Theory of

SEAKEEPING

Theory of

SEAKEEPING

by

Prof.

B. V.

KORVIN-KROUKOVSKY

SPONSORED JOINTLY BY
Ship structure Committee

MARINE
BIOLOGICAL

The Society

of

Naval Architects and Marine Engineers

LABORATORY

LIBRARY
WOODS
W.

HOLE, MASS.
H. 0.

I.

J

Published by

THE SOCIETY OF NAVAL ARCHITECTS AND MARINE ENGINEERS
74 Trinity Place,

New York

1961

6,

N. Y.

© Copyright 1961
The Society

of

by

Naval Architects and Marine Engineers

Library of

Congress Catalog Card No. 61-9911

Printed

the United States of America

in

SEAKEEPING

I

his

Foreword

monogra])h has been sponsored by The Society of Naval Architects

and Marine Engineers and the

Sliip

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

Committee on Ship Structural Design

Naval Architects and Marine Engineers, and the
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
form a basis

of the state of the art so as to
St. Denis,

Ciuiirman of the H-7 Panel, and E.

M. MacCutcheon, then

Ship Structure Subcommittee, were instrumental
tives of the

H-7 Panel and

of the

to undertake a critical survey

for the planning of research in this field.

in

Committee on

a

member

M.

of the

arranging a meeting of representa-

Sliip 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

He

has been assisted by

W. Marks

ration of Section 8 of Chapter

As a
this

1

result of the lack of

to undertake the

of the

work

of preparing the

David Taylor Model Basin

and Section 3

of

Chapter

monograph.

in the joint

prepa-

3.

complete quantitati\-e data

in

many

areas considered

by

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

Advi.sory

Committee

believes that controversy

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

upon which subsequent projects can depend

TROOST
FELBECK

L.

D. K.

for resolution of these disputed points.

Massachusetts Institute of Technology, Chairman.
National

Academy

ot Sciences-

National Research Council
O. H.

OAKLEY

M. ST. DENIS

Bureau of Ships, Department

ot the

Navy

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 Moclcl Basin,

Department

of the

Navy

Preface

Iwo

niethcids

of

graph were originally discusseil by

mono-

prepiiring

this

I'anel 11-7

(Seakeeping

of the Hydrodynamics Committee of
a composite work in which various sections
would be written by experts in the respective fields, and
The latter
a general sur\'ey conducted by one person.
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 luiderstood to permit writing a
The objective of the monogra])h
definiti\'e textbook.

Characteristics)

SNAME:

was then defined as the preparation
mary of the existing state of the art,

of the critical f>um-

order to assist in
planning of further research. The scope of the monograph
was to be the entire field of ship responses to seas, starting with the definition of the seaway and ending with
in

the loads imposed by the seaway on a ship's structure.
Consultation of the author with the Monograph Advisory Committee resulted in the following di\ision of

the subject matter into chapters:
1

2
3

4
5

Seaway
Ilydrodynamic Forces
Ship Motions
Resistance and Lo.ss of Speed in Waves
Djaiamic and H.ydrodynamic Loads on a Ship's
Structure.

Broadly speaking, the interests of the two sponsoring
bodies haxe been different.
The Seakee])ing Characteristics 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 Connnittee
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 invoh'cd.
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

dynamic

or inertial loads.

It

of accelerations causing

has been expected that

was subseqiientl\' modified in regard to section 8
of the first chapter and Section 3 of the third one. These sections
are coni-erned with the application of mathematical statistics to
the description of sea waves and shijj motions caused \>y them.
The Monograph Advisory Committee decided that the chapters
written l)_\- the original author slioiild lie rewritten by a sjiecialist
in this field.
j\h-. Wilbur Marks of the David TaylorMotlel Basin
undertook this task.
\Miile he broadly followed the original
'

Thi.s

i)olif.\-

author's plan, he modified the e\i)osition so that it no longer conforms to the jiolicy and ob.ieetives of the other parts of the monograph; the critical attitude anil emphasis on the shortcomings of
the existing knowledge were replaced by a smooth informative
description.

would be orgainzeil for the examinamore generally, of ship structiu'al
It was intended, ne\'erthele.ss,
responses to these loads.
to include in C-hapter 5 a brief outline of the methods
available for computing the transient response to the
time-dependent load application occtiiring in a complex
tidditional projects

tion of ship .stresses or,

seawa^'.

The jiresent work is aimed solely at the beha\'ior of
surface-displacement ships. Although a large amoiuit
of material can be applied to submarines, planing-type
craft recjuire a different approach :ind are definitely excluded.

In research iilanning, either by the investigators themor by sponsoring Ijodies, the first reiniirement is to
estaljlish the cxifstinci state of the art, and the second
(e(iually importtuit) is to understand the shortcomings
of the exi.sting knowledge.
These two requirements
determined the style of presentation in the present
monograph. An efl'ort was made to present the basic
principles and the current state of the art as factually,
ciuantitatively and completely as possible within the
limitations set by time availal)le and a reasonable size
However, the monograph was to be
of the monograph.
only a sununary, and it has not been possible to treat all
The treatment of each subject
subjects exhaustively.
was intended to be in the nature of an introduction and a
Preparation of an extenginde to existing literattu'e.
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 difficidt to obtain. The author solved this difficulty in his own work by relying on microfilm copies.
The New York Public Liijrary- has an amazingly complete collection of technical literature and furiushes
Microexcellent microfilming and photostatic service.
filming service is also available from the Library of Con-

s('l\-es

gress,

The

Washington, D.C.

made as precise and complete
The introductory outlines to each subject

references have been

as possible.

and the bibliography are intended to serve as a basis for
In order to stimulate
further dex-eloijment by readers.
this de\'elopment, 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
-Fifth Avenue at 42nd Street, New York, N. Y. Attention:
Photographic Service.
' In view of this polic.v, 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 te.xts, which ha^•e attained the standing of
te.xtbook or are close to it.
These are designated by
the author's name and a capital reference letter (A, B,
This group also includes complete
C, and so on).
chapters in symposium and encyclopedic book types.
The .second group is composed of references to the most
important research papers and articles a\'ailable, most
of which were acti\'ely 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 (19526)" cited in the first chapter will be f(nuid at the end of that chapter.
If cited in
another chapter, it will appear there as "Neumann
:

(1-19526)."

The third group is composed of miscellaneous references 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 a\ailable elsewhere. No effort has been
made to eliminate repetition of references in the various
bibliographies used or listed.

The author ailopted the practice of cjuoting original
sources, whene\-er these were sufficientlj' brief and clear
for the conden.sed exposition of the monograph.
No
changes were made in (|Uotations 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 re^•iewers of the early draft were unanimous in recommending a uniform nomenclature. The
autlKjr assumes no responsiliilitj' 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 published by \-arious researchers is presented and often
critically reviewed, but the ultimate deductions are
considered to be a part of research acti\-ity undertaken
in the future.

A

large

number

of

copies of the .seakeeping

graph draft were distributed to
in oceanograph.v

the

members

and

York, N.Y.

January, 1960

mono-

engaged

na\-al architecture, as well as to

of sponsoring bodies,

and

critical

comments

were invited. These comments were considered by the
author in the preparation of tlie final monograph copy.
It is, however, unavoidable that differences of opinion
will exist among scientists and engineers engaged in
\'arious 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 responsibifity for statements and opinions given in the seakeeping monograph.

The sponsoring bodies
ions,

are not responsible for these opin-

and indeed, individual members

not agree with

all

of

of these bodies

may

them.
B. v.

