practical significance, but theoretically it 

’ Symbols are given here in the notation of the present mono- 
graph. 



330 

T= 6.6 

le T,=39 
20 { 

Per Cent 

T (sec) T Csec) 

THEORY OF SEAKEEPING 

10 12 14 6 8 10 12 14 : 16 
T (sec) 

Fig. 3. Observed frequency distribution of apparent periods in a seaway at different wind speeds 
(from Neumann, 19522) 

plays a part in the question of energy transfer and ‘rough- 

ness’. 
“9D The relatively steep, ready-to-break ‘sea.’ This 

is of greatest interest to a practical man at sea. Its di- 
mensions depend on the wind strength: ¢ = f(U), 6 = 
F(U). 

“3 The gently crested, swell-like advancing ‘long 
wave’ for which we will take ¢ ~ 1.37 U. It does not at- 
tract the immediate attention of an observer, since in the 
wind region it can be covered by the steeper waves.” 

From Neumann (1-1952a@ pages 96, 97): “In a seaway 
waves of different height and length occur side by side 
and are superimposed. From this the sea surface obtains 
its pronounced rough appearance, particularly in the de- 
velopment stages of wave motion. But the longer the 
wind acts and the more the sea attains full development, 
i.e., its greatest height, the clearer the characteristic 
waves, corresponding to wind strength, work out of the 
wave confusion. At the same time the individual hill- 
like wave crests unite to an increasing extent into long 
crests: the ‘sea’ builds up. 

“A further sign of developing or fully developed sea- 
way is the occurrence of irregularities in the sequence of 
‘seas’ following one after another as well as the group- 
like occurrence of wave systems. As one tries to follow 
for a time an isolated wave crest, one recognizes that it 
does not exist an arbitrarily long time, but gradually 
loses height and disappears in the wave confusion, while 
another one grows and later similarly fades away. One 
can observe the swelling and diminishing of the waves 
from a not-too-fast ship in a following sea, when the wave 
celerity is approximately the same as the ship speed. 
Two wave crests alongside the ship often change their 
heights so that the rear one grows in size, while the front 
one fades away. Eventually the rear one also seems to 
disappear, and at another place alongside the ship a new 
one begins to grow. Such wave-group appearances and 
irregularities are typical of the nature of sea surface. 

“The seaway ina fully or almost fully developed state 
is not described by a single characteristic ‘sea,’ although 

Per Cent 

T (sec) 

Fig. 4 Frequency distribution of apparent periods in a seaway 
in wind speed interval 14.5-15.4 m/sec (from Neumann, 

19522) 

one appears most conspicuous at almost all wind speeds. 
With progressive development, a category of longer and 
substantially flatter waves apparently builds up in the 
seaway. The mutual action of these main waves, which 
are covered by waves of lower order, gives the visible ir- 
regular picture of the sea surface, and makes under- 
standable the occurrence of characteristic wave groups as 
well as irregularities observed at sea.”’ 

Observational data used by Neumann originate pri- 
marily from four sources: The material of many ob- 
servers collected by Sverdrup and Munk (1-1946), the 
observations on the mean water slope in wind by Palmén 
(1-1932a, b, 1-1936), observations of Roll (1-1951) for 

small c/U, and very extensive observations made by 
Neumann himself. These were made during the voyage 
on MS Heidberg starting from Hamburg on October 14, 
1950. The outgoing course to the Caribbean Sea was via 
the Azores, and the return passing close to Bermuda. 
Neumann (1-1952a, page 79) writes: “. .. the number of 
individual measurements of periods is estimated at about 
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Records correspond to same interval of time at two locations 

“sea records” for fully developed sea at wind speed U of 16 m/sec. 

Fig. 5 Theoretically constructed 

spaced 550 m (1800 ft) apart along wind direction (from Neumann, 19522) 

27,000... . The working out of the material followed 

the system in which the individual series measurements 
were divided into class intervals of 0.5 second, were 

counted, and were presented in the form of distribution 

of frequency of occurrence (period spectra). Altogether 
about 250 such series were investigated, 

“Tn Fig. 3a to c, three such diagrams are presented as 
examples of three series of observations under quasi- 
stationary wind conditions. ... Individual ‘bands’ come 
to attention as characteristic in the ‘period spectra.’ 
The regular appearance of these concentrations of periods 
in certain class intervals indicates possibly a certain 

measure of law in a seaway at different wind velocities. 
“The series in Vig. 3(a) shows, besides the frequency 

maximum in the class interval 3.0-4.5 sec, three addi- 
tional concentrations. This series gives observations at 

a wind of 9 m/see from a stopped ship (observations 
in the sea region southwest of the Azores ina steady wind 
from an easterly direction). The arrows designated 7; 
and 7, give the computed periods in accordance with 
earlier theoretical results (Neumann, 1-1950) for the 

characteristic predominant waves corresponding to the 
wind speed. 7 designates the period for the ‘sea’ and 7» 
the period for the ‘long wave’... .. The periods in the 
interval 3.0-4.5 see are evidently connected with meas- 

urements of steeper ‘sea’ for which the theoretical 
period was given as 3.9 sec. In the band of periods be- 
tween 7.0 and 8.5 see we find again the ‘long wave’ which 
ought to have a period of 7.9 sec (G. Neumann, 1-1950). 

“The concentration of periods in an interval between 
the above named main waves should be noted. In the 
case of Fig. 3(a) the intermediate maximum occurs in 
periods from 5.0 to 6.5 sec... 2... 

“Pie, 3(b) gives a series of measurements at a wind 
speed of 13.5 m sec. The most conspicuous is the sea 
with periods between 5 and 8 sec. The calculated period 
is T, = 6.6 sec. The ‘long wave’ should have the period 
T, = 11.8 see, which could also agree with the concentra- 

tion of periods in the interval 10.5-12.5 sec. As the third 
concentration we find again the ‘intermediate wave,’ 
clearly separated from the other main waves in the sea- 
way, with periods in the interval 8.5-9.0 sec. In Fig. 
3(c) quite similar relationships also occur. The period of 
the ‘sea’ rises most clearly, always with a certain scatter 
of individual measurements. The diagram in Fig. 4 
unites all measurements in the wind strength interval of 
14.5-15.4 m/sec and shows a smoother ‘spectrum’ in 
which the periods around 8 seconds strongly pre- 
dominate.” 

As an example, the following data are given for three 
predominating waves in the fully developed sea in wind 
strength of 16 m/see (52.5 fps or 31 knots). The sub- 
script 1 denotes ‘sea’? 2—“‘long wave,” and 3—“‘inter- 

mediate wave.”’ 

\, = 107m A» = 307 m As = 163 m 

= 350 ft = 1000 ft = {pin ite 

T, = 8.3 sec T. = 14.0 sec T; = 10.2 sec 
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Cc, = 12.95 m/sec c. = 21.9 m/sec c; = 16 m/sec 

= 25 knots = 42.7 knots = 31 knots 

amplitudes: 

ai 3.0m a = 3.4m (Oh, —— ty 100\ 

) Assuming each of the three “partial waves” to be 
sinusoidal, the resultant profile of the total waves is 
represented as 

: Ca : Cot — 2 
y= asin 2x (° \, ) + a sin 2x (==) + 

a3 sin 27 (==) (18) 
Xs 

Quoting from Neumann (1-1952a, pages 106, 107): 
“The time-dependent fluctuations of the seaway, re- 
sulting from the superposition of the three designated 
waves, are shown in Fig. 5. The upper wave train a 
represents the sequence of waves at the place x = 0 for 
the duration from ¢t = 0 to t = 260 sec. The lower wave 
train b gives the corresponding fluctuations for the same 
time interval at a place x = 550 m; Le., at a position 

located almost 1/3 of a nautical mile from « = O in the 
direction of wave propagation. The constructed wave 
records show that outstanding wave groups can be ex- 
pected only from time to time at a fixed place. At the 
location x = 0, they appear at intervals of about 45 sec at 
the beginning, at the location x = 550 m at the end of the 
observation period. In these ‘groups’ certain wave crests 
grow to particularly great heights. In nature they 
probably do not reach their full theoretical height, since 
after exceeding a certain maximum steepness they be- 
come unstable and break. 

“Between the groups at the beginning of the wave 
train a, and correspondingly at the end of b, lie mostly 
three low waves, the heights of which change with time 
and place. Also the interference described as ‘double 
waves’ appears at certain intervals of time. After pas- 
sage of a sequence of outstanding groups the seaway 
picture at a fixed place changes. The conspicuous dif- 
ference between particularly high waves and the low 
waviness between groups evens out more and more, until 
after a certain time the typical group character of the 

seaway again predominates.” 
Quoting from Neumann (1-1952b pages 253, 254): 

“The complex picture of the development of a seaway 
must be strongly taken into account in the question of 
energy transfer from wind to water; the shearing forces 
of wind at the rough wave boundary surface are deter- 
mined to a very large extent by the short wave overlay 
of the main wave profiles.” 

“Tn the following, an attempt will be made to calculate 
the growth of a complex seaway for different wind veloci- 
ties as dependent on the duration of wind and on the length 
of effective wind path (fetch). In this, the turbulent 
nature of the event must be taken as much as possible 
into account, and the fact must be considered that, with 
increasing development of a seaway, the ‘width of the 
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Fig. 6 Wave profile with rough surface and resolution of ef- 
fective drag 7 into normal and tangential components (from 

Neumann, 19524) 

spectrum of periods’ of characteristic waves also grows. 
“The whipping-up of the seaway to the fully de- 

veloped condition of all waves appears to be a not con- 
tinuous process. Rather one must assume discontinui- 
ties in certain stages of wave growth; the relatively 
short ‘seas’ even in a fully developed state must be ac- 
cepted as steep waves breaking from time to time. These 
steep breaking waves (with various ‘apparent’ wave 

lengths) are probably necessary for the further develop- 
ment of the complex seaway, so that longer waves with 
greater energy content can build up, until the energy 
transmitted from wind and dissipated in wave confusion 
reaches a balance. . The width of the spectrum of 
periods as well as the mean and maximum wave heights 
depend on the wind strength, and in a not-fully developed 
seaway, on the state of development of individual wave 
components. ..... 

5 Energy Transmitted from Wind 

On the basis of the foregoing descriptions, Neumann 
formulates a quantitative wave theory, considering the 
shearing force of wind due to small waves and ripples, 
and the air pressures on the surfaces of three dominating 
waves. Fig. 6 shows Neumann’s concept of the total 
horizontal force 7 caused by the wind as composed of the 
normal pressure component and tangential shear force. 
The former is taken as proportional to the slope 0n/Ox of 
the wave under consideration and the second as caused 
by a “roughness”’ resulting from the overlay of smaller 
waves and ripples. The mean energy A transmitted by 
these two components is: 

lor the normal component 

» 

_ 2 { Trw dx 
A Jo 

For the tangential component 

1 r 

A =f Tilu + w’)de 
A Jo 

A, = (19) 

where wu is the horizontal component of the orbital 
velocity of a water particle at the surface, w’ is the mean 
transport velocity of Stokes’ waves of finite height, and 
w is the vertical component of the orbital velocity. 

For the wave profile expressed as 
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n = asin k(w — ct), (20) 

the vertical velocity of a water particle is 

w = 0On/dot = —akc cos k(x — ct) (21) 

and the horizontal velocity (including the mean mass 
transport) 

(22) 

The wind velocity U over a sinusoidal wave profile is 
expressed as 

u + wu’ = ake sin k(x — ct) + a®k2c 

U = U[l + a6 sin k(x — ct) ] (23) 

where 6 is the wave steepness 2a/\, and U a constant 
mean value of the velocity over the wave profile. Neg- 
lecting the 6°, U? is written as 

U2 = U2[1 + 27d sin k(x — ct)] (24) 

and the tangential stress 

A = Hill? = of U1 + 276 sin k(a — ct)] (25) 

where f, is the “effective” tangential-force coefficient. 

The assymmetry of the normal pressure distribution 
over the windward and leeward wave faces is assumed to be 

Tr = Tn + Tr’ CoS k(x — ct) (26) 

where 7, denotes a mean value of the normal force over 
the wave profile. 

Substitution of equations (23), (25) and (26) into equa- 

tions (19) and integration over the wave length leads to 

/ 
An = VordTn’C 

Ae a2 72 posuiee (27) 

Since data on the coefficients 7,’ and f, are not avail- 
able, Neumann writes finally for the total energy (1, 
= A, + A,) transferred from wind to waves 

E, = p’U*BC(8) 

where U is now the wind velocity at anemometer height, 
B = c/U, and C(£) is a coefficient which is a function of 

6B. To the energy equation (28) corresponds the effective 
tangential stress 

(28) 

Tete, — C(B) p’U? (29) 

By comparison with equation (1), C(B) is seen to be 
identical with y which was previously evaluated, equa- 
tion (3), empirically as a function of U on the basis of 
water-surface inclination and wind-velocity gradient 

at sea. Neumann, however, points out repeatedly that, 
evaluation of the seaway in terms of a single mean wave 
has relatively little value, since it does not explain many 
features of the complex wave formation. He proceeds 
therefore with an analysis of seaway growth due to wind 
in three stages corresponding to the plot of wave steep- 
ness 6 = H/) versus wave age 8 = c/U as shown in Fig. 

1-19. The stages are 6 < 1/8, 1/3 < 8B < 1.87 and B > 
1.37. The objective of this work is to derive functional 
relationships for three dominant wave systems. The im- 
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portant features of the complex seaway (irregularity, 

Wave-group formations) can be approximated by con- 
sidering the joint action of these wave systems. 

Quoting from Neumann (1-1952b): “Under the as- 
sumption that the seaway passes consecutively through 
three main stages of development until it is fully arisen, 
the relationships among wave characteristics (wind 
speed, duration of its action, the fetch) can be derived; 

these represent a pragmatic approximation for the pre- 

diction of wave conditions. The waves defined at a given 

point, Neumann (1-1952a), Bn, BC), B»* with the periods 

T,, T2, T;, must be visualized as the characteristic mean 
values for certain intervals of periods, when we think of 
the continuous spectrum as subdivided into these three 
major intervals; the heights H,, Ho, Hs are then visual- 
ized as ‘equivalent’ heights for these major intervals.” 

In the foregoing, B(1) is the “intermediate wave’ with 

ec = U, 6, the “sea” with ¢ < U, and £,,* the long wave 

With ee 137. 

6 Energy in Terms of Wave Age and Slope 

The starting point is empirical evaluation of 6 = f(s). 

At the beginning of the development outlined here, very 
little empirical data were available for the range 8 < 1/3, 

as can be seen from the plot in Fig. 18. At the same time, 
on theoretical grounds, maximum values of 6 could be 

associated with 6 = 1/3 at which the maximum energy 

transfer from wind occurs according to Jeffreys (1925). 
Neumann assumed therefore that 

6= 1.1116? for B<1/3 

Later Fig. 19 was constructed in which many experi- 
mental points at 6 < 1/3 were added, mostly from Neu- 

mann and from Roll (1-1951). On this basis Neumann 
sets 

6 = const = 0.124 for B< 1/3 (31) 

For the other stages of wave development, 

O =O 2lbe "8 for l/s = B= 137 (32) 

and 

Bale (33) 

Next it is assumed that the effective shear-force co- 
efficient is a function of the maximum wave slope 
2na/X = 76, in terms of a coefficient of proportionality s 
(similar to Jeffreys’), and the relative air-wave velocity 
U —c. Neumann (1-1948) estimated the coefficient s to 

have approximately a constant value of 0.095. With this 
value for s and the previously established expressions for 
6, the mean value of the coefficient C(8) is computed by 

integrations over the relevant ranges of variation of B. 

The “effective friction” force is caused mostly by the work 
of the normal forces on the sharp profiles of small waves 
by which the mean wave is covered. The true skin fric- 
tion of a smooth water surface is here neglected in com- 
parison with the much higher effective force due to 

const = 0.022 for ao ll 
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Table 4 

Bt: 0.37 0.4 O25 0.6 0.7 0.8 0.9 0) 1a 1.2 1.4 

103 +. 5.75 5.62 4.55 4.05 3.64 3.27 3.01 2.78 2.68 2.57 2.52 

Table 5 

U (m/sec) 2 4 6 8 10 12 14 16 18 20 24 

Math oness 10.3 58 161 3a2 577. «-912)— 1350) «1860 «2520 3260 5720 
frag Gl) ae 0.57 5.25 20 51 99 174 274 409 583 800 1382 

u*(B). 0.08 141 5.4 16:4 36.5 te 132 216 315 538 1134 

Table 6 

Bes, tsache 0.15 0.25 0.45 On7 1.0 1.05 1225 Lot 
u*(B) 5.85 8.15 15.8 36.5 99 202 326 577 

pressure distributions; this follows from an examination 

of the figures for Motsfeld’s Model No. 4 in Table 1-1. 