New

\-arious persons

KoRviN

Kroukovsky
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Preface to Chapter

It

factory quantitative description of ship molions or ship

any

without a good knowledge of tlie comseaway 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 extensive summaries of the existing knowledge on ocean
waves appeared in the press, the first by l'\ Ursell (Reference M), and the second by H. U. Roll (Reference L).
The general plan of exposition in these two summaries
is similar to the one ])resented here by the author.
None
of these three summaries eliminates the need for the
others, since each author has emphasized different aspects of this vast and complex subject.
Tiie present

has been the author's experience that tlie sokition
practical problem connected with wave motion is
often accompanied by a lai'ge amount of fumbling.
The reason for this is that information on waves is widely
scattered in various textliooks, 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 hyof

1

drodynamics have often

Ijeen disregarded, possibly because of want of easy reference. Apijendix A was prepared, therefore, as a ready reference to give a concise
summary of the theory of wave motion on the basis of

hydrodynamics.
Rapid progress in the de\'clo|)meul of the theory of
ship motions in a complex seaway has taken place following the appearance of the paper by St. Denis and Pierclassical

son (Transactions SN^Aj\IE, 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
An
basis of its development appears to be forgotten.
effort has been made, therefore, to exjjound Neumann's
work rather completely in Appendix B, while in the
text only a relati\-el.v brief summary appears.
The author has found that at present oceanographic
knowledge is rather disorganized in so far as the tran.smission of energy from wind to water, the growth of
waves under the action of wind, and the wave size indicated by the spectrum of a complex seaway are concerned.
Very few experts appear to agree on solutions
Yet it is futile to expect a satisto these problems.

stresses at sea

plex

intended es])eciallv for stimulation of recritical than the others and stresses
shortcomings no less than achie\'ements.
The cxpftsition of sea-wave properties given in this
monograph is oriented to its ultimate use in naval archiexposition,

much more

search,

is

tecture

and

in ship navigation.

B. V.

New

York, N.Y.

Januarv,

19(50

It

is,

therefore, incom-

many

other fields of endeavor. The
ultimate development which is the interest of the present
monograph would con.sist 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 ha\'e not yielded a satisfactory solution.
It is tlie author's opinion that a
general theoretical development is also needed for achieving this ol)jective.
A comprehensive review of the
theoretical work and of the laboratory and open-air
observations connected with it was therefore included
in the monograph.
plete in regard to

KORVIN

Kroukovsky

CHAPTER

Seaway

1

Introduction

1

2

The wind-swept surface of an ocean usually presents a
very complex irregular appearance. A certain regularity
exists only in the broadest sense that wa\'e hollows and

Uniform distribution of

Wind— Elementary

Rational Approach

of the generation of wa\es by wind was
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 potentials of both water and air were evaluated.
Furthermore, 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 208, pp. 458-4()2) and Motzfeld (1937,
Kelvin's .solution for waves propagatpp. 205 and 206).
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 spontaneously. These first waves have a length of 1 .8 cm (0.71 in.)

and a

celerity of 23.2

cm/sec (0.76

to be the least possible

wave

fps)

celerity.

which was shown
This wa\'e repre-

waves due to gravity,
traveling) waves due to the

sents a borderline between longer

and the shorter (but

faster

surface tension of water; i.e., the capillaiy waves.
The foregoing conclusion does not agree with observations of nature, which indicate that

waves begin to develop at much lower wind A^elocities. .leffreys (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 \-elocity of about 110 cm/sec (3.6 fps),
have an initial length of 6 to 8 cm (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
graA'ity wa\'cs first form at an air speed of 250 cm/sec
cm (2.4 in.) long. He emphasized the
(8.2 fps) and are
uncertainty of such observations and wrote:
"The minimum 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 receding tide.
Fig. 1 shows the frequency distribution of the
various wa\'es 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 proluibility of occurrence of gravity waves
Roll estimated the minimum nece.s.sary 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

air pre.ssure

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.
Theoretical reasoning, laboratory experiments and .specially
is

designed methods for obser\'ing natural waves are
involved in this problem which so far has eluded a complete .solution.
Later .sections will take up the organization of empirical observations in a form suitable for wave
forecasting and for determination of a ship's behavior at
Finally, the mathematical sea-surface representasea.
tion needed for the latter purpo.se will be outlined.
Throughout, References will be given bj' author and year, and
be found in the alphabetical list at the end of each chapter.

'

Waves by

The problem

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 impossible to evaluate quantitatively by direct observation
the effect of such an irregular surface on the beha\'ior of
a ship. It is necessary to undertake a systematic analysis or breakdown of a complex physical event into simple
components, to study the effect of these simple components, 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 number of simple harmonic functions (waves) of varying
periods and amplitudes.
The word "simple" is applied
here to a uniform regular wave characterizetl by a single
direction of propagation, a definite frecjuency, 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
This simple wa\'e does not
of such a simple wave.
normally exist in nature, Init can be produced in a laboratory, 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 propagation of free waves under the action of gravitational
inertial forces.

of

first

wave

and

Generation

may

1

THEORY OF SEAKEEPING
Smooth

I

-"

I

I

]

Wavy

Weak waves

here p is the pressure, /3 a nondimensional coefficient,
p' the density of air, and T' the air \-elocity.

visible

Measured or measurable
waves

rcflec-Viors

AVere the air flow potential, the pressure distribution

would be symmetrical about the wa\e crest, and the
mean value of the coefficient /3 would be nil. Jeffreys
assumed, howe^'er. that in a A'iscous flow the leeward
slopes of the waves are shielded, so that asymmetry of
pressure distribution exists and the coefficient /J has a
value (to be determined empirically) greater than
zero.

Transmission of Energy from Wind to Harmonic
Without making assumptions as to the nature

2.1

Waves.

Lamb (D, p. 625) wrote: "It is not
the action of the wind, even on a simple
harmonic wa^e-profile, could be represented by any
simple formula.
JBut, neglecting the tangential action,
of the air pressure,
likely that

300

Fig.

1

Frequency distribution of initial waves
wind velocity (from Roll, 1951)

as function of

which seems to be of secondary importance, we may
imagine the normal pressure to be expressed bj' a Fourier
series of sines

amount

of

work

bow waves)

form according to the well-known theory
(Lamb, D, art. 256, pp.
433-437: Davidson, 1942).
Becau.se of the glaring discrepancy between the results
of Kelvin's analj'sis 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 pres.sure occur in troughs.
Thus waveexciting forces exist (causing the instability indicated by
Kelvin), but because of the symmetry of the flow on both
sides of each wa^'e crest, there is no mechanism for transniitting the energy from air to water.
Jeffreys assumed
that each element of distorted water surface acts essento

of the traveling disturbance

a flat plate in a fluid stream; i.e., that the pressure acting on it is proportional to its inclination, which
can be expressed as cirj/dx. With the wave profile
expressed astially as

7}

=

the slope of the water surface
brii'(ix

—

a sin k{x

=

(0

ct)

ah cos k{x

fip'{V

—

cl)

(2)

—

—

(4)"

ct)

In A'iew of the importance of the foregoing quotation,
a more detailed de\'elopment 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 \'ector as decomposed into

and horizontal components, p cos

vertical

where

9 is the inclination of the

6

and p

water surface.

sin

6,

This

waves is generally small and these pres.sure
components can be e^-aluated 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 ^'elocity v. The mean work done by
the pressme p per second is
inclination in

1

E= -

r pvdl =

ack

Y

j

C^
j

V cos k{x

-

A

positive sign is assigned to the work of the
pressure acting on the surface element with

ct) dt

(5)

downward
downward

velocity.

The alternate method is to consider an element
wave form mo^illg horizontallj- with celerity c.
The mean work per second is
(b)

of the

E = ^

f

p{dr]/dx) cdl

=

Jo

Jo

i

p cos k(x

—

ct) dt

cYbr)/bx

Let the unknown pressure distribution o\'er the wavy
water surface be represented bj' a summation of sine and
cosine harmonics, i.e.,
"

p

=

n

Y, ^-^nsm nk(x

-

cO

+

Z) B„ cos nkix

-

ct)

(7)

(3)

In this case and in the following section the wave formulas
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.
^

cos k(x

(6)

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

=

of multiples of ki^x

is

Jeffreys

p

in

Ap = C

wave components traveling at angles to the wind direction.
The existence of these wave components he
attributed to air turbulence which produces local tra\-eling pressure areas and causes oblique waves (like ship

— ct), and
which does a net
a complete period has the form

and cosines

e\-ident that the only constituent

it is

For the wave form represented by equation

differ

drj/dx

=

a k cos k{x

—

ct)

(1)

(8)

SEAWAY
Substituting equutions (7) and (8) into equation
leads to integrals of the following forms.

For the

first

(5)

height.

harmonic
sin k{x

—

ct)

—

cos k{x

coefficient Cp depends on the wave form and
Following Lamb's example of equation (4),
the symbol ACp is used to emphasize that only part of the
total air pressure, the out-of-phase component, is con-

where the

sidered.

ct)dt

Jo

In practice

it is

more convenient

to

it in terms of the drag coefficient
tomarily in aerodynamics:

ing
cos- k{.r

—

ct)dt

Jo
and

measure the

hori-

zontal drag force acting on the water surface.

and

for higher

Drag = („(p72)(F

harmonics

The

• 7'

x

sin n k{x

—

ct)

cos

—

/i(.i'

total

water

cl)<U

—

ci)

cos k{x

—

ct)dt

(10)

2.2

Effect of Skin Friction.

important

it is

(14)

c)"-

energy per second transmitted by wind to

E = mrag)
cos n k(x

C'd,

is

and

i:

-

Expressas defined cu.s-

ti)

C.

{V

-

c)-c

(15)

Before proceeding further,

comment on the remark:

".

.

.

neglect-

upon evaluation,

ing the tangential action which seems to be of secondary

except the one for the first harmonic containing cosine
squared in the integrand. This proves equation (4)
The pressure components in phase
given by Lamb.
with the wave, the sine harmonics, transmit no energy
to water, and the entire energy transmission is due to the

." in the pre\'ious quotation from Lamb.
In the case of slightly viscous fluids, such as air and water,
the flows are generally well described Ijy the potential
theory, and a slight dissipation of energy by viscosity
does not .sensibly modify the results of this theory.'
The primary effect of \'iscosity (jn the general flow is
indirect; it appears as a modification of the boundary
conditions l)ecause of formation of the boundary layer.
At the Ijoimdary 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 essentially potential
the form of "skin friction."
flow can be affected directly only l)y 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
It is therefore quite
to the potential motion of waves.
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 foi'egoing statement can be found
in the theory of wave resistance of ships, as dc\'eloped
primarily by Havelock, Weinblum, and Guilloton, and in
experiments conducted in connection with this theory.

All of the foregoing integrals \-anish

first harmonic of the cosine, i.e., to the out-of-phase
component. Retaining only the first harmonics, equation (7) can be rewritten as

p

= A

sin k(x

—

+B

ct)

cos k(x

= C

—

ct)

sin k{x

-

ct

+

i)

(11)

This shows that the transmission of energy from wind
water occurs because a sinusoidal pressure distribuThe distion differs in phase from the wave form.
tortion of the pressure-distribution cur\-e by higher
harmonics apparently has no effect on the energy transIn a potential flow the pressure is in phase
mission.
with the wave, e = 0, and there is no energy transmission.
In a fluid of very low visco.sity, as is the case with air,
the flow is generally potential, but the boundary condition at the water surface is modified by the presence
This latter thickens locally in
of the boundary layer.
the adverse pressure gradient on the lee sides of waves,
and thus brings about the phase shift e and the resultant
energy transmission. This will be discussed further in
connection with experimental wind-tunnel data.
Evaluation of equation (5) after sub.stituting the
cos k{x — ct) pressure term from equation (11) gives the
total energy transmitted by wind to waves, per second
to

per unit of sea surface.

E = B ac

k/2

(12)

As can be seen from equations

(7) and (11) the coeffithe 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
nondimen.sional pressure coefficient Cp as

cient

B

is

B =

ACp'/.,p'{V

-

c)

(13)

importance

.

.

The

particularly rele^'ant references are Wigley (1937),
Shearer (1951),
Birkhoff,
Havelock (1948,
1951),
Kor\-in-Kroukovsky and Kotik (1954) and KorvinKroukovsky and Jacolis (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
Despite the fact
fine boats formed of parabolic arcs).
that possibly 2.^ of the total towing energy is dissipated
in skin friction, the effect of this on waves (i.e., on the
(D, art. 346, p. 62:5) also Appendix A art. 4.4; the tresuccess of aerodynamics has been based on this postulate.
It is interesting to note that frictional drag is also neglected in
the recent advanced work on energj' transmission from wind to
waves by Miles (1958) and Phillips (1958). The air viscosity
is considered only in the .sense of defining the effective wind ve'

Lamb

mendous
•

locity.
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izo-

Fig. 2

0.4
n,"f

l«-|rJ

Wave

profiles of

models tested

in a

wind tunnel (from Motzfeld, 1937)

SEAWAY

Fig. 4

Streamlines of air flow and total pressure variatian

Fig. 5

3

4

Same

sec in

as Fig. 4 but for third

A trochoidal wave of length height ratio al)out 10
A wa\'e of circular arcs with sharp 120 deg angles at

and length/height ratio of 7.5, which closely
sembles the theoretical wave of limiting height.
cre.sts

at

re-

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

J

madel

(frarn Motzfeld,

1937)

model

the pressure distribution in the air and streamlines in
Figs. 4, 5 and 0.
Thickening of the boundary layer and
the pha.se lag of the pressure distribution is noticeable on

models, but only on the sharp-crested model No. 4 is
separation of the flow observed.
The horizontal dynamic (i.e., due to pressure distribution) drag !!'„ per wave
all

length

is

obtained by integration
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Fig. 6

Same

as Fig. 4 but for fourth

Wind-dri\-en waves usually have
(i.e., lee side).
unsymmetrical form, so that an increase of resistance over the symmetrical Mot zf eld models can be

Values of Coefficients

Table

front
this

Model
No.

Cr*
0,00375
0.0038
0.0035
0.0028

Ci
0.00085
0.0024
0.0028
0.0195

1

2
3

4
(frictional

0046
0.0002
0.0063
0.0222

e.xpected.

a precise and significant definition of air
the outstanding draw})ack of these experiments. This appears to be a weak point in all experiments on wind-wa\'e energy transmission. A theoretical

Lack

velocity

drag)/}^ pMm"^-

TF.

=

f

p

sin

(Is

(16)

Jo
where S

is

Q

=

and by plotting pressure p versus surThese plots are shown in Fig. 7, and
the dynamic drag is represented by the area enclosed by
each curve. The nondimensional drag coefficient was deds

face elevation

drj,

r;.

fined as

C'

w.

=

'/2 P'

Uj\

(17)

where u„ 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

of

is

formulation of a similarity law and its observance in
planning observations and tests are sorely needed at
this time.

the de\'elopecl length of the surface of the
wave of length X, and ds an element of the length. The
integration is most con\'eniently performed b.y noting
that sin

model

is

listed for the discussion

2.4 DeterminaHon of C; from Mean Inclination of
Water Surface. As examples of determination of the drag
coefficient by measuring the mean slope of the water surface in a wind flume, the w'ork of Francis (1951) and
Francis used a
.Johnson and Rice (1952) can be cited.
wind flume about fi 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 wa\-es 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 diminished or increased towards the lee end depending on the
wind strength. The mean ele^'ation of the water surface
was measured at se\-eral points along the flume, and

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
The wave profile,
distribution in smooth water flow.
air-pressure distribution, and water- velocity distribution
The dynamic drag coefficient C\
are shown in Fig. 8.
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

Table 2
ind speed,
mp.s

Results of

Measurements

SEAWAY
I.

Moo.

>

.3.