The stress acting on the simple wave profile is 

const (p’/2)(U — c)? oi 34) 

and the mean stress resulting from contributions by 

waves of all lengths; i.e., all celerities c’, using relation- 

ships (30) and (32), is 

@) 

Pea pon ella! fe stae Ne 
7 =30 (F) U , ce? (1 — U dc 

’ D1 keclT]2 \9 

+ (5) O2toas UT gquere7u (1 = =) de’ (35) 
(ec — U/3) 

where c’ is the celerity of the overlaying waves and ¢ the 

celerity of the main wave. Taking the lower limit of the 

first integral as 0 instead of the few centimeters per second 

of an initial wave represents a negligible error. 

taken as s/2 = 0.0475 in order to allow for the nonuni- 

formity of distribution of the steepest small waves along 

the profile of the main wave. After integration, introduc- 

ing 8 = c/U and defining the effective tangential force as 

r! = p'y(B)U? 
the coefficient! y(8) is evaluated as 

U/3 

1s / 
s 

10*7(8) = 1.75 + 16.2 {e—1-6678 [0.48(8 + 0.6) 
6 — 1/3 

— 0.60 + 6?)] + 0.126} (36) 

The resulting values of y(8) versus 6 are given in Table 4. 

Adding the work of the normal forces on the mean wave 

profile to the work of “effective friction’? due to smaller 

wave components (evaluated in the foregoing) the total 

coefficient of the effective wind force is given as follows: 

For the range 1/3 < 6 <1, 

C.(8) = y(8) + 0.10 ) 

Designating by 6» the values of 6 in the range 1/3 

< B < 1,and by 8,,* the values of B > 1, the expression 

for the range 1 < B,,* < 1.87 is 

Tae 
(OS Te 

= 1.6678 ( i = B?) (37 

¢ The notation 7(8) is used in this monograph for y*(8) written 

by Neumann. 

C3(B) = (Bm) ar 0.1075 s’e—}-6878"(] aa Bale 

— 0.1075 rs*e—1-8878*(] — B,,*)? (38) 

where Neumann takes s* = 2s. 

seaway B»* = 1.37. 

In a fully developed 

7 Energy Dissipation 

With the coefficient C(8) now evaluated for various 

stages of wave development (wave age) 6, the energy 
input from wind can be computed by equation (28). 
The next step in evaluating the energy balance is to 
establish the rate of energy dissipation by waves. The 
dissipation by viscous forces was given by equation (66) 
in Appendix A as 

Eas 2u(2m/Xd)%c?a? (39) 

Substituting c? = g\/2m and 2a/\ = 6, and replacing yu 
by u*, the energy dissipated per second per unit area is 

Eas = 2y*1g6? (40) 

where »*, which may be called turbulent viscosity, is no 
longer a constant but a function of 8, or, more generally, 
depends on the wind and conditions of a seaway. 

In a fully developed seaway, i.e., with fully developed 
“sea”? and fully developed “long wave,” the energy is 
in balance; i.e., H, = Has. u* no longer depends on 8, 
but only on wind strength, and is designated @. By 

using expression (40) for Ha. and (28) for the energy Ep, 

letting C(p) y(U) from equation (1), and using equa- 

tion (32) for 6, at 8 = 1.37 the expression for 7 is obtained 

as 

Ey _ L8tp'y(U)U* os ssaxi.s1 
21°g6" 8X0.1075°gm? 

(41) 

y(U) is taken as evaluated empirically by equation (3), 

except that in the present case Neumann changes the co- 

efficient 0.09 to 0.10. With p’ = 0.00125 and g = 980 

em/sec’, 

gz = 0.00001825U%? (in em~! g sec~) 

The foregoing value of @ is the maximum value, cor- 
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responding to the fully developed seaway. At earlier 
stages of wave development the turbulent viscosity, 
designated as u*(8), is an unknown function of the wave 

age. Neumann assumes for it an exponential relation- 
ship: for 1 < Bn* < 1.37, 

Q7 * 

*(Bnm) = exp (—s.34 oe ) (43) 
Bun 

and for 0.1 < 6 < 1, 

u*(B) = w*(1) exp [—3.334(1 — B)] (44) 

where »*(1) is the value of u*(8) at B = B,* = 1. 

Table 5 shows the values of u* versus wind speed. Table 
6 shows the coefficient u*(B) (em~!e see!) at a wind 

speed of 10 m/sec at various stages of seaway develop- 
ment. 

AutHor’s Remark: The rapid growth of the coef- 
ficient u* with wind speed U and wave age 6 gives a dis- 

torted impression as to the magnitude of the actual energy 
dissipation Hy. This growth of u* results from the 
presence of 6? in the denominator of equation (41), and the 
fact that @is referred to the very low 6 of the “long wave,” 
as shown by the value for 6,,* = 1.37. The actual energy 
dissipation, however, according to equation (40) is 
mostly caused by “young waves” of low 8 and large 6, 

and is proportional to the product u*(8)6*. It would ap- 
pear that consistency would require the evaluation of 
u*(8) by integration over all values of 8, following the 

same procedure as was used earlier for the evaluation of 
¥(B) in equation (35). 

8 Energy Balance 

With the necessary expressions developed for the 
energy EF, received from the wind, and EF, dissipated by 
turbulence, the energy balance can be set up and from 
this the rate of wave growth can be computed. The 
symbols #, and Ey, designate the energy per unit area 
of sea surface per second. Neumann, following the 
procedure previously used by Sverdrup and Munk, 
writes the expression for the rate of change in energy for 
an area of unit width and wave length \ in length. The 
wave energy advances at the group velocity ¢/2. The 
wave length \ and amplitude a change with time ¢ and 
position x so that 

d e 
UX )e— — Has) (45) 

dt 

and 

OF cor OX , COA 
A(— + +H eo = (EH, — Eas) 
& 55) OO : : 

(46) 

Two cases are now considered: In Case A a constant 
wind of velocity U blows over an unlimited space. 
Waves in all positions grow with time at an equal rate. 
The space derivatives vanish and 

oF Fon | 
ce oe 

or, substituting the expressions for E (equation 58 
Appendix A) and (Table ‘ ene A) 

a aes 

Eas 

pga” = H, — Eas (48) 
: 

In Case B a wind has blown for a sufficiently 
along a fetch of limited length x. 
vanish and 

long time 

Thus, time derivatives 

c fol E On 
~(— + —-—)J=H#H, — Ea 9 
2 (= r =) / ‘ (49) 

or 

Oc c Oa 
Ley aime ee aad Peas na foc / og pa = +g 5 pa a = Hy — Ea (50) 

Introducing now B 

enanal (GY)))e 

Case A for B < 1/3, 

= /(6) according to equations (31) 

a il ge oF = BE, — Bn (51) 

and for 1/3 < 8 < 6n"*, 

p AE nuipte- #03 — 1p) 22 = By — Bae (52) 
CaseB tor B = 1/3, 

Gpp*n* rigs 8 = HK, — Eis (53) 

and tor 1/73 <8 =< B,". 

Da? 
<7 n2U5B e~ 8 (3 — rf) se p = Hy — Bas (54) 

In all cases (FZ, — Eas) is a function of 8. In writing the 
foregoing, the symbol p was used for the number 0.062, 
r for the number 1.667 and n for the number 0.1075 found 
in equations (31) and (32), and 6,,* = 1.37 

Substituting the previously deriv a Spree for 
EL, and fa; and transposing leads to differential equations 
as follows: 

Case A, for 8 < 1/3 

12 2 r*p” : [she are 
dt = * U ~——____d (5% 

og «| (OB) — BB) . 
where 

82°gp*? u* =F By(s) = “IP a (56) 

Case A, for 1/3 < B < Bu*, 
2 29-2rB(Q 

dt = al n? U a i eal (3 12) dp (57) 

09 (8) — Bo(8) 

where 

_ Sa’gn? w*(B)e~ 78 ar Bae ees (58) 
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Fig. 7 Minimum fetch needed for development of three main 
wave stages. At 8* = 1.35 the seaway is practically fully de- 

veloped (from Neumann, 19524) 

Case B, for 8 < 1/3 

61°p? (ee : 
Ge Sea U? a 59 

p 6g Ci(B) — Bi() : se 

Case B for Ws =< B S Bre 
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Quoting from Neumann (1-1952b, page 265): “Just 
as the quantity C(8) was designated the ‘effective fric- 

tion factor’ or ‘resistance factor’ for the wind friction on 
the sea surface, so the dimensionless quantity B(@) is 
named the ‘effective dissipation factor’ for the turbulent 
wave motion. The difference between the two repre- 
sents the ‘effective energy factor’ for the whipping-up 
of the wave motion.” 

9 Final Results 

For the remaining part of the discussion the reader is 
referred to the original paper, Neumann (1-1952b). 
Suffice it to say here that by numerical integration the 
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Fig. 8 Minimum wind duration (in hours) needed for de- 
velopment of three main wave stages (from Neumann, 

19525) 

fetch and the duration are obtained as functions of B = 
c/U. The minimum fetch and duration required for the 
full development of the three ‘equivalent’? wave com- 
ponents are shown in Figs. 7 and 8. Here £,, corresponds 

to the celerity of the wave of the most frequently occur- 
ring period. 

Citing an example from Neumann (1-1952b, page 
270): ‘‘At a wind speed of 5 m/sec a sea space (fetch) 
about 14 km long (in the wind direction) and a duration 
of wind action of 2.25 hr is sufficient for the full develop- 
ment of a complex seaway. Ata wind speed of 10 m/sec, 
it is already 106 km and 8.6 hr. These minimum values 
rise rapidly with increasing wind strength. In a storm 
with wind velocity of 20 m/sec the fetch must be at least 
1050 km or 600 sea miles long, and the wind must last 
35.6 hr in order to build a fully developed seaway. At 
24 m/sec it would be 1800 km or 1000 sea miles and 51.8 
hr. Observations of storm seas, which could be applied 
to verification of these results are very scarce and are 

very difficult to establish. We find the orders of magni- 
tude of the computed minimum values to be completely 
in agreement with findings of experienced wave ob- 
servers. So V. Cornish (see H. Thorade, 1942) estimates 

the minimum fetch needed for the full development. of 
storm waves at 600 to 1000 sea miles.”’ 

The conditions of seaway at all stages of development 
are shown in Figs. 1-22 to 25. Here nondimensional 
ratios are introduced: 

B = o(gx/U?) 
B = F(gt/U) 

gH/U? = &(gx/U*) 
gH/U? = fift/U) 



NEUMANN'S 1948-1952 WORK ON WAVE GENERATION BY WIND 

Quoting from Neumann (1-1952b, page 275), in con- 

nection with the foregoing figures: ‘The curves... give 
the conditions of growth, and the horizontal branching 
lines the condition of the fully arisen three main waves 
in a complex sea. In the region of lower values gv/U?, 
the observed 8 and gH/U? values arrange themselves 
very well about the curves. At larger values of the fetch 
parameter gxv/U? the observations deviate to the right 
from the computed curves; this can be expected when the 
first mean wave (the 6, wave) has reached its fully de- 

veloped state, and remains as a dominant wave inde- 
pendent of the buildup of longer waves. In the diagrams 
it is indicated by straight lines branching to the right 
from the curve. As the development of the seaway pro- 
ceeds further, at sufficiently long fetches and duration of 
wind action, the B(1) waves and £B,,* waves (with 8,,* 

= 1.37) also appear in addition to the B,, waves. For 

these, the corresponding values of x and ¢ for a given wind 
strength can be taken from the upward branching curves. 
In a fully developed seaway, 8 numbers and correspond- 
ing periods can thus be expected, which he substantially 
between the upper horizontal line and the lower lines for 
the corresponding wind strength. 

“Tn order to give an example of application of the dia- 
grams, let us consider the development of a seaway in 
wind strength of 16 m.sec. [31 knots].° 

“The first ‘main wave’ with 8 = 0.81, ¢ = 13 m/see will 

be reached at the fetch parameter gx/U? = 11,500 and 
time parameter gt/U = 37,200; this wave is fully built 
up after a fetch of 300 km [162 sea miles] or after 16.8 hr 
with a sufficiently long fetch. It has the following 
‘dimensions’ : 
1 = 107 m [850 ft], H: = 5.9 m [19.3 ft], the cor- 

responding period of 8.3 sec indicates the most frequently 
occurring ‘period,’ which is observed between wave crests 
following one-after-another at a certain particular point 

on the sea surface. 
“The B(1) wave appears at g\/U? = 13,210 and gt/U 

= 40,560 or after 345 km (186 sm) and 18.4 hr. Its 

dimensions are \3; = 163 m [535 ft], H; = 6.6 m [21.6 ft], 
period = 10.2 see. Development of the waves proceeds 
further under action of the wind, and at gxv/U? = 18,060 

and gt/U) = 48,610 the longest wave in a complex sea- 
way—age B* = 1.35 becomes fully developed; with it the 
seaway is practically fully developed. This occurs at a 
fetch x = 472 km [254 sm] and with a minimum wind 
duration of ¢ = 22.1 hr. The dimensions of this longest 
‘characteriste’ wave in a seaway Is then about 

he = 298 m (980 ft], Hs = 6.75 m [22.2 ft], 
period 13.8 see 

Were we to take, for the longest wave, the 6,,* wave with 
c = 1.37U, then d» would be 307 m [1002 ft] and Hy» 
= 6.8 m [22.3 ft] at ¢ > 500 km [271 sm]. 

“These three ‘main waves’ characterize the seaway 
at 16 m/see [31 knots] and embrace the region of ‘sig- 
nificant waves.’ The characteristic periods lie between 8 

5 Conversion to knots, nautical miles and feet which are inserted 
in square brackets not in original text. 
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and 15 sec. The observed frequency distribution of the 
time intervals between wave crests, following one-after- 

another at a fixed point of the sea surface, gave a scatter 
of periods between 6 and 16 sec, with the maximum of the 
frequency distribution at 8.3 sec at the mean wave height 
of 6 m [19.7 ft].” 

10 Summary 
The observational evidence on which Neumann’s de- 

velopment is based consists of 

(a) The plot of 6 = H/) versus B = ¢/U originated by 

Sverdrup and Munk (1-1946) and supplemented by ex- 
tensive observations by Neumann himself, and (for low 
B) by Roll (1-1951) and Francis (1-1951). Empirical re- 

lationships were fitted to these plots, as shown by equa- 
tions (30) to (33). 

(b) Evaluation of the horizontal drag of the sea sur- 
face, Neumann (1-1948) on the basis of the inclination 
of the mean water level, supplemented qualitatively by 
observations of the wind-velocity gradient. The in- 
clination of the water surface was measured on large sea 
areas. The resultant empirical relationships are given 
by equations (1), (3) and (4). 

With reference to (a), many observational points were 

added to the original plot of Sverdrup and Munk (1-1946) 

by Bretschneider (1-1952) and the Neumann (1-1952a). 
For the range 8 > 1/3 this material represents probably 
the most reliable empirical information available on sea 

waves. The values of 6 corresponding to the range B < 
1/3 are rather uncertain, but this does not represent an 
important factor in the over-all pattern of Neumann’s 
work. The evaluation of 6 for 8 < 1/3 will be important 
in the future for the estimates of the distribution of very 
short and steep waves which will be needed for a more 
rational evaluation of the wind-drag force. 

With reference to (b), the number of observations made 
and the care exercised by Neumann in choosing the data 
‘an scarcely leave any doubt as to the validity of the 
evaluation for wave lengths smaller than double the 
water depth, ie., \ < 140 m [460 ft]. On the basis of 
Neumann’s (1-1948) data this corresponds to a wind 
speed of about 35 knots. For stronger winds and longer 
waves the results can be considered as extrapolation. 

The most important first step, in working out the 
aforementioned empirical data, is establishment of the 
drag exerted by wind as a function of wave steepness 6. 
Jeffreys’ expression (14) was not based on observed 
physical facts, and Neumann finds that, in order to 
agree with available empirical data, it has to be modified 
as shown by equation (17); the drag is expressed as 
directly proportional to the maximum wave slope, rather 
than to its square. In this equation the coefficient s was 
found to have a constant value of 0.095. It should be 
noted, however, that this conclusion resulted from the 
assumption of ¢ = U/3; 1Le., a constant value of B = 

1/3. Expression (17) was used thereafter in disregard 

of its limited applicability. This is mentioned here in 
order to warn future investigators against indiscriminate 

use of these conclusions. 



APPENDIX C 

Evaluation of Hydrodynamic Forces 

This Appendix is arranged to follow as closely as 
possible Appendix 1 of an earlier paper (IKorvin-Kroukoy- 
sky, 1955b) so that the changes made can be easily seen. 
Where sufficient discussion was given in that reference, 
the details will be omitted here. 

Formulation of Problem 

Consider a ship moving with a constant forward ve- 
locity V (.e., neglecting surging motion) with a train of 
regular waves of celerity c. Assume the set of co-ordinate 
axes fixed in the undisturbed water surface, with the ori- 

gin instantaneously located at the wave nodal point 
preceding the wave rise, as shown in Fig. 14.2. With in- 
crease in time ¢ the axes remain fixed in space, so that the 
water surface rises and falls in relation to them. This 
vertical displacement at any instant and at any distance 
x is designated 7. Imagine two control planes spaced dx 
apart at a distance x from the origin, and assume that the 
ship and water with orbital velocities of wave motion 
penetrate these control surfaces. Assume that the per- 
turbation velocities due to the presence of the body are 
confined to the two-dimensional flow between control 
planes; i.e., neglect the fore-and-aft components of the 
perturbation velocities due to the body, as in the “‘slender 
body theory” of aerodynamics. This form of analysis, 
also known as the ‘strip method” or ‘cross-flow hy- 
pothesis,” is thus an approximate one in the sense that 
a certain degree of interaction between adjacent sections 
is neglected. 