Mod.

l.Mod.
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L
10

V
Fig. 9

12

000 m/s

Original data for setup as a function of wind speed at 10 m elevation. Smooth curves were drawn by
Each point is a 20-min time average for both wind and setup (from Van Dorn, 1953)

inspection.

Wind

10

SEAWAY

V 100

(Left) Setup as a function of the square of the wind speed at 100 cm elevation; (right) setup as a
function of the square of the wind speed at 2 5 cm elevation (from Van Dorn, 1953)

10

Fig.

=

.S'l

From

V25 m/s

m/s

Fig. 10 at 100

cm

af'2

(18)

ele\-atioii

mps =

it

tullowis

then that,

=

0.28 cm
0.0092 ft and a = 0.00000855 sec-/ft.
For the conditions of Van Doni's otwervations the
tangential force per unit area is expressed as
at the wind velocity of 10

82,8 fps,

.S'l

-

as (0.140
0.100) = 0.040 and (0.890 - 0.180) =
0.210 cm, and converting to feet, the unknowns are
evaluated as

mps

=

T

=

L =

p y h Si

p g h a

U-'L

where p is water density, /) the effecti\'e depth and
distance at the ends of which .S'l is measured.
tangential force or drag coefficient is then
C\

2ps

=
f-

1

0.0039

(ID)

L

the

The

(20)

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
wa\'e form, and the total setup *S' becomes

+

S-2

(21)

The

h{U

-

vs-

(22)

foregoing expression contains two unknowns h and
both of these to be constants, by reading from Fig. 10 the values of So = S — Si at G and 8
Vc-

By assuming

=

14.()5 fps

By the same procedure as was used in connection with
the coefficient a, the nondimensional dynamic or formdrag coefficient

is

fective velocity

U —

then evaluated on the basis of the

ef-

V, as

=

0.0236

The

foregoing analysis was made for comparison with
other previously described w-ave data.
Neither
Keuligan nor Van Dorn discussed the details of wave
form.
They called Vc the "formula velocity," treating
just as an empirical constant,

and discus.sed the coequation (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
it

efficient b in

an idea as to the distribution of the waA-e-form
drag and the friction drag which is not obtained from
other observations of water-surface inclination.
Observing that the tangential force is directly proportional to the setup, the analogy between equations (14)
and (22) is of interest. This analogy permits physical interpretation of the "formula velocity" F, as the celerity
of the wave components most significant in producing
the wave-foi-m drag.
More accurately it is connected with the horizontal
So gives

The cur\-e of S coincides with the straight-line plot of
for U < V,.
Si up to a certain speed V„ i.e.. So =
Above this speed So is expressed by Keuligan, and following him by Van Dorn, as
So

0.0000518 secVft
T',

the

where

Si

=

C,

P'L

S ^

b
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wave form on
which the predominating air pressures act. Both definitions would be identical if the waves were simple harmonic. The true wave .structure consi-sts, however, of
smaller wa\-es carried on the surface of the bigger ones,
\elocity of translation of the facets of the

and the velocity

of translation of small facets of

wave

form is therefore a complicated function of celerities of
waves of all sizes.
The \-alue of the drag coefficient, C^ = 0.02156, agrees
well with Motzfeld's model Xo. 4, and with the appearance of the wa\'es shown on Fig. 11. It was deri\'ed on the basis of the mean wind speed of 23 fps at
which a small C' I'-ratio and large percentage of sharpcrested small waves can be expected.
2.6 Summary of Cj Data from Previous Sections.
It appears from the foregoing data that there is generally
good agreement among the f'a-\'alues obtained from
pressure measurements in wind tunnel and ffmnes, and
deri\-ed from the slope of the water siu'face.
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-crested wind-tunnel models. Howe\-er, for
the cases of intermediate severity, the problem of defining the sea surface in a form significant for the drag has
not been solved.
Clearly X/H-ratio is not the desired
parameter.
Its effect is practically discontinuous;
a
\'er\' slowly rising value of Cj with decreasing \/H, and
then a ciuick and drastic jump to a high \-alue as sharp
wa\-e crests are developed.
It appears that the Cj
values are go\-erned by a statistical parameter depending
on the freciuency of occurrence of sharp crests or possibly
on the frecjuenc}' of occurrence of steep wa\-e slopes. The
problem has to be treated therefore by statistical methThese will be discussed later in Section 8 of this
ods.
chapter.
It can be added here that in the wind-flume experiments 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 Vio)- 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 \aluable material for the study of

various relationships, do not represent ocean conditions
directly.
The method of analyzing such data thus becomes particularly important. Analyses in the past
were generally inadec[uate because of limitation to o\'erall drag of the water surface, neglect of wave irregularity, 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 irregularity was commented u]3on by Francis (1951), and is demonstrated (luantitativoly by Johnson and Rice (1952),
who present a number of graphs of the statistical distribution of wa\'e heights and periods. These are reproduced here in Fig. 12.
*

It

was derived

statisticallj-

l)j-

Longuct-Higgins (1955, 1957).

Estimation

2.7

Drag

Tangential

of

from

Wind-

The method of estimating the drag
surface by measuring the velocity

Velocity Gradient.^

coefficient of a sea
gradient in wind is based on the theory of turbulent
boundary laj-er at a rough surface. The tangential resistance of such a surface causes momentum loss in the

The turbulent move-

immediately adjacent layers of

air.

ments

momentum

of air particles cause a

one layer of

transfer from

and. as a result of this, the air
\-elocity diminishes gradually from the velocity of the
undisturbed flow V at a large distance from the rough
surface to a velocity u < V as the surface is approached.
The air velocity (( is therefore a function of the distance z
from the plate; i.e., ;; = u(z). The plot of velocity u
\-ersus height z has the general shape shown in F'ig. 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
air to another,

T

where r
and the

is

=

Aidu.'dz),

(23)

the shearing (or frictional) force per unit area

A is yet to be defined. In the most
usage a coefficient of hydrodynamic force is defined in terms of pF-/2, as for example in equation (14).
In aerodj'iiamic usage in Great Britain, however, it became customary to express it in terms of pV'-. This
usage has been generally adopted in the field of oceanography, and the tangential force coefficient is written as
coefficient

common

7

=

r

p

r

pu-

T

or preferably
(2-t)

In the foregoing expression u denotes the air velocity as
It follows then

measured at a certain specific height z'.
that coefficients Cj* and y are related by

C/ =

27

Attention should be called to the fact that Cj* represents
C,, -f C, in the notation

the total drag coefficient; i.e.,
used in preceding paragraphs.

aerodynamics and of hydrodynamics
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) =
In meteorology and oceanography it is necessary to
V.
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 uiz) = const, except by means of pilot
lialloons.
It becomes necessary, therefore, to establish
the form of function uiz), as well as certain conventions
as to the height at which u should be measured.
In the

fields of

(as applied to ships) the distance z

These con^'entions have been only very loosely deG. I. Taylor (1915, 1916) used the data of pilotballoon observations over Salisbury Plain in England,
fined.