The cross section of the ship at 2 will now be taken as 
semi-circular; the correction necessary to represent other 
ship sections will be introduced later. Following F. M. 
Lewis (1929) and Weinblum and StDenis (1950), the 

flow about the semi-submerged body used in the basic 
derivation will be assumed to be identical with that 
about the lower half of a fully submerged body. Correc- 
tions to account for the presence of the free water surface 
will be brought in later. 

In considering the pitching and heaving motions 
of the body it is necessary to introduce a second co-ordi- 
nate system moving with the ship with its origin at the 
center of gravity of the ship. The longitudinal distance 
of any section of the ship from the origin is designated & 

~ 1 Appendix from Korvin-Kroukovsky and Jacobs (3-1957). Ref- 
erences in this Appendix will be found at the end of Chapter 3. 
* Figure and equation numbers of the original paper are retained 
in this reproduction. 

Calculation of Hydrodynamic 

Forces by Strip Theory 

(positive forward). Vertical displacement of the CG (i-e., 
the heave) is designated by z (positive upwards) and an- 
gular displacement or pitching motion is designated by 
6 (positive for bow displaced upwards). The vertical 
displacement of the section at x due to pitching is then 
£9, with @ in radians, for the relatively small angles en- 
countered. (It is also assumed that cos 6 & 1.) 

The two-dimensional flow pattern between the control 
planes at 2 results from three imposed motions: 

1 Vertical velocity of the center of the circle 

v= s+ & — Ve (8) 

2 Vertical component of wave oribital velocity 

EO he ) vr 2TNC « 20 
Vip = nes = Se / cos — (at ich) 9) 

nN r 

where h is wave amplitude, \ is wave length, y = —R cos 
a, the depth below the still-water level to any point in the 
fluid, and y = hsin 2m (a — ct)/X. 

3 Apparent variation of the radius r of the ship sec- 
tion at the control planes with time; r = r(t). 

All motions are assumed to be sufficiently small so that 
the derivatives of the potential can be taken on the sur- 
face of the circle as if its center were at its initial position 
y = 0, and the known expression for the potential in a 
uniform fluid stream can be applied, despite the shght 
nonuniformity induced by the waves which are assumed 
to be small. 

The vertical hydrodynamic force acting on the length 
dx of the submerged semi-cylinder is given by 

db = ar f o p cos ada 
dx 0 

(10) 

where F denotes the vertical force, @ is the polar angle as 
defined in Fig. 14, and the time-dependent part of the 
pressure p is obtained from Bernoulli’s equation. Ne- 
glecting the squares of small perturbation velocities 

Og 
p= p— (11) I p at 

where ¢ is the velocity potential and p the mass density. 

The velocity potential of the flow about a cylinder due 
to the relative vertical velocity (v — vy») 1s given by 

r2 ; 
do = —(v — Vw) R COS a (12) 

The first term of equation (12) may be considered as the 
potential due to the body motion in smooth water, desig- 

338 
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Fig. 14 

nated dyn 

The second term of equation (12) is the potential due to 

Sketch illustrating notation used in Appendix 

r2 

dom = 

body-wave interaction, doz 

— COS @ 

coeflicients of miscellaneous 

terms of the differential 

equations of motions, 

equations (2) 

coefiicients of miscellaneous 

terms of the differential 

equations of motions, 

equations (2) 

ratio of amplitude of waves 

made by ship to amplitude 

of heaving motion 

of vertical ac- = amplitude 

celeration at bow 

B = beam (local) 

b, s = instantaneous 

ship bow and stern from 

nodal of wave as defined in 

Fig. 14 

c = wave celerity 

FE = area under spectrum 

hydrodynamic heaving force 

F = heaving force imposed on a 

ship by waves (= Foe?) 

g = acceleration of gravity 

H, = force due to water pressures 

generated by waves and 

ship’s oscillations 

H,, = moment about CG due to 

water pressures generated 

by waves and ship’s oscil- 

>] ll 

lations 
h = wave amplitude 

distances 

m 

Il 

9 r2 

Pow = Vw cos a 

ig 
Wi } » pe ©)) Sd VOM oe) Qa 

= — e77¥/% Cos a COS (x — ct) (14) 
h R 

The potential due to wave motion alone is dx 

By / 2 

gw = hee?™4” cos _ (a — ct) (15) 

The total velocity potential is the sum of equations (13), 

(14) and (15) 

Cy) a Pom ar Pow ar dw (16) 

Exciting Forces 

Attention will now be concentrated on the second and 
third terms of equation (16), the two component parts of 

the velocity potential which give the exciting forces due 
to waves. 

The pressure due to @,x is, from equations (11) and 

(14) 

Pow = p Le era p 7g ~2nk 0s a) /N 
ol ” R 

Rae on 
xX cos a sm (tv — cl) — — tp 

R 

2ahe e'— 27k cos @)/> eos @ COs Ze (x — ct) 
nN aN 

Nomenclature 

longitudinal moment of in- tal velocity of water in 

ertia of a ship in mass waves 

V = ship speed 

coefficients of equation (25) v = vertical velocity 

added mass coefficient in two- v = vertical component of wave 

dimensional vertical flow orbital velocity 

about a ship section x = longitudinal co-ordinate with 

correction coefficient for ef- respect to wave nodal 

feet of free water surface point 

= ship length y = vertical co-ordinate or local 

hydrodynamic moment half-breadth of LWL plane 

pitching moment imposed on Z = complex amplitude of heay- 

a ship by waves (= Moe'7) 

mass of a ship or of a ship 

section 

vertical damping force per 

unit of body length per 

foot per second 

groupings of coefficients of 

differential equations of 

motions defined by equa- 

tions (7) 

= pressure 
radial distance to a point q 

in fluid 

local radius of semi-cylindri- 

cal body 

= sectional area 

= amplitude of vertical dis- 

placement at bow 

time 

horizontal component of orbi- 

ing motion (= Zoe") 

vertical co-ordinate or heav- 

ing displacement 

= polar co-ordinate 

= angle between longitudinal 

tangent to body surface 

and x-axis 

= phase angles of ship motions 

local wave-height co-ordinate 

angle of pitch 

= complex amplitude of pitch- 

ing motion (= Me'*) 

wave length 

longitudinal co-ordinate with 

respect to CG 

water density 

phase angles of 

forces 

velocity potential 

frequency of wave encounter 

exciting 
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On the surface of the body where R = r (and since 
c? = g\/2n) 

9 9 
Pw = — E pgh sin = (x — cb | 

x reosa e! —2zr cos a)/d 

2pgh 2 nerd Fa 
_ | 7a cos =~ (x — | 7¥ COS. aes 77 C8 =/X (17) 

c 

(In the 1955 paper an error was made in substituting 
R = r before differentiating with respect to time, since r 
is a function of time.) 

The corresponding component of the force due to 
body-wave interference is obtained by substitution of 
equation (17) in equation (10) 

9 
(F). = ; = il pghr? sin = (x — ct) 

a 9 

— 4p pi cos — (a — ci) 
c nN 

1/2 Es 
< ii cos? a ef 4ar cos a)/X da 

0 

The series expansion of the exponential is 

9 Da 22 Ana2 a 4ur 27°r° COS“ @ 
e627 cos a)/h — 7 — eos a + SS is 

nN Ne 

and the integral is evaluated as 

4/2 
6 on , 

| costae 2 — 77608 &/® dey 
0 

7 4ar 3onr? 

4 3X 8r2 

Neglecting cubes and higher powers of the small quan- 
tity r/\ in the first term and also r?/\? in the coefficient 
of the 7-term 

dF { [ar Sr7r?\ . 2a 
—} = —2pghr - — —— } sin — (# — et 
& i pa ( 3X? ) ee r ‘ ae 

A (LL ey | +i ( a ) x (a ae (18) 

The pressure due to the potential of wave motion dy is 
from equations (11) and (15) 

Opw _- 2arphe? 

ot r 

5 4 ir 
jy = fo e274/® sin — (a — ct) 

d 

At the surface of the body 

5 . Qa 
De = pone wate’ eu cin ay (x — ct) (19) 

The corresponding component of the force is obtained by 
substituting equation (19) in (10) 
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9 
(F). = 2pghr sin ra (x — ct) 

n/2 
x f Cos a e(—2ar cos a)/X da 

0 

where the integral is equal to 

Again neglecting cubes and higher powers of r/X 

dF ae Gh aie 
=|) = Bala (i = — 
(F), ae ( » +3 ) 

9 
= | a 

X sin — (zt — et ) (20) 

The first term of equation (20) is seen to be the dis- 
placement force resulting from the wave rise or fall and 
the accompanying increase or decrease of volume. The 

second and third terms represent a modification of this 
force, due to the (approximate) exponential variation of 
pressure with depth, and this modification is known as the 
“Smith effect.’’ The entire equation represents the force 
acting under what is usually referred to as the ‘‘Froude- 
Kkriloff hypothesis.” This force which is exerted by the 
waves on the body is reduced by the body-wave inter- 
ference effect indicated by equation (18); for a semi- 
cylindrical section at zero speed this amounts to ap- 
proximately doubling the Smith effect. 

Designating by 6 the angle between the longitudinal 
tangent to the body surface and the positive z-axis, the 
derivative 7 is evaluated as 

, _ ardé gO ay ey 21 
dé dt my ep 

(In the 1955 paper the sign was erroneously taken as 
positive.) With the substitution of equation (21), the 
sum of equations (18) and (20) which is the total exciting 
force, becomes 

dF dF dF : 
—_ = —— — v= 2 pghr 

dx (F), a (F) g ge 

Qn, 22 J Ww? 4q?r? 
x 4(1 x SF 2 

2r 
sin (x — ct) 

d 

\ T Sar ae 20 eae i 99 
4. ; tan B (3 a ) COs (wv cl) ¢ (22) 

This expression replaces equation (26) of the 1955 paper. 
It differs from it in the sign of the velocity-dependent 
terms, which are small, and in the value of the coefficient 
of the (r tan 8)/A-term, which is also small. 

Two steps remain to be taken: (a) Equation (22) must 
be generalized for ship sections other than semi-circular, 
and (b) corrections must be introduced for free-surface 

effects. 
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It is clear that the factor 

2pgrh sin 2r(x — ct)/X = 2pgrn 

represents the change in displacement force with wave 
rise and fall; rin this case then is to be taken as the half- 
beam B/2, at the load waterline. Next it is noted that 
when the body-wave interaction is taken into account the 
Smith effect. on a circular body is doubled. This factor 

of 2 may be interpreted as (1 + ke) by analogy with G. I. 
Taylor’s expression (1928) for the force acting on a body 
placed in a fluid flow with a velocity gradient. Here ky is 
the coefficient of accession to inertia in vertical flow and is 
equal to 1 for a circular section. ® 

With a free water surface and the formation of a 
standing-wave system, the value of ky = 1 for the circular 
cylinder is modified by a factor which is designated as ky. 
Ursell (1954, and answer to discussion, Korvin-Kroukov- 

sky, 1955b) has computed the following values of ks versus 
wr/g (or w°B/2g) for the circular cylinder: 

w?B/2g ks es me 

0.262 0.818 
0.524 0.632 

0.785 0.592 

1.571 0.673 
2.094 0.738 
2.356 0.762 
3.142 0.818 
3.927 0.859 
4.712 0.883 

In the absence of more complete information it will be 
assumed that this table of corrections applies to non- 
circular sections as well. 

From experiments with an oscillator, Golovato (1956) 
derived the coefficients of added (virtual) mass in heav- 

ing oscillation for a ship form symmetrical fore and aft 
with U-sections almost wall-sided at the load waterline. 
Fig. 8 of that reference shows a curve quite similar in 
trend to the coefficients of the foregoing table but with 
values about 20 per cent higher and with the minimum 
shifted to a somewhat higher frequency. The effect of 

these differences on the ship response are expected to be 
small. 

The factor (1 + koks)/2 will then be applied to all 
terms of equation (22) after the first displacement-force 
term. In the earlier paper, ky was estimated for the ship 
as a whole and it was applied only to the integrated vir- 
tual mass and inertia effects due to body motion in 
smooth water; it was omitted in the expression for the 
exciting forces. Subsequently, it was found necessary 
to apply the ky correction to each section for the calcula- 
tion of bending moments and highly advisable to adopt 

this more accurate procedure for the motion calculations. 
Therefore, this omission has been corrected in the 

present paper. 

Since the modified Smith-effect terms are connected 
with virtual masses and since the effect of section shape 

3 O. Grim (3-1957) proved this interpretation on basis of F. M. 
Lewis’ (1929) transformation. 
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is defined by the coefficient ky, the factor r in this case is 
interpreted as a measure of sectional area; i.e., 

r = (28/n)¥2 23) 

where S is sectional area below the load waterline, and 
therefore 

dr 1 dS 
tan 8 = — = —— — 

B dé (2aS) 2 dé 
(24) 

With the substitutions just indicated, the distribution 
of vertical heaving forces due to the action of waves on 
a ship at a particular instantaneous position of the ship 
on the wave (¢ = 0) is expressed as 

IF - . Qrx . Qra 
Lae pghB ¢ sin ga + Ky cos a) (25) 
dx oN oN 

where A, and Ky, are nondimensional coefficients 

2 1 + koks 2? [2S\1/2 T 
K — | — = 4 (1 kok. = S : = (75) +4(1 + hole) © 

volt ) 28 1/2 f n ‘ eae mh oe keokg) fe 16/28 ve 1 ds 

4 = 3h ear c (2mS)'? dé 

These coefficients depend on the sectional shape and area, 
on the wave length and also, because of the presence of 
the coefficient ky, on the frequency of wave encounter. 
The distribution of forces along the length of the ship 
given by equation (25) can be used directly in the com- 
putation of the bending moments exerted on a ship by 
waves. 

For an analysis of ship motions the force distribution 
must be integrated to provide the total heaving force F 
and the total pitching moment J 

(26) 

and 

6 7 ’ 

M = f a € ae ae (27) 
5 he mw dé 

where the limits of integration s and b are the values of 
x at the stern and the bow, respectively. The second term 
of equation (27) results from the consideration that the 

water pressure acts normally to the body surface; in the 
case of a body of varying circular section the moment 
arm is (€ + r tan 8) and, by the use of the relationships 

(23) and (24), for a normal ship form the moment arm 

may be assumed to be (€ + dS/mdé). Equations (25), 
(26), and (27) replace Equations (33) and (34) of the 
sarlier paper. 

The integrals of equations (26) and (27) can be evalu- 
ated readily by Simpson’s rule. By changing the ship’s 
position relative to the wave the maximum values or 
amplitudes of the exciting force and moment can be 
found as well as the phase lags ¢ and 7. Calculations of 
these amplitudes /’) and Mo, were made for a 5-ft-long 
model of the Series 60, 0.60-block-coefficient hull (HTT 

Model No. 1445) in waves of ship length (A/L = 1) and 
wave height of 1.5 in., for comparison with the ex- 
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Fig. 15 Comparison of computed and experimentally measured 
exciting force and moment amplitudes for ETT Model 1445 in 

waves 5 ft by 1.5 in. 

perimental data described in Appendix 2 of the 1955 
paper. A very good agreement between calculated and 
experimental values was obtained except at zero and very 
low forward speeds, Fig. 15. It has been observed in re- 
cent years that at such speeds there is often interference 
from the waves reflected by the walls of the towing tank, 
while at greater speeds this interference is no longer en- 
countered and the experimental data become more re- 
liable. 

Forces Due to Body Motions 

The pressure in the fluid due to the body’s own motion 
is, from equations (11) and (13) 

Od» 5 2 pur? 
Sha ep cos 
ot R Pa cpet Pom = Pp 

= — pur cos a — 2 pr? CoS a (28) 

at the body surface where R = r. The distribution of 
vertical forces is obtained by substituting equation (28) in 

(10) 

(F) = —p rs — pariv (29) 
bm 2 dx 

The apparent vertical velocity v of the center of the 
circular section, given by equation (8), consists of three 
parts 

Bap i) — Ay v= 

where the first is the heaving velocity, the second is the 
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vertical velocity due to the angular velocity of pitching, 
and the third is the vertical velocity due to the instan- 
taneous angle of trim @ at the control planes. Since € is 
a function of time and & = —V 

p= 3+  — 216 (30) 

After substituting equations (8), (21) and (30) in equa- 

tion (29), the following set of six terms is obtained 

dF Tee : 

eos |e a 
| 

—[oZre]i (ii) | 
| 

+9 E : 2) | (iii) ¢ (31) 

+ [par tan BV ]é (iv) 

+ [par tan BVE]6 (v) | 

— [parV? tan B]9 (vi) 

Equation (31) replaces equation (39) of the 1955 paper. 

Terms (i) and (ii) are identical with (3) and (6) of equa- 

tions (39) and term (iii) is the sum of the earlier (1) and 
(5) with the sign of the latter corrected. Terms (iv), (v), 
and (vi) are twice terms (4), (7), and (2), respectively, 

of the earlier equation (39), which were incorrect because 
substitution of R = r had been made before differentia- 
tion with respect to time. 

The factor (pmr?/2) in the first three terms of equation 
(31) is evidently the virtual mass of an element of body 
length, and by introducing 2 and ky on the basis of the 
reasoning outlined in connection with exciting forces, it 
can be expressed as (pSkoks). The factor (par tan @B) in 
the last three terms is the derivative with respect to & of 
(prr?/2) and so it can be expressed as d(pSkek4)/dé. The 
total force due to the body’s own motion is then 

—pJSf Skoks(Z + £6 — 2V6)déE 

Ve f dSkoles 
dé 

Pum = 

(s + #6 — % — Vo)dé (32) 

and the moment is 

Mom = —pf Skoka(Z + £6 ad 2VA)E dé 

+ Ve f + w— veyae (83) 
dé 

where the integration is carried over the length of the 

hull. 
Since F,,, and J/,,, are functions of z and @ and their 

derivatives, the terms of equations (32) and (33) may be 
transposed to the left-hand side of the coupled equations 
of motion. Their contributions to the coefficients of these 
equations are designated by the subscript 1. Thus 
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(Oh pS (Shoks)dé 

TT (ay Ware | a 
dé 

dy = pS (Skoks)E dé 

d(Shok4) 
é€ = —2V pS (Shoks)dé = Vp { = dt E dé 

Skok i +V% [ cE 
dé 
ee (34) 

Ay = pS (Skok) & dé 

Skole 
B, i —2V pS (Skoka)é di—Vp i dl Kaho) ee dé 

dé 

Y _ 12 d( Skok4) a 

Efe 
dD, —— pS (Shaka) é dé 

) , dSkok, " BE, = —Vp { rs eas 

Dynamic Terms in z and 6 

Attention should be called to the fact that the velocity- 
dependent terms in 4 and 6 of equations (31), (82) and 
(33) do not involve dissipation of energy, but only the 

transfer of energy from one mode to another. This was 

demonstrated by Haskind (1946) and by Havelock 
(1955), who refers to these terms as “dynamic coupling.” 

In previous studies of oscillations, velocity-dependent 
terms appear only in the role of energy dissipation either 
by viscosity or by wave making in the case of ships. 
Following these earlier studies it was assumed in the 1955 
paper that the velocity-dependent terms in the develop- 
ment of the potential theory merely implhed damping 
and could be replaced by damping terms determined on 
the basis of energy dissipation by waves as a quid pro quo, 
since the initial statement of the problem did not provide 
for inclusion of energy-dissipation terms. Later, exami- 

nation of the work of Fay (1957) suggested that this was 

an error of judgment which could be responsible for the 
poor correlation between calculated and experimental 
phase relationships reported in the earlier paper and also 
for the poor results obtained when applying the methods 
of that reference to the calculation of bending moments. 

A study of Haskind (1946) and Havelock (1955) con- 
firmed this and therefore the terms in 3 and 8, (ili), (iv) 

and (v) of equation (31) have been reinstated. They 
yield a heaving force due to pitching velocity 6 and a 
pitching moment due to heave velocity 2 equal to 

[—2p Sf (Shkoks)dé = pS Ed( Skok) | i) 

and 

[— pS td( Skok) ]VE 

For the case of a half-immersed spheroid under the 
condition of a free water surface but neglecting wave 

(35) 
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making, Havelock gives the dynamic coupling terms as 

—pMVé0 for the heaving force 

and 

+qMVz for the pitching moment 

where J/ is the mass of displaced water. In general 
p =~ q, and each is given by a fairly complicated ex- 
pression in terms of ellipsoidal co-ordinates and associated 
Legendre functions of the second kind. For a long 
spheroid Havelock finds that p = q = (1 + ky)/2, or 
0.515 for a length-diameter ratio of 8 which is the fineness 
ratio of the usual ship form. Haskind (1946) had found 

that p = qfora thin or “Michell” ship symmetrical fore- 
and-aft. 

For a prolate spheroid S is a function of € alone and 

S ,Sdé = — f dS = M/p 

Therefore expression 
becomes 

(35) of the present development 

—koksMV6 

and 

+ hoki Vs 

where the bar indicates the value for the entire body. 

Thus p = q¢ = keks. For a circular section ky = 1 and, 
at the oscillating frequency in the vicinity of synchronism 

for most ship forms, ky is of the order of 0.75. It ap- 

pears from the application to the models in this paper 
that the damping in heave is reduced and in pitch is in- 
creased by the addition of the dynamic coupling terms. 

Dissipative Damping 

It was mentioned previously that the free water surface 
was not taken into account in the basic derivation of the 
present paper and that a correction for it must be intro- 
duced independently. The effect of the free surface on 
the virtual mass has been allowed for approximately by 
the use of the coefficient ky derived by Ursell for a semi- 
cylinder (1954, and discussion, Korvin-Kroukovsky, 
1955b). (Grim, 1953, also has calculated this effect for 
some ship-like forms but his material is not extensive 
enough for general application.) The other well-known 
effect of the free surface is the dissipation of energy in the 
formation of waves which propagate away from the ship 
in all directions. In the ‘strip’? method of analysis it is 
assumed that waves from each length segment d= propa- 
gate laterally. If the ratio of the amplitude of these 
waves to the amplitude of the heaving motion of a ship 
section is designed by A, the damping force per unit 
vertical velocity v of the ship segment is expressed as 
(Holstein 1936, 1937a, 1937b, and Havelock 1942) 

N(E) = pg?A?/w,3 

where w, is the frequency of the waves radiated by the 
ship and is equal to the frequency of wave encounter. 

(36) 



Fig. 16 Ratios of three-dimensional to two-dimensional cal- 
culations of damping coefficients for submerged spheroid of 
L/B = 8 (Fig. 1 of Havelock, 1956. Subscript H indicates 

heaving, P pitching, and S strip method) 

Holstein (1936, 1937a and 19376) and Havelock (1942) 
represented the heaving body by a distribution of 
harmonically pulsating sources along the bottom. In 
that case the amplitude ratio A is given by 

A = 2e7*! sin (koy) (37) 

where kop = «,2/g, y is the half-beam B/2, and f = S/B, 
the mean draft of a ship section. This theoretical result 
was confirmed by Holstein’s own experiments; the re- 
sults of the many experiments appear consistent, yet 
some doubt may be felt because of the smallness of the 
test tank. The theory is approximate and acceptance of 
it necessarily hinges on agreement with experimental 

results. 
A more nearly exact theory was developed by Ursell 

(1949, 1953, 1954) for a heaving semicylinder, and by 
Grim (1953) for a number of analytically defined sections 
closely approaching practical ship sections. In the case 
of a semi-circular section Grim’s results agree with Ur- 
sell’s. In their theory the damping force is calculated as 
a boundary-value problem. Unfortunately no experi- 
mental verification has been provided. 

Both theories, that of Holstein and Havelock which 
does not satisfy the boundary condition on the surface of 
the body and that of Grim which fulfills all the boundary 
conditions with a good degree of accuracy, give approxi- 
mately the same results at the frequency for synchronism 
for a normal ship, but very different results at higher fre- 
quencies. The Holstein-Havelock values of A, equation 

(37), were used in the 1955 paper where the results of the 
calculations generally indicated overdamping. In recent 
work Grim’s A-values, which are presented in the form of 
charts, have been substituted. This has given a better 
correlation of the calculated and experimental ampli- 
tudes of the motions of the ship models. 

The experiments of Golovato (1956) have been men- 
tioned already in connection with coefficients of added 
mass. In those experiments the coefficient b of damping 
force was also measured. The experimentally measured 
b was found to be lower than the coefficients computed 
by the different methods of Havelock and Grim, that 
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Fig. 17 Ratios of three-dimensional to two-dimensional cal- 
culations of damping coefficients for thin “Michell” ship of 
B/H = 2 (Fig. 2 of Vossers, 1956. Subscript H indicates 

heaving, F pitching, and S strip method) 

computed by Grim’s method being closer to the measured 

value. Another comparison by Golovato of computed 
and measured coefficients using the experimental data of 
Haskind and Riman (1946) gave similar results. 

The computed coefficients are based on the strip 
method of analysis which assumes two-dimensional fluid 
flow, while Golovato’s and Haskind and Riman’s tests 
were made with ship models, i.e., in three-dimensional 
flow. The relation of damping in three-dimensional flow 
to damping in two-dimensional flow can be estimated on 
the basis of the work of Havelock (1956) and of Vossers 

(1956). Havelock calculated the damping coefficient by 
two methods, three-dimensional and strip, for a sub- 
merged spheroid with length-beam ratio of 8, a fair value 
for comparison with ship models. Vossers made similar 
computations from Haskind’s theoretical results (1946) 
for a “thin ship” in the sense of the approximations in- 

troduced by Michell (1898) in his theory of wave re- 
sistance of ships. The results of both are reproduced here 
in Figs. 16, 17 as ratios of the coefficients of damping 
in heave or pitch by the two methods.‘ It should be 
remembered that accurate evaluation of damping is most 
important in the vicinity of synchronism. The values of 
the frequency parameter w?L/g (or o?L/g in the figures) 
at synchronism are given in the last two columns of 
Table 5 for the eight models to which the computational 
method outlined here has been applied. (Also included 
in Table 5 are the parameters L/B, k. and k’ for com- 
parison with Havelock’s submerged spheroid.) 

Omitting from consideration the original trawler and 
yacht, the lowest values of the parameter w?L/g are 10.4 
in heave for the T-2 tanker and 11.7 in pitch for the 
Series 60 hull, while for the models with displacement- 
length ratio of 60 w?L/g is above 17.6. At these values 
Figs. 16 and 17 indicate negligible corrections for damp- 
ing in heave and small corrections for damping in pitch 
(0 to 15 per cent based on Havelock’s computations and 
10 to 20 per cent from Vossers’). Since the corrections 
for three-dimensional effect are negligible or small and 

4 The subscript S in the figures denotes “strip”? method. 
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Table 5 Values of w°L/g for Synchronous Speed, L/B, k» and k’, of the Various Ship Forms for Comparison with Havelock’s 
Submerged Spheroid 

Model L/B ko" 
Havelock’s submerged spheroid. . . . 8 0.94! 
Series 60 (Model 1445).......... recat wee oe) 0.72 
V-bow (Model 1616)................... UGS) 0.74 
T-2 Tanker (Model 1444)... .. ; bis 7.4 0.68 
Destroyer (Model 1728)............ 9.4 0.90 
Trawler (Model 1699A)........... De 0.66 
Yacht (Model 1699B)............. ay 0.70 
Lengthened trawler (Model 1699C). . . 10.3 0.64 
Lengthened yacht (Model 1699D).... 8.0 OF72 

w — —— wh /¢- — 
Kae Pitch Heave Pitch Heave 
0.84 — == — 
0.42 8.7 9.0 17 12.5 
0.48 On 9.0 14.5 12.5 
OroL 9.0 8.4 12.0 10.4 
0.75 10.6 10.3 20.1 18.8 
0.51 8.4 8.6 9.5 9.9 
0.46 eels Sul 7.9 8.6 
0.53 10.6 10.3 20.1 18.8 
0.48 10.0 TORS: 17.6 19.4 

added mass 
* ky for the ship forms (with free surface correction ky) = 

a added moment of inertia 

moment of inertia of water displaced by a ship. 

since they have not yet been developed for ships of nor- 
mal form, they will be ignored in the present work; the 
damping will be taken as computed for two-dimensional 
flow by Grim. It is gratifying nevertheless to have 
measures of possible error such as Vigs. 16 and 17 to 

replace arbitrary assumptions made in the earlier paper 
as to the applicability of the strip method of analysis. 

The damping force for each section is 

vN(é) = [8 + £6 — VO]N(E) (38) 

where N(é), the damping force per unit vertical velocity 
of the ship section, is given by equation (36). The total 
damping force and moment of the hull are then obtained 

by integration over the length, thus the damping force is 

SN(®l[z + & — Véldé (39) 

and the damping moment is 

SN(é)[z + & — Volé dé (40) 

The contributions of these expressions to the coefficients 
of the coupled equations of motion are designated by the 
subseript 2 

by = S N(é)dé 

@ = Ey, = SN(EE dé 

gp = -—VSN(~EdE = 

Bo = SN(é)& dé 
C.= —VSN(E)E dé 

The integrations are carried out numerically as in all 
cases in this paper, and over the length of the hull. 
When all the forces and moments proportional to z 

and @ and their derivatives with respect to time, which 
are presented in the foregoing development of the po- 
tential theory with corrections for free-surface effects, 

are combined with the inertial and restoring forces and 
moments the coefficients of the equations of motion be- 
come 

—Vbe (41) 

mass of water displaced by a ship 

a= m+ pS (Skoka)dé 

A = J+ pS (Skoks)E dé 

a— pS (Skoka)é dé 

b= SN(édé 
B= S[N(H& dE — 2VD — Vp fed(Sksky) 

© = SN(BE dE — WV pS (Skoks)dé 
= V pS Ed(Skokey) 

Vp S Ed(Skokq) 

(42) 

c = pg f B*dé 
CC = pg SBE dt — VE 
g = pg S B*E dt — Vb 
G = pg SB*é dé 

where the integrations are taken over the length of the 
hull. 

Terms c and G, the coefficients of the displacement in 
heave z in the force and moment equations respectively, 
depend only on the changes in the displacement of the 
ship. With the linearizing assumption these are evalu- 
ated on the basis of the beam of a section. Terms g and 
C, the coefficients of the angular displacement 6, depend 
on displacement changes and also on the kinematics of 
the fluid flow resulting from the ship being at an in- 
stantaneous angle of trim. 

It is seen that the damping-force coefficient b in heave 
is a function of frequency of encounter w, but is inde- 
pendent of forward speed V per se. This appears to be 
confirmed by the experimental work of Golovato (1956). 
However, the damping moment coefficient B in pitch 
and the cross-coupling coefficients e and # are composed 
of dynamic terms proportional to V and dissipative terms 
independent of V (except as the frequency of encounter 
#, 18 a function of V). While the dynamic terms con- 
tribute only a little to B, they make very important con- 
tributions to the cross-coupling coefficients. 

5 B* represents beam. 



APPENDIX D 

Experimental studies of buffeting, flutter, and atmospheric 

turbulence produce data which are not amenable to analysis 

by the usual process of measuring or calculating discrete 

values of static force, pressure, or moment. Instead, where 

randomly fluctuating quantities are involved, it becomes 

necessary to use statistical methods to analyze and describe 

the phenomenon being investigated. The types of informa- 

tion usually required are probability distributions, power 

spectra, and cross spectra. In order to avoid the time and 

expense involved in using conventional numerical methods 

for securing the various statistical analyses, the NACA uses 

a technique of recording data on magnetic tape and playing 

it back into electronic analog analyzers which perform the 

desired analyses and automatically plot the results. The 

magnetic tape recording system and the analog analyzers 

are described in this paper and their application to aero- 

nautical problems is illustrated. A discussion of the com- 

parative accuracy and reliability of the numerical and 

analog methods is also included. 

Introduction 

IN mucu of the experimental work undertaken in 
aeronautical research and development it is possible 
to set up experiments so that the amplitude of any quan- 
tity being measured remains very nearly constant dur- 
ing a given test run. In this case a precise measure of 
the static level is sought and any fluctuations in the 
level occurring during the run are considered to be 
‘noise’ which must be eliminated by filters or faired 
through on the time-history record. 

However, many phenomena being studied produce 
data in which random amplitude fluctuations are in- 
herent and measurement of average or faired levels only 
is of little or no value. Typical examples are gun aim- 
ing errors encountered in fire control systems, loads im- 
posed on airplanes by turbulence of buffeting, stresses 
produced by engine noise or vibration, and aircraft 
landing gear loads caused by rough runways. In these 
cases, the information sought must be secured by anal- 

1 Presented at the Electronic Aids to the Aircraft Industry 
Session, Twenty-Third Annual Meeting, IAS, New York, N. Y., 
January 24-27, 1955. Reprinted with the kind permission of the 
Aeronautical Engineering Review, May 19565 issue. 

2 Aeronautical Research Scientist, Instrument Research Divi- 
sion, Langley Aeronautical Laboratory, NACA. 
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Analog Equipment for Processing 

Randomly Fluctuating Data’ 
FRANCIS B. SMITH? 

ysis and study of the random amplitude fluctuations 
about the mean value. 

The most practical way to describe quantitatively 
these amplitude variations is to use the statistical tech- 
niques which have been devised for analyzing stationary 
random time series. The simplest and most familiar 
of these techniques is the probability distribution, 
which, for example, has been used for years to describe 
atmospheric turbulence. Recently, the generalized 
harmonic analysis techniques have been developed and 
are being successfully applied to many random-type 
data analysis problems. 