5 For a more complete treatment
of this subject the reader
referred to Ursell (M).

i.s
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Two

views of

downward end of pond taken at a wind speed of 17 m sec before and after addition
surface.
The marker pole is graduated at 1-ft levels (from Van Dorn, 1953)
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gives log Zt,."
5.75 {t/pY'", and the intercept at u =
Under conditions of a fluid flow along a rough stationary surface, and in particular in the case of wind over

land area analyzed by G. I. Taylor (lOKl), the surface
does not absorb the energj'. The loss of momentuni in
the air is accompanied by dissipation of the kinetic
energy in eddies, turbulence, and finally in the form of
The organized kinetic energy of the potential uir
heat.
flow is in part disorganized, lost in the form of heat, and
thus is no longer available. An entirely different situation exists in very mobile sea wa\'es in which the energy
To a large extent the
is transmitted from air to water.
air does work on the moving water siu'face by normal
pressures, .so that kinetic energy given up by the air I'eappears as the kinetic energy of the potential wave motion.
Only a part of the kinetic energy of wind is dissipated in friction in tiie form of air and water turbulence.
The theory of a Ixunulary layer at a mol)ile or
oscillating surface has not yet been developed, and so in
practice it becomes necessary to assume that the turbulent boundary-layer relationships developed for fixed
surfaces remain valid for the mobile w;iter .surface.
The
empirically derived coefficients, however, may not be the
same in the two ca.ses in view of the fundamental distinction of the two phenomena. Clearly realizing this distinction Neumann (1948, 1949a) speaks of the "effective
tangential force coefficient," which is compo.sed of contributions of both the dynamic, i.e., pressure, drag and
the frictional drag, for which alone the turbulent-boundary-layer expressions are truly valid.
This represents
an assumption that the pressure drag of a moving, wavy
surface affects the air-velocity disti-ibution u(z) in the
same functional form as the frictional drag. Practical
application of the method appears to confirm this assumption, but apparently no deeper in\-estigation of this
In
([uestion and no crucial experiments were made.
connection with the foregoing Xcumann (1948, 1949a)
emphasized that the roughness parameter Zo in eiiuatioii
(25) is a purely nominal quantity, characteristic of the
sea surface but bearing no direct relationship to the apparent roughness of the sea. In fact, as will be .shown
later, the roughness parameter Zu is often shown to decrease 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 compared 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 o\'er large
waves. A more specific definition of the height z is
Roll (1948) expressed 2 as ^' +
therefore needed.

the height above wave crests, ami //
This definition is close to but not
identical with measuring z over the undisturbed water
surface.
Howe-\-er, there was a kink in his plotted ciu've
Neumann (1949a)
of log z versus u at a low value of z.

H/2, where
the

wave

z' is

height.

+H

be used; i.e., the lowest level
suggested that z = z'
In the
of wave troughs be used as the reference level.

Fig.

1

3

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 ])lot resulted. At a wind of
4 mps (about i;^ fps) and wave height // = 50 cm (about
1.6 ft) shown by Roll's (1948) measurements, Neumann

estimates Zw = 2 cm (0.79 in.).'
Francis (1951) applied the method described in the
([uotation from his work given before to his measurements
At low z in proximity to the waves,
in a wind flume.

however, the plot of u versus log z exhibited violent
kinks, and only for a short range of the larger z heights
measured was the plot linear. Although the measurements showed wide scatter, Francis obtained a mean
\'alue of 5.0 for the coefficient in equation (25), which is
clo.se to the theoretically expected 5.75.
It was apparently impossible to evaluate zo (and therefore r) from
the.se plots.

3

Energy Balance

in

Waves and Energy

Dissipation

The energy of a wave system grows with distance l)y the
amount of the energy recei\-ed from the wind less the
amount dissipated l)y internal friction. An elementary
analysis of this process will ho given.
Consider a stretch of sea of unit width, traversed by
imaginary control planes located at fetches F^ and Fo.
The mean rate of energy gain
per square foot o\-er the

E

distance F^

—

Fi

expressed as

is

clE/d.i-

=

E.
F,

-

El
(26)

Fi

' For a recent di.scus.sion on ]jroiX'rtie.s of the
boundary layer at
the sea surface the reader is referred to Ellison ( 1956 )( see p. 105).
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where Ei and E^ are the energies per square foot per
second carried over through the planes at Fi and F«.

From

ecjuation

=

E,
in

any consistent

(l/4)p(/ciai2

(27)

=

16 Ciar

foot-pound units for sea water

(28)

sit

pg = 64

pcf.

Here

six

cases found in the

This

is but a small
sample of data of varying reliability (for the present
purpose) but nevertheless a few conclusions can be

4.

drawn
a)

set of units, or
£'1

in

A

Appendix

of

((30)

Data and computations for
shown in Table

literature are

There

purpose

is little

analyzing

in

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

The

ratio

for the results to be reliable.

the wa\'e celerity and en the wave amplitude at Fi.
An identical expression with subscripts 2 will hold at Fn,
The foregoing rate of change is ecjual to the difference
between energy E^, received from wind, and £,,.. dis-

n is not a constant but varies with
and with wave height. Expression (31)
must therefore be modified by including a proper func-

sipated in internal friction;

In the minute and mild wa^'es (case 3) n is about 6.
For essentiall.v the same wave height but greater steepness and hence larger Cj in case 5, n increases to 41.
The ;i-\'alues of 207 and 439 in cases 1 and 6 are
d)
apparenth' exaggerated by the excessi\-e influence of the
wave celerity c in the factor {V — c)-c entering into
Ep.
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 X and c
in the foregoing calculations.
c)
If the same rea.?oning were applied to wave dissipation, the calculations also would have indicated greater
energy dissipation, since smaller waves of lower c/U-ratio
usually have higher a/X-ratio.
Case 2 should be omitted. A comparison with
/)
Apcase 1 shows too low a X for a similar c/U-ratio.
parently, the waves preformed by the wave generator

fi is

-

E,,

(29)

Ep is evaluated on the basis of normal pressures acting on
water as

= C,^ {U - cr

E,

c

(30)

where for "standard air" p' = 0.00'2o7 pounds per cu ft.
The energy Ej, dissipated in internal friction is given
for classical gra\'ity 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 turbuintroduced a coefficient of turbulent viscosity

lence,

which is larger than /j. This coefficient will be designated
by n*. Neumann (19496) also shows that the effective
turbulent coefficient of viscosity n* in wave motion is
many times larger than fi. The turbulence responsible
for this increase results partly from the energy- transmitted 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 m*.

E,
where k

is

2

fi*

k'c-a-

the wave number,

'Iir/X.

(31)

Expression (31)

any consistent set of units. In the footpound system, and taking n = 2.557 X 10~^ for sea
water of 59 F (15 C), it becomes
is

valid in

E,,

=

(a/X)

ratio

tional relationship for

^i*.

c)

i.e..

dE/dx = Fp

h)

0.065 >i(a/\)-

were too long for the amliient wind conditions.
3.1
Energy Dissipation (by Bowden, 1950). The development indicated by paragraph b) of the foregoing
section was attempted b.y Groen and Dorrestein (1950)
who, on the basis of the previous work of Piichardson
(1926) and Weizsaker (1948), assumed p* to be proporBowden (1950) showed that Weizsaker's
tional to X'*''^.
reasoning is not applicable to waves and, on the basis of
dimensional reasoning, derived a new relationship. If
p* depends on wa\'e proportions, it should be a function
of wave length, amplitude and period, so that

(32)

EX'tt^ry

(34)

where n denotes the

ratio m*/m=
height,

H 2a, and wave length X
wave observations, the energies E\
and Ei can be computed readily. The energy received
Since the wave
are reported in all

from wind,

E,,,

also can be

is

known.

that a

+

i3

2 and 7

=

= — 1. Bowden
= \ and wrote

took

fS

,*

K

(34a)

(',;

where K is a nondimensional
energy dissipation is then
£",,

n

=
M

computed, pro\ided the drag

can be reasonably estimated
from the data of the foregoing section. The only
quantity completely ^mkno^^^l is the ratio n. It can be
computed on the basis of equations (26) and (29) as
coefficient Cj

It follows

the simplest assumption that a

=

2 p

K

coefficient.

k^c'a^

The

rate of

(35)

1

=

Bowden confirmed

0.065(a/X)2

X

C,

^{U - cr-c- (E,-

E,)/{F,

-

F,)

(33)

the hjregoing results by a deri\-ation
based on von Karman's (1930a and b) similarity hypothesis for shearing flows.
The application oi the foregoing equation to cases 1 to
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mann, and James (H). On the other hand, the broadness of the subject is overlooked in the recent "advanced" work discussed in Section 4, and attention is
concentrated entirely on the transfer of the energy from
the wind.