The theoretical aspects of these techniques have been 
discussed by Wiener [1],* Tukey [2], and Rice [3] and 
specific applications to aerodynamic problems have been 
described by Clementson [4], Liepmann [5], Summers 

[6], Press [7], Chilton [8] and others. 
These authors have demonstrated that statistical 

techniques are extremely useful in aeronautical re- 
search. However, if conventional time-history records 
and numerical data work-up procedures are used to 
secure the various required analyses, the application of 
these techniques to actual samples of experimental data 
is a time-consuming and expensive process. This is es- 
pecially true in the case of power and cross spectra de- 
terminations. In addition to the digital computer ex- 
pense involved in making the thousands of required 
numerical calculations, several days may be required 
to read the necessary number of data points from the 
time-history record. These factors often seriously re- 
strict the number of statistical analyses that might be 
made, or force one to limit severely the length of the 
data samples and to accept the consequent poor sta- 
tistical reliability. 

To overcome these limitations the NACA has com- 
bined commercially available electronic equipment with 
NACA-developed components to provide an analog 
data processing facility which produces the required sta- 
tistical analyses rapidly and inexpensively. This fa- 
cility consists of four basic elements: (1) magnetic- 
tape data storage and playback system, (2) a probabil- 
ity distribution analyzer, (3) a power spectral density 
analyzer, and (4) a cross spectral density analyzer. 
This paper will describe these pieces of equipment, 

3 Numbers in brackets designate References at the end of the 
paper. 
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in the order listed, and will briefly illustrate the appli- 
cation of the various types of analyses to aeronautical 
research. 

Magnetic Tape Recording and Playback System 

An essential part of the data processing facility is the 
magnetic tape recording equipment illustrated in Fig. 1. 
This equipment provides a means for storing the data 
in such a way that it can be accurately reproduced in a 
form most suitable for analog processing. 

Instead of recording data directly on magnetic tape 
a frequency-modulated carrier system is used. This 
permits the storage of very low frequency and d-c data 
and eliminates much of the spurious amplitude varia- 
tion which would otherwise be caused by tape imper- 
fections and tape wear. It also makes possible the di- 
rect recording of FM radio telemeter data. 

Where the data to be processed are produced by a 
stationary facility such as a wind tunnel, the tape re- 
corder and FM modulators are located at the facility. 
Where the data are produced by an airplane, helicopter, 
or rocket-propelled missile, the data are transmitted to 
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a tape recorder on the ground by a radio telemeter link. 
Or, if the data to be processed have been previously re- 
corded as a trace deflection on photographic paper or 
film, a transcribing machine is used to convert film de- 
flections to a frequency modulated carrier which is re- 
corded on tape. 

Use of magnetic tape recorders provides a great deal 
of flexibility in handling data samples. Sample lengths 
and frequency ranges can be expanded or compressed 
by factors as high as 240 to 1 simply by changing the 
tape speed. Data samples from 1 sec to several min- 
utes in duration and containing frequencies from de 
to 6000 cycles per sec or 7000 cycles per sec can be 
recorded and reproduced by the FM system. If neces- 
sary, higher frequencies can be handled by eliminating 
the frequency modulated carrier and recording directly. 

The analog analysis methods require that data sam- 
ples be scanned a large number of times by the analyz- 
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ing equipment. Consequently each sample on the tape 
is spliced into a continuous loop before being played 
back into the FM demodulators and the analyzers. 

The three types of analyzers through which data re- 
corded on tape may be processed are a probability dis- 
tribution analyzer, a power spectral density analyzer, 
and a cross spectral density analyzer. These three 
analyzers and the type of statistical information pro- 

duced by each will be discussed in the following sec- 
tions of this paper. 

Probability Distribution 

The time function shown at the top of Fig. 2 illus- 
trates a randomly varying quantity of the type to be 
considered throughout this paper. One way to ana- 
lyze such a function is to determine its probability dis- 
tribution. This is a measure of the proportion of total 
time during which the amplitude of the varying quan- 
tity exceeds given levels. 

For example, suppose the time function shown at the 
top of the figure were a plot of the gust velocities en- 
countered by an airplane flying through rough air. 
The intensity of the turbulence could be shown by plot- 
ting the probability that the gusts would exceed specific 
velocities against gust velocity. The gusts in the at- 
mosphere represented by the distribution shown would 
be expected to exceed 3 or 4 fps about 95 per cent of the 
time and to exceed 20 fps only about 1 per cent of the 
time. 

The electronic analyzer used to determine probability 
distributions is illustrated in Fig. 3. The data sample 
recorded on an endless loop of magnetic tape is contin- 
uously played into the analyzer, and its instantaneous 
amplitude is compared to a reference voltage Hy. The 
level of the reference voltage is determined by the po- 
sition of the potentiometer slider. If the input voltage 
is larger than the reference voltage, the amplifier will 
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be saturated and the output of the limiter will be at 
level B; if the input is less than the reference voltage, 
the amplifier will be cut off and the output of the lim- 
iter circuit will be at level A. The percentage of time 
that the level is at B then represents the probability of 
the input being above the fixed level Hy. By averaging 
the output of the limiter this probability may be read 
directly and recorded. By slowly changing the level 
of the reference voltage and driving the paper on the re- 
corder in synchronization, a complete plot of the prob- 
ability distribution may be obtained. 

To illustrate the use of the analyzer, Tig. 4 shows a 
distribution of wing buffeting loads obtained during a 
gradual pull-up at high speeds. The solid line is the 
analyzer record and the circled points are values deter- 
mined numerically. Setup and running time on the 
electronic analyzer was about 20 to 30 min and about 7 
man-hours were required to read the time-history rec- 
ord, calculate the mean, and determine numerically the 
circled points. 

Power Spectral Density 

The probability distribution describes the intensity 
characteristics of the data but does not describe their 
frequency or spectral characteristics. Nor does it fur- 
nish information sufficient for calculating system input- 

output relationships or transfer functions. If this sort 
of information is required, a second type of statistical 
analysis called the power spectral density analysis may 
be used. 

Power spectral density analysis is sometimes referred 
to as “generalized harmonic analysis” and is similar to 
the familiar Fourier series harmonic frequency analysis 
except in the following respects: (1) Fourier series anal- 
ysis is applicable to repetitive functions while general- 
ized harmonic analysis is applicable to stationary ran- 
dom time functions, (2) as illustrated in Fig. 5, the spec- 
trum is represented as a continuous curve rather than 
as discrete harmonically-related frequencies, and (3) 
the spectrum is plotted in terms of mean-squared am- 
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plitude per unit bandwidth (equivalent to average 
power per unit bandwidth in the electrical system) in- 
stead of simple sine-wave amplitudes. 

The power spectrum then represents the distribution 

of energy over the frequency spectrum. Tor example, 
the portion of the total energy included in the frequency 
band f; to f2 in the figure is represented by the area under 
the curve between fi and fy. 

One extremely useful feature of the power spectra 
concept is the simple input-output spectra relationship 
illustrated in Fig. 6. For linear systems, the power 
spectral density of the system’s output G,(f) is equal to 
the power spectral density of the input G.(f) times the 
squared absolute value of the transfer function Y(f). 

Thus, we have a relationship among the three variables 
such that if two of the three are known, the third may 

be determined. 
This sort of input-output-transfer function relation- 

ship is one which is familiar to the electrical engineer 
who is often fortunate enough to be able to work with 

strictly sinusoidal signals. It should be noted that the 
power spectra concept now enables the aeronautical 
engineer, who often has no choice but to work with ran- 
domly fluctuating type of ‘‘signals,’”’ to perform the same 
sort of ‘‘circuit analysis” as the electrical engineer is ac- 
customed to do. 

For example, again consider the problem of an air- 
plane flying through rough air; the airplane can be con- 
sidered as a mechanism having a transfer function Y(f), 

the turbulence can be considered to be the input G,(f), 

and the airplane’s response can be considered as the out- 
put G,(f). 

Thus, by measuring an airplane’s transfer function 
and its response to atmospheric turbulence, it is pos- 
sible to use the plane as an instrument for measuring 
turbulence, as Clementson [4] and Summers [6] did. Or, 
if a specific turbulence spectrum is assumed and the air- 
plane’s transfer function is known, it is possible to pre- 
dict the plane’s response to the turbulence. 

Also, by using the techniques developed by Rice [3], it 
is possible in many instances to use power spectra to 
calculate such things as the number of zero crossings and 
the number of times the amplitude of a randomly vary- 
ing quantity exceeds certain levels. 

Power spectral density may be numerically calculated 
by a procedure outlined by Tukey [2]. Very briefly sum- 
marized, this procedure is as follows: First, read the 

time-history record point by point; second, calculate 
the autocorrelation function of the data sample by eval- 

uating the integral 
a 

S(O) f(t + r)dt 
0 

for several discrete values of time lag 7; and third, de- 
termine the power spectral density of the data by taking 

the Fourier cosine transform of the autocorrelation 

function. 
This process is equivalent to passing a tunable, con- 

stant-bandwidth filter of known characteristies over the 
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data and measuring the time average of the square of 
the filter’s output. Except for squaring of the filter’s 
output and some difference in the filter’s characteristics, 

the results are almost identical to those obtained from 
the familiar spectrum analyzers that have been used for 
years by communications and sound engineers. 

This suggests then that there are two types of elec- 
tronic analog equipment which might be used to de- 
termine power spectra: one type parallels the numer- 

ileal process by first determining the autocorrelation 

function and then taking its transform to get power 
spectral density; the other omits the autocorrelation 
function entirely and measures the spectrum directly 
by means of a scanning electrical filter. 

Since scanning filter types of analyzers are compara- 
tively simple electronic devices and are commercially 
available, the NACA uses the direct spectrum measure- 
ment approach. 

This type of analyzer is illustrated in Fig. 7 and oper- 
ates in the following manner. The data sample stored 
on a continuous loop of magnetic tape is applied to the 
bandpass filter. Any frequency components in the 
data which fall within the filter’s pass band will be 
passed by the filter, squared, averaged, and then applied 
to a direct-writing recorder. The filter is initially set at 
the low end of the frequency range and slowly scans 
upward through the spectrum until the entire frequency 
range of interest has been covered; at the same time the 
recorder paper is moving under the stylus so that a con- 
tinuous plot of power spectral density against frequency 
is obtained. 

The scanning speed of the analyzer is normally con- 
servatively adjusted so that about three passes of the 
data sample on the loop are made during the time re- 
quired for the filter to scan one filter bandwidth. Under 
these conditions, the time required for complete analy- 
sis of a typical record is 10 to 15 min. Faster scanning 
speeds may be used, but some “smearing”’ of the spec- 
trum might result. 
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The bandwidth of the scanning filter in the NACA’s 
equipment can be adjusted to values ranging from 1/2 
cycles per sec to 200 cycles per sec and the true-time 
range of frequencies which can be analyzed is from 3 
cycles per sec to 15,000 cycles per sec. 

By taking advantage of the possible changes in tape 
speed previously mentioned, it is possible to obtain 
equivalent filter bandwidths of 0.01 cycles per see or 
less and to handle frequencies ranging from a few hun- 
dredths of a cycle to 50 or 60 ke. By changing tape 
speeds where necessary, it is also possible to handle 
record lengths ranging from a few tenths of a second 
to several minutes in duration 

To illustrate the use of the power spectrum analyzer, 
Fig. 8 shows the spectrum of the shear loads on a fighter- 
type airplane wing under buffeting conditions. The 
continuous curve was obtained from a magnetic tape 
record played through the analyzer and the circled points 
were obtained by reading the time-history record and 

numerically calculating the spectrum. 
The results from the two methods differ by a maxi- 

mum of about 10 per cent at the low-frequency end of 
the spectrum. This difference is due, in part at least, 
to a large, undesired, very-low-frequency component 
in the original data sample which had to be attenuated 
before the analysis. The electrical high-pass filter 
used to attenuate this component was not identical to 

the equivalent numerical high-pass filter used for the 
same purpose; therefore, some differences in the spec- 

trum at the low-frequency end were to be expected. 
Some difference between the analyzer and the nu- 

merical values also result from the fact that the shape 
and bandwidth of the analyzer’s scanning filter were 
not identical to the equivalent filter resulting from the 
numerical process. 

Actually, differences of 10 per cent are not partic- 
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ularly alarming. We are dealing with statistical proc- 
esses such that, even with errorless data processing 
schemes, the results obtained from repeating the same 

test might easily vary as much as plus or minus 25 to 

30 per cent. More will be said about this subject later. 
Here, to read the record and determine the spectrum 

using an automatic digital computer required about 10 
man-hours; the time required for setting up and run- 

ning the electronic analyzer was less than 30 min. 

Cross Spectral Density 

It has been shown that the power spectral density 
furnishes information regarding the frequency content 
of fluctuating quantities which is not provided by the 
probability distribution. However, where the phe- 
nomenon being investigated involves study of two or 
more related fluctuating quantities, which is usually the 
case, some knowledge of the time or phase correlation 
between the two quantities might also be required. 
This information is not provided by the power spectra 
of the individual functions but may be obtained from 
another statistical process called cross spectra analysis. 

The cross spectrum between two time functions is 
a vector quantity and two spectra are required to fur- 
nish the complete cross spectral density. These are 
illustrated in Fig. 9. The real part is called the ‘“co- 
power spectrum’’ and indicates the product of the in- 
phase frequency components in the two functions. The 
imaginary part is called the ‘quadrature spectrum” and 
indicates the product of the 90° out-of-phase frequency 
components in the two functions. The absolute value 
and phase angle of the cross spectrum are determined 
by vectorially combining the in-phase and quadrature 

spectra, 

To gain an understanding of the physical significance 
of cross spectra, consider two fluctuating time functions 
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whose power spectra are represented on Fig. 9 as PSD, 

and PSD». The cross spectrum between the two func- 
tions will indicate only those frequencies in PSD, which 
are also contained in PSD. and which bear a specific, 
nonrandom phase relationship to the frequencies in 
PSD, For example, PSD; and PSD, may include 
power in the same frequency band, but, if the corre- 
sponding frequency components are entirely independ- 

ent of one another, the phase between them would be 
random and the cross spectral density would be zero 
throughout the band. However, if some of the fre- 

quency components in PSD; bear a definite phase or 
time relationship to the corresponding components in 
PSD», this relationship will be indicated in the cross 
spectrum, 

One useful application of the cross spectrum is in the 
determination of the phase response of a linear system 
subjected to a random-type input. Recall that the 
power spectra of the input and output made possible 
calculation of the absolute amplitude of a system’s 
transfer function but did not furnish any knowledge of 
the phase response. By using cross spectra, both the 
amplitude and the phase response may be calculated. 
As shown by Lee [9] the transfer function Y(f) equals the 
input-output cross spectrum (;,(f) divided by the power 

spectrum of the input Gi:(f). 
An interesting feature of this relationship is the fact 

that the equation holds true even though other inde- 
pendent random noises are present in the output. This 
is true since the input-output cross spectrum will ignore 
the presence of uncorrelated random fluctuations in 

the output. 
The cross spectra has other useful, practical applica- 

tions to systems with multiple inputs and outputs, but 
these are too involved to discuss here. A good illus- 
tration of this usage, however, is included in Summers’ 
paper on atmospheric turbulence measurements [6]. 

The numerical process for determining cross spectra 1s 
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Fig. 11 Cross spectra of wing bending moment 

even more lengthy and expensive than that required 
for determining power spectra. However, the numer- 

ieal results can be duplicated by the analog process 
illustrated in Tig. 10. The two fluctuating data sam- 

ples recorded on a continuous loop of dual-channel tape 
are simultaneously applhed to two synchronized filters 
of the same type used with the power spectral density 

analyzer. However, instead of squaring and averaging 
the outputs of the filters as would be done to determine 
power spectra, the two outputs are fed into a multi- 
pher whose output is averaged and automatically 
plotted against frequency to furnish the co-power spectral 
density. At the same time, one of the filter outputs is 
run through a 90° phase shifter and again multiphed 
by the output of the other filter. The product is then 

averaged and plotted to give the quadrature power 
spectral density. 

To illustrate the use of the cross spectrum analyzer, 
Fig. 11 shows some data secured from a buffeting air- 
foil in a supersonic wind tunnel. The double-peaked 
spectrum is the power spectral density of the fluctuat- 
ing aerodynamic forces existing at a particular span- 
wise station and the single-peaked spectrum is the power 
spectral density of the fluctuating bending moment 
existing at the root of the wing. The cross spectral 
densities between these two quantities as determined 
by the analyzer are shown in the center of the figure. 
The calculated amplitude and phase response shown at 
the bottom of the figure indicate that the wing is sim- 
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ilar to a spring-mass system with low damping. (This 
simple example does not provide aerodynamic data of 
any particular value but was chosen to demonstrate 
the use of the analyzer and the type of problem to which 
it is applicable.) 

To set up and run these four spectra on the electronic 
analyzers required about 1!/. hours. To read the time- 
history records and run the same four analyses digitally 
would require an estimated 40 to 50 man-hours—which 
explains why no numerically calculated check points 
are shown in the figure. 

Accuracy and Reliability Considerations 

flectronre analog analyzers might introduce errors 
in the order of plus or minus 10 per cent where a digital 

computer can process data to almost any degree of pre- 
cision that might practically be desired. Consequently, 

a given data sample can be statistically analyzed by a 
digital computer more precisely than by an analog 
machine. 

However, it must be remembered that we are dealing 
with statistical quantities. Consequently, if an experi- 
ment or test is repeated several times, sizeable varia- 
tions in experimental results occur even if the instru- 
ments and analyzing processes introduce no error at 
all. For example, consider again the wing loads power 
spectrum, previously shown in Fig. 8, which is fairly 
typical of the type of problems encountered. The sta- 
tistical reliability in this case was such that only one 
out of three tests would be expected to yield power es- 
timates within plus or minus 10 per cent of the true 
value. If the length of the data sample could be in- 
creased by a factor of 20, however, 19 out of 20, instead 
of 1 out of 3, of the tests would be expected to yield re- 
sults within plus or minus 10 per cent of the true value. 

In analysis of actual data samples, then, consider- 
ation of the statistical aspects of the problem usually 
shows that improved reliability might be obtained, not 
by improving computational accuracy, but by analyz- 
ing longer data samples. 

Longer samples are not always possible, especially 

in airplane or missile flights, where steady flight con- 
ditions often cannot be maintained for longer than a 
few seconds. Where longer samples can be secured, 
however, the electronic analyzers can economically 
handle samples of such length that analysis by any 
other process would be quite impractical. 

In conclusion, the various statistical analyses re- 

quired in aeronautical research and development can 
be secured rapidly and economically by the use of elec- 
tronic analog analyzers. The accuracy of the analog 
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analyzers in processing a specific data sample is some- 
what inferior to that available form digital computers. 
This factor is normally outweighted, however, by the 

analog equipment’s capability for economically han- 
dling longer data samples and providing improved sta- 
tistical reliability. 

It appears that more extensive use of the analog analy- 
sis techniques might facilitate further advancement in 
the application of statistical methods to aerodynamic 
problems. 

References 

1 Wiener, Norbert, ‘“Iéxtrapolation, Interpolation, 

and Smoothing of Stationary Time Series With Engi- 
neering Applications,” The Technology Press, Mas- 
sachusetts Institute of Technology, Cambridge, Mass., 
and John Wiley & Sons, Inc., New York, 1949. 

2 Tukey, John W., ‘The Sampling Theory of Power 
Spectrum Estimates,’ Symposium on Applications of 
Autocorrelation Analysis to Physical Problems (spon- 
sored by ONR, Department of the Navy), Woods Hole, 
Mass., June 13-14, 1949, pp. 46-67. 

3. Rice, 8. O., “Mathematical Analysis of Random 

Noise,”’ Parts I and II, Bell System, Technical Journal, 
Vol. XXIII, No. 3, July, 1944, pp. 282-332; Parts IIT 

and LV, Vol. XXIV, No. 1, January, 1945, pp. 46-156. 
4 Clementson, Gerhardt C., “An Investigation of the 

Power Spectral Density of Atmospheric Turbulence,” 
Rep. No. 6445-T-31 (Sc.D. Thesis), Instrumentation 

Laboratory, Massachusetts Institute of Technology, 
Cambridge, Mass., May, 1950. 

5 Liepmann, H. W., “On the Application of Sta- 
tistical Concepts to the Buffeting Problem,” Journal of 
the Aeronautical Sciences, Vol. 19, No. 12, December, 
1952, pp. 793-800, 822. 

6 Summers, R. A., “A Statistical Description of 
Large-Scale Atmosphere Turbulence,’ Rep. T-55 (Se.D. 
Thesis), Instrumentation Laboratory, Massachusetts 

Institute of Technology, Cambridge, Mass., May, 1954. 

7 Press, Harry, and Houbolt, John C., “Some Ap- 

plications of Generalized Harmonic Analysis to Gust 
Loads on Airplanes,” Journal of the Aeronautical 
Sciences, Vol. 22, No. 1, January, 1955, pp. 17-26, 60. 

8 Chilton, Robert G., “Some Measurements of 
Atmospheric Turbulence Obtained From Flow-Direction 
Vanes Mounted on an Airplane,’ NACA TN 3313, 
1954. 

9 Lee, Y. W., “Application of Statistical Methods to 
Communication Problems,” Tech. Rep. No. 181, Re- 
search Laboratory of Electronics, Massachusetts Jn- 
stitute of Technology, September 1, 1950. 



Abell, T. B., 1380, 149, 295 
Abkowitz, Martin A., 178, 179, 207, 209, 

242, 303 
Abkowitz, Martin, A., and Pauling, J. 

Randolph, Jr., 179, 240 
Aertssen, G., 237, 248, 250-253 
Akita, Y., 265 
Akita, Y., and Ochi, K., 

260, 284, 286, 307, 308 
Alexander, F. H., 257 
Allan, J. F., 165, 208 
Allen, W. a. ,179 
Allen, W.G., and Sullivan, FE. K., 
Arnold, R. N., 290 
Arthur, R. C., 75, 80 

138, 139, 142, 157, 

Bairstow, L., 162, 166 
Barber, N. F., 70, 74-76, 78-80, 85, 88, 201, 

PALS 
Barber, N. F., and Doyle, D., 78 
Barber, N. F., and Ursell, F., 30, 33, 70 
Barber, N. F., Ursell, F., Darbyshire, J., 

and Tucker, M. J., 30, 70 
Battin, Richard H., 176 
Baumann, Hellmut, 161, 208 
Becker, L. A., and Brock, J.5., 125 
Benscotter, Stanley U., 137, 139 

Birkhoff, Garret, 3 
Biesel, F., 179 
Blackman, R. B., and Tuckey, J. W., 61, 62, 

64, 66, 69 
Bledsoe, Margaret D., 

145, 288, 304 
Bledsoe, M. D., Bussemaker, O., and Cum- 

mins, W. E., 289 
Bonebakker, J. W., 244-246, 248, 251, 253 
Bowden, K. F., 14, 15, 18, 81, 83, 89 
Bracelin, P., 46, 50-52, 59 
Brard, Roger, 129 
Brard, Roger, and Jourd: ain, M., 246 
Bretschneider, C. L., 26, 27, 36, 45, 

54, 337 
Brooks, F. E., Jr., and Smith, H. W., 70 
Brownell, W. F., 179 
Brownell, W. F., Asling, W. L., and Marks, 

W., 179 
Browne, E. D., Moullin, E. B., 

AsdpLL5 
Bull, F. B., 192, 208, 257 
Burrill, L. C., 246 

Caldwell, J. M., 179 
Campbell, W.3., 68 
Cartright, D. E., 73, 74, 76, 78, 81, 

207, 212 
Cartright, D. E., 

143, 160, 176, 177, 183, 201, 
Chadwick, J. H., 208 
Chadwick, J. H., and Chang, 8. 8. L., 71, 

176 
Chadwick, J. H., and Klotter, K., 1 
Chang, 8.8. L., 71 
Chase, Joseph, 76 

137, 138, 140, 141, 

Hill, 52, 

and Perkins, 

183, 201, 

and Rydill, L. J 129, 
207, 

3 GA 
210 

58, 208 

Chase, Joseph; Cote, Louis, J.; Marks, 
Wilbur; Mehr, Emanuel; Pierson, 
Willard J., Jr.;  Ronne, F. Claude; 
Stephenson, George; Vetter, Richard C.; 
and Walden, Robert G., 48, 76, 77, 80 

Chilton, R. G., 246 
Clements, R. E., 246, 247, 248, 253, 254. 
Clementson, G. C., 246, 249 
Comstock, J. P., 324 
Cote, Louis J., 307 
Cornish, V., 336 
Coulson, C. A., 318, 324 

Personal-Name Index 
Cox, Charles, 

83, 87, 89 
Cramer, H., 58 
Csupor, Denis, 292, 305, 309 
Cummins, W. E., 114, 122 

and Munk, Walter, 18-22, 34, 

Dalman, G. C., and Vossers, G., 180 
Dalzell, John F., 109, 174, 260, 296, 297, 298, 

304, 310 

Dalzell, John F., 
Yasufumi, 174, 175 

Darbyshire, J., 19, 20, 30-35, 39, 43-46, 48, 
49, 52, 54, 55, 56, 86, 89, 180, 205, 328 

Darlington, C. R., 39 
Davidson, Kenneth, 8. M., 12 
Davidson, Kenneth, 8. M., 

Leonard, I., 108, 124, 125, 163 

Defant, A., 81 
De Santis R., and Russo M., 165, 208 
Dimpker, August, 115, 116, 119, 120, 143 
Dorrestain, R., 85, 217 
Dugan, James, 178 

and Yamanouchi, 

, 165, 179 
ed Schiff, 

Eckart, C., 16, 17, 
Eggers, K., 239 
Ellison, T. H., 13, 88, 105 
Emerson, A., 239 

18, 21, 80, 84 

Fay, James A., 156, 343 
Feld, Erich, 208 
Firsoff, G. A., and Fedyaevsky, K. K., 177 
Fleck, J. T., 63, 64, 67 
Flipse, John E., 208 
Foéppl, O., 208 
Frahm, H., 208 
Francis, J. R. D., 

328, 337 

Frankland, J. M., 290, 291, 297 
Froude, R. E., 168, 178 
Froude, W., 127, 128, 129, 130, 

160, 161, 178, 179, 185, 206, 208, 

Fuchs, R. E., 166, 167, 

6, 7, 10, 12, 13, 15, 26, 82, 

158, 159, 
210, 314 

168, 180, 307 
Fuchs, R. E., and MacCamy, R. C., 167, 

169, 173, 174, 310 

Gelci, R., Casalé, H., and Vassal, J., 44-47, 
59, 79, 80, 86 

Geller, Wilhelm, 158 
Gerritsma, J., 117-122, 143, 144, 147, 155, 

156, 179, 182, 240-242, 260, 302 
Gerstner, F. V., 261 
Golovato, Paul, 116-118, 120-122, 124, 148, 

144, 182, 302, 341, 344, 345 
Goodman, N. R., ik 
Gordon, A. H., 
Greenspan, H. D, 141, 205, 285 
Greenspon, J. E., Jasper, N. H., and 

Birmingham, J. T., 285, 287, 288, 290 
Grim, Otto, 109, 118-121, 125— 127, 148, 144, 

146-149, 155, 160, 166, 214, 302) 307, 341, 

343-345 
Groen, P., and Dorrestein, R., 14, 18 
Guilloton, Réné, 3, 133, 147, 320 

Hahnkamm, Erich, 208 
Hanaoka, Tatsuro, 130, 133, 135, 144, 146, 

148, 153, 154, 214, 239, 240, 244, 257, 265 
Hancock, C. H., 179, 240 
Haskind, M. D., 111, 123, 130, 131, 133, 135, 

136, 144-146, 148, 154, 160, 166, 214, 239, 
257, 343 

Haskind, M. D., 
136, 143, 144, 147, 

353 

and Riman, I.%., 
182, 344 

132-134, 

‘Klebba, 

Havelock, T. H., 3, 111, 119-123, 130, 131, 
133, 135, 136, 146, 148, 154, 155, 238, 239, 
244, 302, 321, 348, 344, 345 

Hazen, H. L., and Nims, P. T., 
260, 297 

Hebecker, O., 159, 204 
Hinterthan, W., 204 
Holstein, Horst, 115, 116, 118, 119, 120, 121, 

146, 147, 148, 155, 302, 343, 344 
Horn, Fritz, 186-188, 208, 212, : 

260, 263, 268 

Hort, Herm: ann, 208 

108, 154, 257 

Ijima, T., 32, 36, 47, 48 
Inoui, Takao, 149 
Inoui, Takao, and Maruo, Hajime, 23! 239 

Jacobs, Winnifred R., 
269, 296, 297, 307 

Jacobs, Winnifred R., and Lewis I. V., 238 
James, H. M., Nichols, W. B., and Phillips, 

114, 190, 259, 268 , 

Re, Leo 
Jasper, N. H., 58, 73, 205, 206, 292, 293, 296, 

301 
Jasper, N. H., and Birmingham, John T., 

287 

Jeffreys, Harold, 1, 2, 16, 20, 22-25, 85, 328, 
329, 333, 337 

John, Fritz, 130 
Jones, Melvill B., 162, 163 
Johnson, J. W., and Rice, E. 

12, 15, 26, 27, 84, 328 
Ken Guye S10: 

Kapiloff, E., 293 
von Karman, T., 14, 15, 83, 137, 328 
Kato, Hiroshi, Motora, Seizo, and Ishikawa, 

Katuhiko, 176, 177 
Kelvin (Lord, Thomson), 1, 2 
Kenimer, Robert L., 216 
Kempf, G., 178, 183, 185, 186, 212, 237, 

243, 251, 306 
Kempf, G., and Hoppe, Hans, 183-186, 299 
Kent, J. L., 136, 138, 140, 178, 179, 182-185, 

196, 206, 207, 212, 237, 240, 248, 244, 251, 
253, 258, 283, 299 

Kkeulegan, Garbis H., 
Keulegan, Garbis H., 

H., 295 
King, Foster J., 140, 290 
Kinishita, M., and Okada, 8., 177 

Arthur, A., 70 
Kotter, K., 208 
Koch, Ji. J., 112, 113, 127 
Korvin-Kroukovsky, B. V., 114, 115, 

119, 122, 148, 166, 170, 179, 215, 240, 

240, 

8.9723 116, W325 
and C arpenter, Lloyd 

ible 
296, 

297, 338, 341, 343 
Korvin-Kroukovsky, B. V., and Jacobs, 

Winnifred R., 3, 115, 117, 118, 120, 123, 
124, 135, 144, 147, 148, 153-155, 157, 
166, 170, 171, 190, 211, 214, 215, 239, 
258, 257, 258, 259, 260, 296, 297, 307, 320, 
338 

Korvin-Kroukovsky, B. V., and Lewis, 
E. V., 120, 153-155, 180, 257 

Kotchin, N. E., 130, 131, 136, 145, 316 
Kotchin, N. Dy, Kibel, I. A., and Rose, 

N.B., 108 
Kotik, J.,3 
Kreitner, J., 269 
ere A., 109, 154, 160, 162, 163, 2 

, 268, 269, 304 
Kee ic , 293 
Krummel, O25 
Kumai, T., 292, 29% 

238-240, 

5, 296 



354 

amb, Hy, 1,2, 
Bodie as 322-: -3: sa 

van Lammeren, W. P. A., 179 
van Lammeren, W. P. A., and Vossers, G., 

179 
Landweber, L. 
Landweber, L., and de Macagno, M. C., 

111, 125, 148, 166, 214, 215 

Langmaack, L., 205, 206 
Laning, J. Haleombe, Jr., 176 
Lee, Y. W., 350, 351 
Lee, Y. W., and Wiesner, J. B., 61 
Legendre, R., 169, 343 
Lehman, Th., 290 
Levi-Civita, iV 320 

3, 107, 112, 113, 316, 320, 

, 125, 148 
109, 

Lewis, Edw: ud V. 56, 138, 30 lay e164. 
171, 172, 179, 180, 190, 196, 206, 237, 240, 

249-251, 265, 267-269, 270-272, 278, 284, 
286, 296, 299, 300, 302, 304, 306- 308 

Lewis, E. V., and Dalzell, J., 171, 257, 265, 
276, 278-287, 296, 303 

Lewis, E. V., and Eskigian, N. M., 125 
Lewis, E. V., and Gerard, G., 292, 309, 310 
Lewis, E. V., and Jacobs, W. R., 209 
Lewis, E. V., and Morrison, M., 248, 251, 

Bou 
Lewis, E. V., and Numata, Edward, 170- 

172, 180, 182 

Lewis, F. M., 108-111, 113-117, 
127, 144, 146, 154, 155, 214, 261, 
338, 341 

Liepmann, H. W., 
Lin, C. C., 24 
Longuet-Higgins, M. C., 10, 23, 39, 44, 

62, 72-75, 81, 84, 87, 89, 182, 282, 283 
Lum, 8. M. Y., 308 

122, 125, 
295, 309, 

176, 346 

52, 

Macagno, E. O., 
114, 295, 309 

Macdonald, K., and Telfer, E. V., 244 
MacGoldrick, R. T., 309 
MacGoldrick, R. T., Gleyzal, A 

R. L., and Hess, G. K., Jr., 291 
309 

MacGoldrick, 
Vito L., 305 

Mandel, P., 125 
Manning, George C., 127, 159, 178, 314 
Marks, Wilbur, 69, 74, 76, 79, 171, 180, 182 
Marks, W., and Strausser, P., 71, 72, 173 
Maruo, H., 239 
Mathewson, Alice W., 292, 293 
Mayo, Wilbur L., 137, 139 
Michell, J. H., 131, 148, 321, 329, 343, 344 
Miles, John W., 3, 16, 23, 24, 81, 82, 84 
Milne-Thomson, 316, 317, 318 
Milwitzky, Benjamin, 137, 139 
Minorsky, N., 208 
Mockel, Walter, 89, 158, 159, 178, 196, 205, 

207, 208, 243, ni 251 
Motzfeld, Heinz, 1, 4, 5, 7, 8, 9, 10, 23, 24, 

82, 84, 328, say 33 34 

Moullin, E. B., and Browne, A. D., 115 
Munk, W. H., 16, 18-24, 39, 80, 81, 84, 328 

and Landweber, L., 108, 

N., Hess, 
293, 295, 

Raymond T., and Russo, 

Neumann, Gerhard, 10, 13, 14, 15, 21-24, 
26-32, 35-45, 47-51, 54, 73, 75, 76, 81, 86, 
87, 180, 326-337 