Generation

4

of

Waves by

Wind— Advanced

Rational Approach

Under this heading several recent papers can be reviewed briefly. The.'^e are elaborate mathematical developments and the reader is referred to the readily obtainable original papers for the complete exposition of
•

Only a general outline of the principles
the subject.
used will be gi\'en here, primarily in order to indicate the
apparent shortcomings and desirable directions of further
development."

The ad\'anced

appr((ach to the subject of

wave forma-

wind has taken two broad directions. Eckart
(1953a, b, c) and Phillips (1957) took air-pressure fluctuations in a gusty wind as the primary cause of wave
tion b.y

formation. The pressure fluctuations in this case are
uncorrelated with the wave form. In another ajiproach,
Munk (1955) and ;\Iiles (1957), following in principle the
elementary method of Jeffreys (Section 2), considered the
air pressiu'es as caused bj^ the air flow about the wave
profile.
In this case the air-pressure variations are comTwo such difTerent
pletely correlated with the waves.
concepts 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,
In these early stages of
correlation will be introduced.

development, also, the energy dissipation in wa\'es has
not been considered.
4.1
Eckari's Theory. The wind pressure is assumed
to be every whei'e normal to the undisturbed surface of
water and caused by an en.scmble 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 T. At the end of the time period T a
gust "blows itself out" leaving its wake to di.ssipate in
First, the theory of this
the form of free gravity waves.
phenomenon is developed for a single gust. Ne.xt the effect of the ensemble of gusts is treated on the basis of the
time average, as commonly used in the theory of turbulence.
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 wa\'es may be man}' meters high, and thus represent a large surface density of energy. This energy cannot be supposed to have been obtained from the air instantaneously and locally. Much of it will have been obtained from the air earlier and at a considerable distance
from the point of obser\'ation (though still in the storm
area).
It will have been transported by the water essentially according to the laws of free wave motion.
'

will

Only

in the realm of basic ideas.
not be discussed.

Mathematical techniques

This has long been recognized by the use of the concept
The effect of the few gusts near to a point
of fetch ..."
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 distributed and fluctuating pressure areas represent the summation of many comjDonent waves of different wave
lengths, heights, phases and directions of propagation.
Such waves are described bj' a spectrum. As will be discussed 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 wa\-csof varying
heights.
Quoting further from Eckart (195oc): "Since
the surface disturbance has a random character, no
unique value of wave number and frequency can be assigned to it; the.se dominant values correspond rctughly
to a

maxinuun

From a consideration
number of 5 to 10 waves in

in the .spectrum."

of the empirically observed

such groups, Eckart concluded that in a wind of 20 mps
(about 39 knots) for in.stance, the life T of the gust is 15
to 30 sec, and the typical gust radius D/2 is 40

m

(130 ft).
Eckart's solution covers regions in.side and outside of
the storm area; the latter case is simpler and the solution

more precise. Outside the storm area the spectrum of
wave directions is symmetrically dispo.sed with re.spect
is

to the radial direction

from the storm center,

wave

velocity of propagation of the dominant
radial direction.

directions causes

i.e.,

is in

the
the

The existence of a .spectrum of wave
wave short-crestedness, and at the

radial distance r of 10 storm diameters D, for instance,

the average length of

wave

(between succeeding

crests).

cre.sts is 2.2 of

wave length

X

wave components have not yet
no similarly dominant direction.
tra^'ersed bj' waves tra\-elling in many di-

Inside the storm, the
.separated,

and there

is

Each point is
rections.
The conditions are

particularly confusing in

the center of the storm area.

The predominating

tion of

wave propagation becomes more

direc-

clearly defined

as a point imder consideration mo\'es from the center to
Generally, the sector of
the periphery of the storm area.
wa\'e 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 disturbances.
Inside the .storm area the formulas derived by
Eckart imply that the spectrum is a function of position
in the area, and in particular, that the efl'ect of a given
its position in the storm area.
While the theory developed by Eckart explains many

fetch depends on

of the obser\'ed characteristics of storm-generated waves,

The air
it fails to predict correctly the wave height.
pressure needed to generate the observed waves according to the theory is shown to be possibly ten times
greater than its probable value.
One of the possible reasons for this discrepancy is contained in the initial formulation of the problem by

SEAWAY
Eckart. The storm is modeled mathematically by the
succession of traveling pressure areas, and no consideraThe wind
tion is given to the effect of the wind velocilij.
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 assumjilion of "infinitesimal"
"The term inwaves. Quoting again from Eckart:
finitesimal in this connection, refers to the neglect of non-

hydrodynamic eciuations; it seems
certain that this must be ultimately remedied if all
phenomena connected with the interaction of wind and
linear terms

in the

."
Particularly
water are to be treated theoretically
important in this definition are the infinitely small
Since the wind action on
slopes of the water surface.
water appears to depend on the square or higher power of
.

these slopes, the

mechanism

.

of the kinetic-energy trans-
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He also assumed that
of gusts.
Phillips made the
the wind velocity U.
statement of the prolilem more general by assuming
that the dimensions and lifetime of gusts are also random.
This included the smaller gusts moving near the s^a sureters

and durations

gusts

move with

face in the air stream of reduced velocity uiz) < U.
In stating the problem Phillips, therefore, postulated an
(as yet)

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 wa\'e-group \'elocity
in.stead of wind velocity for the propagation of pre.s.sure
Most of Eckart's conclusions, except the mean
areas.
value of wave heights, can therefore be assumed to be
valid for the actual sea surface, at least for the time
Unfortunately, observational data on the angubeing.
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 comSuch data as for instance Weinblum's
pletely absent.
(3-193(3) stereophotographs on the San Francisco in a
sevei'e storm have not yet been analyzed in a form suitable for comparison with the theory discussed here.
Furthermore they usually cover too small an area to be
valid 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 wmd on the irregular sea surface with large wa\'e slopes, should be encouraged 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-

it

i.e.,

is

de-

is

is

applied to the

mean am-

wave components of various amplitudes and freThe end result of Phillips' solution is an expression defining the wave amplitudes in terms of the

time.

domly distributed, and in fact have the appearance of
randomly distributed groups, it can be assiuned that

'<..

plitudes of fluctuations within a narrow frequency band.
Waves excited by such pressure fluctuations also are de.scribed by a spectrum; i.e., liy the summation of simisoi-

ca.se.

consideration of wave-correlated pressiu-e areas, it should
be noted that Eckart's conclusions (except for wave
height) probably would not he greatly affected by such
Since the waves themseh-es are ranconsiderations.

by a spectrum;'"

exactly, "spectral density"

dal

While the foregoing paragraph represents a plea for

\'elocit3' f

distribution of fluctuating pressures

thought of as composed of a superposition of sinusoidally varying pressure
fluctuations of different amplitudes, frequencies and
phase relationships. The term "spectrum" or, more
scribed

from wind to water is es.sentially absent in Eckart's
ca.se; only changes of static pressure of the air are conIt .should be clear from the preceding sections
sidered.
transfer
of energy from wind depends specifically
that the
on the finite height of wa\-es, and particularly on the
existence of sharp slopes which are not considered in this
fer

vuiknown

A random

quencies.

amplitudes of pressure fluctuations at all frequencies.
This relationship is time dependent and the wave amplitude is .shown to increase in proportion to the elapsed
In the process of .solution, the effective gust travel

was

velocity Uc

defined.

Quoting Phillips, "It is found that waves de\-elop
most rapidly by means of a resonance mechanism which
occurs when a component of the surface pre.s.sure distribution moves at the same speed as the free surface wave
with the same wave number.
"The development of the waves is conveniently considered 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 wa\'es are ripples ftf wa\'elength Xcr =
]

1.7
c

cm, corresponding to the

=

minunum phase

^•elocity

and moving in directions cos~'(c/t'',)
the mean wind, where U, is the 'convection

{i g T/p)^'*

to that of

''

velocity' of the .surface pressure fluctuations of length

mean wind speed at a
above the surface. Obser\'ations by Roll
(1951) have shown the existence, under appropriate
conditions, of waves qualitati\'ely .similar to those predicted by the theory.
"Most of the growth of gra\'ity waves occurs in the
second, or principal stage of development, which continues until the waves grow so high that nonlinear efscale X.r or approximately the

height

fects

Xcr

become

spectrum

is

important.