Neumann, Gerhard, and Pierson, W. J., Jr., 
48,49 

Newman, J. N., 132, 133 
Newton, R. N., 180 
Niedermair, J. C., 1 59, 179 

240, 303 

and Lewis, E. V., 
Numata, Edward, 
Numata, Edward, 196 

O’Brien, Morrough P., 
A., 316, 320, 323 

and Mason, Martin, 

THEORY OF SEAKEEPING 

Ochi, Kazuo, 140, 142, 145, 257, 265, 276, 
277, 284, 285, 288, 290, 291, 293, 294, 
295, 296, 298, 307, 309, 311 

Ormondroyd, J., Hess, G. K., 
and Edman, J. L., 290, 293 

Messe Ria Ibs, 

Palmén, E., 327, 33( 
Palmén, E., and Pe irila, B., 327 
Patterson, R. O., 165, 178, 201, 207, 208 
Paulling, J. R., Jr., 179, 240 
Pershin, V. I., and Voznessensky, A. I., 244, 

253 
Peters, A. S., and Stoker, J. J., 132 
Phillips, O. M., 

84, 85, 87, 89, 
Pierson, J. D., 114, 137, 138 
Pierson, J. D., and Leshnover, S., 
Pierson, W. J., Jr., 41, 60, 62, 66, 72- 

89, 174, 176, 198 
Pierson, W.J., Jr., and Chang, 8.8. L., 71 
Pierson, W. J., Jr., and Marks, Wilbur, 

63-67 
Pierson, W. J., Jr., and Neumann, G., 326 
Pierson, W. J., Jr., Neumann, G., and 

James, H. M., 15, 16, 26, 29, 35, 42, 45, 
51, 52, 54, 59, 72 

Polachek, H., 293 
Pournaras, U ‘lysses, 209 
Prandtl, L., 328 
Prohaska, C.W., 109, 111, 
Proudman, J., 112, 113 
Press, Harry, 346 
Press, Harry, and Houbolt, John C., 
Press, Harry, and Tukey, J. W., 

169, 176, 177 

3, 16, 17, 18, 
176 

23, 80, 81, 82, 

to A 700 m1 8 

115, 116, 214, 295 

176 
60, 62, 66, 

Radoslavljevié, Lj. B., 157, 257 
Rankine, W. J., 159, 160 
Rattray, Maurice, Jr., and Burt, Wayne, V., 

ay aay 
Rayleigh (Lord), 
Read, T. C., 257 
Reed, E. J., 256 
Reiss, Howard, R., 153, 179 
Retali, R., and Birdel, 8., 246 
Rice, 8. O., 61, 62, 73, 346, 349 
Richardson, L. F., 14 
Robb, A. M., 129, 161, 257 
Roll, Hans Ulrich, 1, 2, 13, 15, 17, 24-2 

55, 82, 206, 212, 306, 330, 333, 337 
Roll, H. U., and Fisher, G., 43, 44, 49 
Roop, W. P., 201 
Rosenblatt, Murray, 
Rudnick, Philip, 70 
Russel, R. C. H., and Maemillan, D. H., 92, 

247 
Rydill, L. J., 

292, 293, 320 

o bo 

176 

164, 165, 181, 215 

St. Denis, M., 78, 118, 154, 238 
St. Denis, M., and Craven, J. P., 162 
St. Denis, M., and Pierson, W. J., Jr., 60, 75, 

76, 80, 169, 170, 173, 174, 177, 180, 268 
Salvadori, M.G., on 
Sato, M., 257, 26 79, 280, 281, 

2835 287, 296, 303 

Saunders, H. E., 111, 215 
Schiff, L. T. and Gimprich, M., 165, 215 
Schnadel, G., 186, 189, 190, 195, 197, 207, 

212, 257, 260, 261, 262, 263, 264, 265, 267, 
268, 299, 306, 307 

Schulz, E. F., 179 
Schumacher, A., 329 
Sezawa, K., 295 
Shannon, C., 66 
Shaw, O. J., 158 
Shearer, J. R., 3 
Sibul, O. J., 153, 168, 179 
Smith, Francis B., 71, 176, 346 
Smith, W. E., 256, 257, 261, 268 
Spens, P., 209 
Spetner, L. M., 72 

Stanton, T., 
Stanton, T., 

R.,4 
Stokes, G. G., 25, 89, 320, 321, 329, 332 
Summers, R. A., 346, 349, 350, 351 
Suyehiro, K., 160 
Sverdrup, H. U., and Munk, W. H., 15, 17, 

25, 26, 28, 31, 33, 34, 36, 43-45, 50-52, 81, 
87, 183, 326, 328, 330, 335, 337 

Szebehely, V. G., 138, 281, 283, 287, 296, 304 
Szebehely, V. G., Bledsoe, M. D., and 

Stefun, G. P., 179, 241, 242 
Szebehely, V.G., and Brooks, 8. H., 138 
Szebehely, V. G., and Lum, 8. M. Y., 139, 

284, 286 
Szebehely, V. G., and Todd, M. A., 138, 140 
Szebehely, V. G., Todd, M. A., and Lum, 

138 S.M.Y., 

Paylor. Geel, 
327, 328, 341 

Taylor, J. L., 114, 
395, 309 

Telfer, E. V., 246, 253 
Thijsse, J. Th., 4, 7, 15, 24 
Tick, L. J., 298 
Todd, F. H., 179, 240 
Todd, M. A., 137-141, 145, 287, 298 
Tollmien, W., 114 
Tsien, H.8., 176 
Tucker, M. J., 34, 52, 69, 70, 74, 85, 88, 

212, 306, 307 
Tucker, M. J., and Collins, G., 70 
Tucker, M. J., Pierce, F. E., and Smith, 

N. D., 70 
Tukey, J. W., 65, 66, 74, 346, 349 
Tukey, J. W., and Hamming, R. W., 

Ueno, Ix., 126, 160 
Ursell, F., 10, 111, 112, 114, 117, 

130, 144-146, 148, 149, 155, 159, 166, 
215, 341, 343, 344 

Van Dorn, W.G.,8, 9, 11, 
Vedeler, G., 161, 178 
Volpich, H., 208 
Von den Steinen, C., 208 
Vossers, G., 121, 123, 130, 136, 144, 145, 344 
Voznessensky, A. I., and Firsoff, G. A., 54, 

55, 57, 58, 83, 85, 86, 89, 176, 178, 217 

Wagner, H., 137, 142, 145, 150, 284, 285, 
286, 296, 298, 304, 308 

Walden, H., 42, 44, 46, 49, 50, 51, 52, 54, 59, 
85 

Walden, H., 
54, 55, 86 

Walden, H., and Piest, J., 43 
Wallace, W., 208 
Warnsinck, W. H., 

1, 24 
Marshall, D., and Houghton, 

8, 10, 13, 89, 114, 320, 324, 

122, 261, 284, 290, 291, 

206, 

65, 66 

119, 129, 
214, 

23, 82, 328 

and Farmer, H. G., 51, 52, 53, 

and St. Denis, M., 201, 
205, 281-283, 286-288, 290, 296, 305 
308, 310 

Watanabe, Y., 149, 160, 288, 290 
Weinblum, G., 3, 17, 112, 113, 116, 133, 

208, 239, 240, 263 

Weinblum, G., and Block, W., 186, 190, 192, 
198 

Weinblum, G., and St. Denis, M., 
154, ae 

Weis , 186, bp 
Woe Vi, 
Wendel, K., ido, 112, 118, 116, 125, 127 
Wiegel, R. L., 319 
Wiegel, R. L., Snyder, C. M., 

J. E., 85 
Wiener, N., 61, 75, 346 
Wigely, W.C.5S., 3, 108, 130, 131, 133 
Williams, A. J., 57, 129, 201 
Wilson, B. W., 51, 208 
Wiist, G., 328 

AaB 

108, 124, 

and Williams, 

Zahm, 108 



Subject Index 

Accelerometer, integrating, 34 

Added mass, 115, 116, 130, 184, 141, 144, 145 146, 154, 155, 157, 
259, 261, 262, 274, 295 

coefiicient C, 110 

Admiralty, 
sea scale number, 247 
weather manual, 31 

Advanced theory of coupled ship motions, 257 

Affine ship sections, 136 

Air flow, 82 

Air pressure, 1, 2, 10, 22, 
coefticient, 85 
fluctuations, 16 
on wave surfaces, 332 
asymmetry of distribution, 333 

23, 84 

Air turbulence, 2, 82 

Air-water temperature difference, 51, 52, S81 

Amplitude, complex, 153, 169 

Amplitude of : 
air pressure variation, 3, 17 
decay, 295, 323 
hogging and sagging, 278 
model motion, 143, 156 
oscillations of correlation function, 54 
ship yawing, 165 
vibratory stress, 291 

Analog 
computers, 70, 71 
method, 176 

Analysis of ship model coupled pitching and heaving test data, 143 

Analyzer, , 
cross-spectral density, 348 
power spectral density, 70, 72, 348 
power spectrum, 350 
probability distribution, 348 

Anemometer height, 24, 48, 54, S84 

Antipitching fins, 209 

Antirolling, 
devices, 165 
fins, 164 

Anti-stalling devices, 209 

Appendages, effect of, 125, 209 

Approach conditions (in slamming), 308 

Array method in measuring directional distribution of waves, 79 

Atlantis (MV), 52, 76 

Attenuation of 
correlation function oscillations, 54 
incident wave, 214 
prism oscillations, 130 
rolling amplitudes, 165 

Autocovariance (or auto-correlation) function, 54, 60, 61, 64, 70, 
75, 349 

Axis of rotation (instantaneous), 148 

Beats of pitching oscillations, 184, 185 

Bending deflections, 183, 189, 264, 279, 296 

Bending moment, 256, 265, 275 
dynamic effects, 269 
effect of forward speed, 267, 270, 272, 274, 276, 279, 281-284 
hogging, sagging, 256 262, 275, 279, 307 
improvement of static calculation, 256, 257 
in irregular waves, 268, 272, 279, 286 
in short-crested sea, 308 
limiting, extreme, maximum or peak, 301, 307 
model experiments, 265-286 

300 

Bending moment 
nonlinear, 260, 307 
observed at sea, 260-266 
relationship to slamming load, 
second order effect, 270 
static methods or calculations, 

Bending stress 
extreme conditions, 301 
observed at sea, 298-301 
range of, 263, 265, 299, 300 
statistical data, related to sea conditions, 298-301 
statistical data, unrelated to sea conditions, 301 

Bernoulli theorem (also equation), 106, 107, 239, 316 

Bilge keels, 127, 128, 130, 145, 148, 166, 215, 217 

Body-wave interference effect, 155, 257, 261, 265, 340 

Bottom plating, 145, 284, 285, 304 

Boundary conditions, 119, 130, 131, 316, 317, 344 

Boundary layer, 3, 10, 13, 83 

Broaching, 165, 181 

290-296 

256, 262, 263, 269, 283 

Cargo ships, 
C-3 type, 299 
slamming of models, 290, 308 
U and V sections, 270, 273, 275-277, 288 

Characteristic numbers, 292, 295 

Clan Alpine (SS), 192 

Closing error in bending moment diagrams, 265 

Coefficient of accession to inertia, 106, 120 

Coherency, 174, 175 

Complex potential, 317 

Complex sea, also seaway or wave systems (see Sea, complex) 

Computers, digital, 70 

Confidence bands (or limits), 64, 69, 88 

Conformal transformation, 109-111, 144 

Conte-di-Savoia (SS), 165 

Convection speed in Phillipps’ theory, 17, 18 

Correlation 
coefiicient, 78 
function, 54, 62 
method (or analysis), 79, 82 

Correlogram, 54, 57, 78 
Coupled differential equations, 153, 160, 257, 

Coupling 
between heaving and pitching, 134, 153, 157, 
dynamic terms, 162, 164, 343 

Covariance 
function, 176 
transform method, 75 

Cross-coupling, 
coefficients, 208 
cycheally fluctuating terms, 157 
of heaving and pitching motions (see coupling), terms, 153 

Cross flow hypothesis, 109, 338 

Cross-spectral analysis, 173, 176 

Cumberland (HMS), 129 

Curves of declining angles, 126-129 

Cusp, 314, 321 

258 

Damping, hydrodynamic, 
coefficients, 134, 146, 157, 295 
dependence on speed, 123, 128, 129, 149 
dissipative, 153 
dynamic, 153 
effect of viscosity and frequency, 130 



356 THEORY OF SEAKEEPING 

Damping, hydrodynamic 
torece, 153, 259, 302 
in heaving and pitching, 107, 118-124, 133, 134, 135, 156, 157 
in rolling, 127-130, 148 
moments in rolling, 125-130 
nonlinear effects, 122, 145, 146, 148, 157 
scale effect in rolling, 149 
sectional, 148 
three-dimensional, 122, 123, 145, 146 
zero value (in rolling), 129 

Damping of ship vibration, 292-296, 309 

Data-fitting technique, 80, 81 

Deadrise, 137, 284, 308 
Deflections, 185, 189, 264, 267, 275, 279, 292, 305 

Degrees of freedom, 
added by the use of rudder, 163 
in ship motions, 164, 165 
in spectral analysis, 65-67, 69 

Density, 
of air, 2, 8 
of water, 8, 18 

Depth of water, effect on added masses, vibration and rolling 
experiments, 111, 127 

Destroyer 
model, 155, 156, 259, 260, 275, 278-284, 286, 296-298 
observations at sea, 286-290 

Deterministic approach, or method, 166, 167, 168 

Differential equations of motion, 
coupled, 153 
uncoupled, 239 

Discovery II (R.R.S.), 78, 129 

Disturbance number, 247 

Doppler shift in wave measurements, 78 

Drag, 
as function of wave slope, 329 
form or dynamic, 5, 6, 9 
force, 3, 7, 8, 20 
frictional, 6 
tangential, 10 

Dynamic 
coupling, 343 
stability of ships on course, 163 

Dynamics of ship motion, 257 

Dynamometers, 
frequency response of, 143 
small deflection, 143, 145 
with high spring constants, 143 

Effective, 
dissipation factor, 336 
friction factor, 336 
friction force, 333 
shear rigidity, 292 
tangential stress, 333 

Elastic characteristics or properties, 275, 283 

Elastic response, 145, 149, 304-306, 309 

Electrical analogy, 111-113, 125, 293 

Elisabeth (tanker), 247-250 

Ellipsoids, 
of revolution (spheroid), 108, 136, 343 
prolate, 108 
submerged, 107, 108, 130, 131 

Energy 
balance, 138, 327 
density (in a speetrum), 62 
dissipation by ship-made waves, 179, 343 
dissipation in waves, 2, 3, 13, 14, 15, 24, 29, 81-84 
growth in waves, 25 
transfer from one mode of motion to another, 153, 157 
transmission or transfer from wind to water, 1, 2, 3, 15, 22, 

24, 82, 87, 329, 330, 332 
transport, transfer or flow of, 85, 89, 322, 323 

Engine power reduction, 200, 237, 250 

Ensemble of functions, 61, 69 

Ergodic theorem, 59, 62, 75 

Error integral, 38 

Exciting functions, 258 

Expanding plate theory of impact, 136 

Extinction curve, 127 

Facet velocity, 10, 21, 23, 84, 87 

Fetch, 10, 13, 16, 20, 22, 29, 31, 33, 34, 41, 45-48, 50, 78, 81, 83, 
85, 327, 332, 336 

Filtering process, 71 

Fishing trawlers, 196 

Flared bow, 276, 286, 303, 304 

Flare impact, 142, 279 

Flow, two-dimensional, 136 

Flume, 4, 6, 10, 12, 13, 15, 82 
Force, 

coefficient for lateral ship motion, 124 
damping, 107, 109, 118, 134 
displacement, 109 
due to body motions, 109 
dynamic, 150 
generated by a bow flare, 142 
inertial, 107, 108, 109, 114, 115, 258, 259 
in lateral motion, 124, 125 
in rolling, 125 
restoring, 106, 107, 109 
sectional, 109, 258 
shear, 143 
viscous, 127 

Forces, caused by, 
acceleration of water, 261, 262 
ship acceleration, 265 
ship oscillation, 258, 260-263 
slamming, 136, 140, 142 
waves, 114, 124, 259 

Forces 
exciting, 106, 107, 339 
gyroscopic, 182 
hydrodynamic, 106, 130, 139, 143, 153, 162, 267, 338 
hydrostatic, 265 
tangential, 9 
vibratory in lateral direction, 209 
wind-caused, 216 

Forefoot emergence, 137 

Formula velocity, 9, 23 

Fouling of ship’s bottom, 245, 246 

Fourier 
components, 30, 168 
integral, 167 
methods, 60, 61 
series (and analysis), 30, 61, 71, 75, 78, 318, 320, 325, 348 
transform, 60-63, 70, 75, 168, 175, 176, 349 

Free water surface, 111, 125, 131, 133 

Frequency, 
analyzer, 30 
band width, 63 
circular, 18, 37 
distribution, 2, 12, 56, 57, 59, 330, 331 
mapping, 170, 182 
Nyquist, 66, 67 
of occurence of sharp wave crests, 23 
of oscillations (effect on damping) 130 
of ship pitching in comparison with that of vibration, 115 
of two-node vibration, 136 
of wave encounter, 153, 158, 169, 239, 343 
range, 41, 123, 135 
response function, 169, 171, 177, 178 

Froude, 
assumptions in rolling 158-160 
deviations from assumptions, 159 

Froude-Kriloff hypothesis, 115, 154, 155, 157, 163, 238, 239, 340 



SUBJECT INDEX 357 

Gages 
strain, 185, 186, 188, 192, 217, 263, 306 
water pressure, 187, 192 

Gaussian 
distribution, 19 
law, 73 
processes, 59, 61, 69 

Generation of pressures and forces in the process of slamming, 138 

Generalyzed harmonic analysis, 60, 346, 348 

Generating area, 25, 30, 31, 45, 46 

Great Eastern (SS), 178 

Group velocity, 30, 322, 323 

Gusts, 16 

Gyrostabilizing, 165, 208 

Hamburg (SS), 184-186, 306 

Harmonic component of a record, 30 

Harmonic functions, 201 

Heidberg (MS), 39, 330 

H-function, 131, 132, 136 

Histograms, 56, 57 

Horizontal drag force, 327 

Hydrodynamic, 
force, time history of, 305 
loads, 283, 284 
mass, 112, 113, 309 

Impact, 283, 284, 290 310 
duration of, 149, 293, 297 
flare, 142 
force in slamming, 149 
momentum, 294 
of water, 277, 284 
on ship bottom, 284, 304, 308 
on wavy or rippled water surface, 141,149, 308 

Impulse, 290, 305 
momentum of, 290, 291 
of short duration, 136 
succession of, 215 

Irregular Sea (also Seaway or Waves), see Waves, irregular, 

Isobaric charts, 31 

Jadotville (SS), 247, 250, 252 

Kernel function, 167, 168, 174 

Laplace’s equations, 130, 316 

Lewis’ ship sections, 110, 111 

Liberty type ships, 138, 198 

Limiting speed, 281 

Limit of speed line, 250, 252 

Linear theory, 164, 165, 174, 303 
of coupled pitching and heaving, 153-155, 157, 258, 259 
of waves (or theory of waves of small amplitude), 316-318 

Loads 
rapidly applied, 257, 283 
slowly varying, 257, 260 

Logarithmic decrement, 120, 128, 295, 296 

Log, 
data (ship’s), 246, 249, 253, 298 
deck, 254, 310 
engineer’s, 245, 254 
-normal distribution, 57 
weather, 254, 310 

Lurching, 161 

Maier-form ships, 136, 240 

Mariner type SS, 134, 241, 250 

Mass 
apparent, LOG 
hydrodynamic, 106 
virtual, 106 

Mass transport, 25, 316, 321 

Magnetic tape recording, 347 

Metacentric height, 126, 160, 178, 208 

Michell, 
assumptions, 123, 135, 136 
ships, 131, 132, 136, 239, 344 

Model, 
brass, 270, 275, 294, 295 
elastic properties, 275 
experiments In waves, 154-157, 178-182, 240-242, 265, 267- 

283 
jointed, 267, 296 
of destroyer, 154, 259, 260 

Mormacmail (SS), 299 

Mormacpenn (SS), 299-301 

Moments, 
bending, 143 
damping, 125, 127 
exciting in rolling, 159 
inertial, 125, 126 
restoring, 125, 126 
rolling, 125, 143 
yawing, 143 

Moment of inertia, 
added or hydrodynamic, 127 
of a ship, 127 
of the water displaced by a ship, 127 
virtual, 126 

Naval weather service, 31 

Neverita (MV), 192 

Newcombia (MV), 192 

Newton’s second law, 153, 162 

Niagara (USS), 292 

Nissei Maru (SS), 196-201 

Nonlinear theory, 259, 260, 303, 307 

Nonlinearities, 
in rolling, 160, 161 
of damping, 160, 161 
of the righting moment, 160, 161 

Ocean wave data (need for), 302 

Ocean Vulcan (SS), 190, 200, 206, 211, 216, 250, 257, 263-266, 
284, 285, 299, 301, 306, 307 

Optograph, 188, 264 

Orbital water motion (in waves), 314, 318 

Period distribution in waves, 12, 40 

Perturbation velocities, 109 

Phase, 
angle, 153, 156, 157, 158, 169, 214, 239. 244 
relationships, 3, 157, 167, 258, 259, 267 
significance of, 158 

Pitch stabilizing fins, 209, 217 

Potential flow, 2, 3, 13, 24, 130-133, 316 
Pounding, 283 

Power consumption, 184 

Pressure, 
coefficient, 28, 24 
distribution, 2, 4, 5, 89 
gages, 34, 56, 145, 194, 204, 261, 263, 265, 285 
generated by water acceleration, 109 
gradient, 3, 314, 319, 320 
in slamming, 140, 141, 145, 287-290, 308 
meter, 47 
normal, 3 
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Pressure 
pulse, 285, 286 
recorders, 55 

Prisms and cylinders, 
deeply submerged, 115 
oscillating on water surface, 115 

Probabilistic methods, 166 

Probability, 
distribution of wave slopes, 19-21 
joint, 298 

Products of velocities, 182 

Projection of wave numbers, 75 

Propeller, 
apparent slip, 244, 245, 253 
effective pitch, 246 
efficiency, 243 

Quasi fully arisen sea, 46 

Quasi static conditions, 290 

Quasi stationary wind conditions, 331 

Queen Elisabeth (SS), 208 

Random, 
distribution, 16, 17 
processes, 17, 58, 60, 61 

Range of stress variation, 186, 264 

Rapidly applied loads, 283 

Rate of load application, 257 

Rational theory, 257 

Rayleigh distribution, 57, 72, 73, 172, 201, 206 

Read effect, 257 

Reference velocity or speed, 23, 24 

Region of practical applicability in damping versus frequency 
plots, 123 

Resistance, 
added by wave reflection, 238, 253 
caused by waves and ship motions, 238, 239, 253 
caused by waves directly, 238 
ship-model correlation, 242 
towing tank methods and data, 240-242 

Resonant pendulum, 78 

Response amplitude operator, 169, 175 

Restoring moment (in rolling), 126 

Reverie (schooner), 18 

Righting arm, 126, 160 

Ripples, 14, 17, 22, 23, 25, 73, 329 

Roll stabilization, 159 

Rolling, 158 
amplitude decay, 127 
in irregular waves, 176, 177 
in regular waves, 126 
in still water, 126 
linear approximation, 127 
nonlinear, 160, 161 

Root-mean-square (wave amplitude), 72 

Rotary inertia, 292 

Rotating arm, 124, 125 

Rough boundary surface, 332 

Roughness (in relation to wave-covered sea), 330 
of a plate, 328 
protuberances, 329 

Royal Sovereign (battleship), 129 

Rudder, 209 
control, 164, 180, 181, 215 

control functions, 164, 165, 180, 215, 216 
controlling devices, 163 
degree of freedom added by, 163 
effectiveness (as affected by the trim), 215 
motions, 177, 180, 184, 185, 253 
response to ship motions, 163 

Sampling 
effects, 61 
interval, 65, 66 
variability, 68-70 

San Francisco (MS), 17, 138, 186-191, 207, 211, 257, 260-265, 
273, 285, 306, 307 

Schwartz-Cristoffel transformation, 111, 115 

Sea 
air temperature difference, 51, 52, 81 
characteristics (description of), 29 

complex (also seaway, or wave system), 21, 24, 35, 36, 45, 72, 
138, 142 145, 329, 336 

conditions, 281-283 
conditions conducive to slamming, 136 
disturbance number, 247, 248 
fully developed, 40, 42, 45, 46, 331 
irregular, 54, 145, 161, 164, 206, 211, 283 
quatering, 124, 165, 178, 204 
regular long-crested, 155 
scale, 247, 249 
short-crested, 24, 180, 204 
-sickness, 158 

state, 30, 44, 54, 59, 60, 70, 73 

surface variability, 70, 88 

Seaway (Neumann’s description), 330 
fully developed, 334 

Seaplane, 136, 137 
expanding plate theory of impact, 136, 137 
impact forces, 137 

landing impact theory, adaptation to ship slamming, 138 

Sectional forces, 258, 259 

Seewetteramt, 48 

Separation of air flow at wave crests, 5 

Series 60, calculated slamming pressures, 140 

Set up (or inclination) of water surface caused by wind, 4-10, 237 

Seven degrees of freedom, 163, 304 

Severity of waves, 280-283 

Sharp-crested wave profile, 4—7, 10, 18, 141, 321, 328, 329 

Shear, 
coefficient (effective at water surface), 333 
forces, 258, 263, 265 
modulus, 292 

Sheltering coefficient, 20, 23, 328 

Ship, 
broaching, 125, 165 
forms mathematically defined, 108, 121, 133, 134, 239, 240 
loading while in port, 186 
-made waves, 89, 196, 257, 277, 279 
progressive wave system, 111, 118, 119 
responses, 61 
responses to rudder movements, 164 
rolling in head and following irregular waves, 178, 200, 204 
roll-stabilyzed, 164 
sections (afterbody), 125 
standing wave system, 111, 118, 119 
steering characteristics, 181, 185 

Shipborne wave recorder (or gage), 34, 55, 56, 7 

Shipbuilders Research Association (Gr. Brit.), 248 

Ship forms, 
oscillating on the water surface, 116 
subjected to wave action, 117 

Ship model motions (comparison of calculated and measured), 155 

Ship motions, 
in the plane of symmetry, 153 
observed at sea, 184, 188, 191, 199, 200, 202, 203, 204, 205 
prediction of by linear superposition theory, 166 
significant characteristics of, 158 
six component (or in six degrees of freedom), 152, 162 
two superposed systems of oscillations (in undamped rolling), 

159 

Shipping of water, 248 

Shock-absorbing travel (cushioning effect), 141, 142 

Short-crestedness, 16, 75, 82, 86, 175, 178, 180, 181 
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Shortness of pressure pulse, 285 

Side drift, 160 

Side sway, 160 

Significant 
periods, 51 
range of periods, 42 
wave heights, 25, 51 

Similarity conditions in ship vibration, caused by 
296, 308, 310 

Simple harmonic oscillator, 106, 158, 150 

Skeg, 146, 165, 166, 209, 215 
areas, 125 

Skin friction, 3, 4, 8, 14 

Slamming, 190, 192, 195, 217, 250 
immersion of bow flare, 286, 304 
impact, 283, 284, 290, 305, 310 
Kent's definition, 136 
model experiments, 308 
stresses, measured on destroyers at sea, 288 
towing tank data, 138-142 

Slender body (or strip) theory, 109 

Slope of water surface, 2, 10, 18-20 

Smith effect, 115, 163, 188, 190, 256, 257, 261, 265, 267, 269, 274, 
340, 341 

modification of by a ship, 155, 259, 261, 340 

Smoothing operation, 63 

Spectral, 
components, 42 
density, 17, 62, 69, 72 

slamming, 

continuous, 329 
co-spectrum, 173 
cross, 173-176 
descriptive, 54, 86 
directional (or two-dimensional), 16, 74-80, 82, 84, 88, 170, 

212, 217 
of air pressure fluctuations, 17 
power or energy, 59-74 
quadrature, 173 
raw, 64 
sealar, 61, 62, 70, 73, 74 78, 170 
smoothed, 64 

Specular point, 18 

Speed, 
attainable by destroyers in waves, 279, 281-285 
in ship operating conditions, 243 
loss vs. ship form, 249 

Spray root, 137, 308 

Spring constant, 106 

Stabilization of 
pitching, 209 
rolling, 208 

Stabilizing gyros, water tanks and fins, 208 

Static concept of wave energy, 81 

Stationary random time series, 346 

Statistical, 
studies or analysis, 306 
theory, 18, 205, 298, 310 

Steering system, automatic, 216 

Step-by-step integration, 157, 163, 165, 182, 211, 213, 215, 260, 
307 

Stereophotographic measurements and data, 17, 76, 186, 190, 192, 
198, 212, 329 

Stochastic, 59 

Stokes’ theory of waves, 320, 329 

Strain gage, see Gages 

Stralsund (fishing trawler), 196 

Strip theory or method of analysis (also cross-flow hypothesis), 
107, 108, 109, 114, 122, 123, 125, 129, 130, 136, 143, 154, 
157, 214, 253, 310, 338, 343, 344 

Surface slick, 18 

Supercritical conditions, 196 

SWOP (a project), 48, 74, 76, 80 

T-2 tanker, 259, 260, 265-274, 278 

Tangential, 
drag, 10-13 
force or force coeficient, 9, 29, 327, 333 
stress, 333 

Thin ship, 132, 344 

Towing tank, 179 

Transfer functions, 61, 169, 171, 348 
complex, 174 
directional, 170 

Transient, 
behavior, 291 
behavior in rolling, 161 
elastic vibration, 292, 293, 310 
response, 214, 215 
state, 25, 290, 305 

Traveling disturbance (or pressure area), 2, 17 

Three-dimensional effects, 114, 122 

Tucker’s wave recorder, 34, 52, 85, 211, 216, 217, 306, 307 

Turbulence, 82, 83 
stimulation, 4, 179 

Turning radii, 124 

Two-node hull vibration, 267, 279, 284, 290, 305 

Unimak (USCGC), 285-288, 290 

Velocity, 
gradient, 3, 4, 10, 23, 82-84, 328, 341 
perturbation, 109, 130, 131, 132, 338 
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potential, 107, 109, 111, 130, 131, 132, 182, 316-318, 338, : 
Vibration, 257 

apparent period, shortening with time, 291 
caused by slamming, 136, 284, 287, 290, 294 
decay of, 139, 284, 293, 296 
forced, 292 
free, 291 
modes, 292, 294, 296, 305, 309 
natural period, 267, 290 
response, 296, 297 
similarity conditions, 296 
transient, 290, 292, 293 

Victory (SS), 238, 248 

Victory type ship, 237, 248 

Viscosity, 
alt, 2) 3 
effect in waves, 83 
molecular, 14, 18, 24, 25 
turbulent, 14, 15, 25, 3: 
water, 2, 127, 130 

Wave, 
absorbing beach, 147 
apparent length, 239 
characteristic, 28, 29, 30, 39, 330, 331 
components, 2, 47, 180 
development, 48-51, 87, 326 
dispersion, 25 
energy, 30, 38, 322, 332 
generation, 1, 4, 16, 26, 47, 81, 178, 179, 326 
groups, 16, 307, 322, 330 
growth, 24, 80, 81, 87 
-maker, plunger type, 147, 180 
practical wave prediction, 51-54 
profile, 2, 188, 261, 262, 264, 269, 272, 273, 308 
profile indicators, 186, 192 
reflection, 82, 84, 178, 238 
steepness, 26, 81, 83, 193, 309, 310 

Waves, 
amplitude caused by rolling of noncircular cylinders, 1 
apparent periods, 40, 41, 55 
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Waves Wave gage or recorder, 36, 206 
apparent steepness, 42 also see Tucker’s wave recorder, 
breaking of sharp crests, 329 portable, 217 

capillary, 1, 87 shipborne, 55, 56, 60, 73, 78, 216 

damping of, 323 Wave height, 
decay of, 25, 26, 51 apparent, 54, 56 

effective (in causing stresses), 188, 263, 273, 2 
ae : : pare , equivalent (in energy content), 31, 33, 34, 35 
from an oblique direction, 143 significant, 25, 48, 57, 178, 212 
gravity, 1, 16, 87, 316 ae ve eae 
in rectangular fsa 324 Wave number, 14, 16, 17, 21, 23, 75, 78 

energy dissipation by, 13, 14, 334 

irregular, 1, 7, 10, 23, 24, 36, 54, 55, 57, 80, 82, 84, 87, 89, 149, Wave pole, 60,76 
152, 161, 164, 166-181, 185, 198, 200, 201, 206, 207, 279 Wave spectrum, 29-48, 52, 53, 54 
282, 283, 286, 298, 302, 307, 308 Wavelets, 15, 84, 87 

long-crested, 152 sharp-crested, 142 

length of crests, 329 Weather, — 

macroscopic description of, 86 conditions, 51 

modulus of decay, 323 factor, 246 

of finite amplitude of height (‘Stokes’), 25, 316, 320, 329, 332 seale, 248 
of small amplitude, 316 Weather Explorer (weather ship), 34 
short-crested (also short-crestedness), 16, 20, 85, 180, 181, Wetted, 

_ 204 - ; — beam, 276, 297 
significant (see also Wave height, significant), 20, 25, 33, 36, bottom area, 284, 308 

39, 45, 48, 51, 337 Wind 
standing, 324 juration, 20, 22, 29, 42, 45-51. 5 ; 
trochoidal, 5, 193, 198, 314-316 peidisnt ae 39735) pene 

Wave age, 26 shearing forces, 332, 333 
Wave celerity, 1, 4, 9, 10, 14, 20, 23, 24, 29, 80, 81, 249, 314, 316, velocity gradient, 10, 13, 328, 333 

317, 334 Wind tunnel, 4, 10, 82, 197 
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