An

expression

for

wave

derived, from which the following result

is

obtained
'° An outline of the notation and mathematics used in connection
with random processes (particuhirly sea waves) will be found in
.Section 8.
The reader is askeil to accept the brief and incomplete
statements on the subject in Sections 4 and 5, and thus a temporarily incomplete understandinK of these sections, with the
hope that he will return to them after perusing Section 8, "Mathematical Representation of the Sea Surface."

" T here

is

the surface tension.
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where

mean

tj-

is

the

mean square

surface displacement, p- the

sciuare turbulent pressure

on water surface,

t

the

elapsed time, Lc the convection speed of the surface
pressure fluctuations, and p the water density.
"We are now in a position to see rather more clearly
the probable reas(jn for the failure of Eckart's theory to
predict the magnitude of the wave height generated b.y
His less precise specification of the pressure
the wind.

..."

distribution has 'smoothed

oft'

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 ecjuation (36) reciuires knowledge of the

Quantitative data on the
turbulence in the boundary layer of the wind at the sea
How'ever, Phillips
surface are meager and uncertain.

mean

pressure fluctuation

p-.

used certain plau.sible data and evaluated p^ and iq- as
He was thus able to
functions of the elapsed time.
demonstrate excellent agreement of wave-height gro^\th
versus time with the data of Sverdrup and JMunk (.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 conIt is evident that I'hillips made a major considered.
tribution to the subject of wave generation bj^ wind.
He has abl.v treated, however, only one facet of the
problem. This mu.st be combined with other aspects
(wave-correlated pressures, energj^ dissipation) before a
comparison with obser\-ed 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 visco.sity and is
small, and the drag coefficient Ca and therefore the
wave-correlated pressures are also small. The applica(1950) and Bowden's
that energy dissipation grows
with wave height and length may limit the indicated
wave growi;h and eliminate the need of uncertain ref-

Groen and

tion of

(1950)

Dorre.stein's

results .showing

erence to nonlinearities.
In his 1958 work, Phillips defined ])y dimensional
reasoning the theoretical shape of the high-frecjuency
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 ij = —g, and the mathematical-statistical
definition of a discontinuous function expressing the
water surface elevation. Phillips found the spectrum 'to be
E{co)

=

ag~ 0)-=

is a constant, g the acceleration of gravity and
the circular frequency.
4.3 Statistics of the Sea Surface Derived from Sun
This work, describGlitter (Cox and Munk 1954a, b).
CO

The reader
wave spectra.

'^

is

referred to Sections 6

and 8

for the discussion

results of observations at sea

based on the statistical theory and outlining certain important relationships of this theory, .serves as one of two
basic con.stituent parts of the work of Munk (1955), to be
discussed in the next section.
The following resume is abstracted from Cox and
JNIunk (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 highlight 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-

The

server.

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
With 200 gal of this mixture, a coherent
water,
slick 2000 by 2000 ft could be laid in 25 min, provided
Two pairs cf aerial
the wind did not exceed 20 mph.
cameras, mounted in the plane, were wired for S3'nchronous exposure. Each pair consisted of one vertical
and oiTC 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 vessels; this pair also gave the position of the horizon and
the plane's shadow (to correct for the roll, pitch, and yaw
The other pair of cameras, with lenses
of the plane).
removed, provided photogrammetric photographs.
The method consists e.s.sentially 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 rec|uired at this point for the reflection of

sunlight into the camera.

This

is

done by suitable grid

Lines of constant a (radial) give the azimuth
of ascent to the right of the sun; lines of constant /3
(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-0 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 po.sitive print) and a gradually
diminishing intensity to the outside. The density of the
blob on the negative is then measured with a densitomoverlays.

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 aJ, and in cross
wind direction o-/. The data on the observed waves and
on measured mean squares of slopes are given in Table
This table represents an abstract of data from Cox
5.
and ]Munk (1954a), Table 1, with columns of X/H and
eter at points

(36a)

where a

of

method and the

ing the

p'-t
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Cox and Munk (1954)
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and the wind sea, but such a distinction
work under consideration. '^

0,04

o

J

o^o

I

^^

I

I

L

0.0 2 _

A ratio

is

missing in the

of squared slopes aj/a,- of aloout 2.5, indicat-

ing a directional spread of wa\'es of about 130 deg, applies essentially to the small waves bj' which the larger

observed wa\''es are overlaid. Spreading of an oil film
eliminated these small wa^^es, leaving the larger waves
unaffected.
It is surprising to find that the ratio
(7„-/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 wa\-es 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 o^'erlaid.
The recoi-dcd slopes are drastically reduced when these
small wa\'es are eliminated bj' the oil film. The mean
square values of slopes a- are seen to have little relationship to the observed wa\'e dimensions, since these small

waves are neglected in the definition of the "significant
wave" as the mean of the l^ highest waves. On the
other hand o-- is seen to depend directly on the wind
strength.

The

is proportional to the wind
shown by Fig. 14 and as stated by Cox and
]\Iunk (19o4a) may, however, be misleading.
This relationship is shown to exist within the scope of observations, but the wave slopes cannot increase indefinitely,
and the statistical observations should not be extrap-

conclusion that a-

\-elocity,

as

without regard to the physical properties of
waves.
4.4 Horizontal Drag Force Exerted by Wind 'A'. H.
Munk's Hypothesis. The objective of this wcii'k is stated
"The
in the folh.nving quotation from Munk (19o5a):
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 reolated

—

sults

from measurements of wave

The

starting point

is

for the pressure exerted

ment

of the

14 Mean-square, wave-slope components and their
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,

sum

1954)

the fetcli or the wind duration were not large enough to
The latter case indicates
waves were to a large extent 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

.

.

."

the expression by Jeffreys (1925)

by wind

sp'(U

of ^'elocity

U

nn an

ele-

-

c)- dri/dx

(37)

a coefficient called by .Jeffreys "sheltering coand assumed to be constant. The horizontal
component of this pressure (i.e., drag force or wind

where

s is

efficient"

stress)

is

sp'

give a fully developed sea.
that the observed significant

.

surface

P

m/SGc'
Fig.

wave

statistics

where the sj-mbol

< (U -

<>

c)-

(dv/dxY-

indicates that the

>

(38)

mean value

is

taken.

The

foregoing formulas were written for a simple harWhen the
celerity c of which is known.

monic wave, the

" A more complete
of these observations

description of the environmental conditions

was published by Uarbyshire (1956a).

SEAWAY
water surface is formed by suijerposition of many waves,
the shorter ones richng the surface of the Itinger ones, the
Munk has indefinition of c is not immediately evident.
troduced the concept of "facet velocity," i.e., he defined
the present purjjo.se as the horiz(jntal velocity of
translation of a small element of water surface; this
c for

The

velocity will be designed here as C.

vertical veloc-

water surface and the horizontal facet velocity
are connected with the wave slope by the relationship
ity of

b-n/bt

Equation

much
Then

=

-C'dTj/d.f

(39)

assuming C
and neglecting the square

(37) can be simplified liy

smaller than

U

,

U{U -

sp'

V

2C) d-o/dx

to be
of

= sp'UiU -

The form drag

= sp'u(u ^_

force per vuiit area

+ ^)

bj'

(41)

becomes then

^\

sp'f/t/^^ +
bx dx

=

r

C) dv/dx

it.

(40)

iMunk omits the factor of 2 in equation (40), and
using ecjuation (39) writes
p

C

dx dr

(42)

For a complex sea formed by superposition fif waves of
amplitudes, directions, and lengths, the differential
expressions in the foregoing are averaged by statistical
methods (Eckart, 19536) and the drag force is expressed
all

as
T

X

= sp'C
I
I
Jo J -n

(f''

cos

e -

c(/,:)]/c=

cose,S'(/'-,0)/.-f/A-f/e

(43)

= 27r/A is the wave number and 9 is the direction
wave propagation. The expression S{k,0)k dk dO

where k
of

designates the contribution to the total mean-square
elevation by wa\-es with wa\'e numbers in the interval
k - (1/2) dk to k
(1/2) 5k, w^hich travel in the direction

+

e - (1/2)59 to 9 + (1/2)59 relative to wind direction.
The wind stress is then evaluated for different a.s.sump-

By consider-

tions as to the form of the function S{k,Q).

waves propagating in one direction, i.e., 9 = 0, and
assuming c to be negligibly small, Munk arrives at the
ing

expression
T

where

a- is the

sp U-a-

mean square

(see Section 4.3) a-

velocity U.

=

is

slope.

(44)

From Cox and

]\Iunk

taken as proportional to the wind

Neglect of the small celerity

c

leads finally

to
T

For a range
eo/2

<

<

=

Sp' (const)

U^

(45)

of wave directions 9, within the sector
9o/2, equation (42) yields
r

=

.sp'

(const) /(9o)

f/3
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Beam

Fig. 16
60

to

factor of f (9o) relating beam width
Upper curve: high-frequency
lower curve: Neumann spectrum (SecBeam width of a tradewind sea is 130

17 Contributions to mean-square elevation, meansquare slope, and form drag by waves of different wave
age |8 (from Munk, 195 5)

form drag.

spectrum;
tion 6.2).

Fig.

(from Munk, 1955)

X
=

cos e
I
Jo J -w
Sb /(Go) (const)

(cos

e

-

13)13-' 5(/3,

9)

d/3

dQ

(47)

W

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
much more significant for the wind stress than wave

where

are
/(eo)

=

sin

elevations.

f)„

+
o
K' ~e7
1

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

fetch or duration

is

small, the effect will be that only

tiie

high frequencies (.small 0) have attained their equilibrium \'alues. For prediction purposes Neumann introduces what is essentially an abrujjt high-pass filter.

This is equivalent to specifying some critical wave age,
say /3„,, which depends on wind speed, fetch, and duraThe spectrum is presumed to be fully developed
tion.
13 < P„ and zero for /J > (3„.
"Suppose now that /3„ = 0.5. It will be seen from
Fig. 17 that the mean-square elevation is a very small
The mean-square
fraction of the equilibrium value.
The
slope has more than half its eciuilibrium value.
form drag, however, has nearly its equilibrium value.
The form drag is therefore much less affected by limitations in fetch and duration than the wave amplitude ....

for

"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 0„ less than 0.5, is dissipated by the surface-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
In general this corresponds to what is obdrag.
served ..."
Figs. 16, 17 and the foregoing ciuotation probably

The conclusion, from equations (45), (46) and (47),
that form drag is proportional to U^ is in direct contradiction to Neumann (1948, 1949a, b) who shows the
force to be proportional to C/'-^
In either case the basic
relationship is that the force is proportional to U^ times a
certain drag coefficient.

to be proportional to

Neumann

ceivably this discrepancy

and

finds this coefficient

Munk to

a" or U.
Conbeen caused by enNeumann's observations were

U~'^-^,

may have

vironmental conditions.
in open seas.
Cox and Munk's observations, on
the other hand, apparently were made in an area surrounded 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 situation appears to be indicated by the c/U and X/H ratios
listed in Table 5.
It is possible, therefore, that the
proportionality of the drag t to U^ is valid for a "young
sea," but will not neccs.sarily apply to the more developed sea in an open ocean.
Theoretically, the proportionality of the drag coefficient,
or Ca, to the wind velocity U was indicated in equations
(45) (46) and (47) on the assumption of a constant value

made

,

for the pressure coefficient

s.

However

Jeffreys' expres-

sion (37) setting the air pressure per unit area proportional
to the wave surface slope d-q/dx 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 misleading in showing U^ conspicuously; the product sU' may
be a different function of the wind velocity.

SEAWAY
Jeffreys' sheltering coefficient s is related to the

drag coefficient

C'j

C,

The drag

form-

by the relationship

= 2m-k-

(48)

C^ has been defined by (f4) in
Section 2.f 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
The important result
pressure ;; and wave slope drj/d.c.
of Motzfeld's experiments (Section 2.3 and Table 1) is
that Ci is very low and can be assumed nearly constant
for smooth waves with rounded crests, but suddenly increases several times in magnitude with the f)ccurrence of
sharp wa\"e crests. It appears, therefoi'e, that the drag
coefficient C^ should be defined in terms of the frequency
It is possible that with
of occurrence of sharp crests.
this fre([uency of occurrence increasing with wind velocity, C'j will be found a smooth function of (/, but not
coefficient

,

Neumann
proportional to cr- or to V.
pointed out that small waves are damped out by turbuThe
lence after breaking of the crests of larger ones.
percentage of the sea siu'face covered by small sharjjcrcsted waves may therefore be reduced in a strong wind,
necessarily

bringing about a reduction of C^.
While Munk (1955) has introduced the important concept of "facet velocity" he uses only one symbol, C, in
his

between the
the facet velocity and

work and does not distinguish

celerity c of a harmf)nic wave,

C

of

clearly

In deriving exc of the celerity of significant waves.'''
pression (45), for instance, the celerity c of a small ripple, as.sumed to be harmonic, may be negligibly small.
The facet velocity C, howe\-er, may be much larger than
the small ripple celerity c; it appears to be identifialjle
with the "formula velocity" 1', of Keuligan 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 0.6f ^.
The factor {V — c)- in the exjiression iVjr air pressure
in the case of irregular waves should clearly depend on
In expression (43) Munk used the
the facet velocity C.
one symbol C not distinguishing between c and C. In
reproducing the expression here it was interpreted as
f(A), 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 \va\'e
profiles and therefore the expression C{k) would have no
meaning. On the other hand, the factor [V cos 9
— c{k}\ also cannot be accepted as valid without further
discussion.
([/ — G) has the well-defined physical
meaning of relative A^elocity of the wind with respect to
The expression [U —
the moving water-surface facet.
r(/v)
has, however, no such meaning, since cik) is merely
the result of a mathematical analysis, and not a physiWith c(A) negligibly small in comcally visible entity.
parison to U for small ripples and C = O.Gf/^, use of the
expression U[U — c(k)] in place of ((/ — C)- appears to

23

have introduced something like a six-f<ikl exaggeration of
T.
It would appear that statistical work should be
directed primarily to the evaluation of the corresponding

C and

pairs of values of the facet velocity

the

wave

slope b-q/bx, for suliseciuent use with the relationship

{V - cr-.
Munk's
wind

(1955a) work has been directed to evaluating

form drag of waves. In application to
uergy transfer from wind to waves, the wind stress has
to be multiplied by the facet velocity; i.e., in a simple
form,
stress or

E = <K(V -

C)-C>

(49)

This indicates the extreme importance of developing

methods

of evaluating the facet velocity

irregular sea.

'*

The

coefficient

K in

C for the

(49) also

realistic

depends on

K

the wave form, and
and C are therefore interrelated.
I'ollowing the earlier work of
4.5
Miles' Theorv.

Munk (1955n), Miles (1957)
considered the transfer of energy from wind to water
waves as caused by the air pressures resulting from the
\\ave form.
In defining these pressures, however, he
considered the properties of the thick tiu'bulent boundary
layer in proximity to the sea surface.
A slightly \'iscous
air was assumed so that the velocity gradient u(z) had
formed,'^ while the analysis based on the velocity potential and stream function could, nevertheless, be ap-

Jeffreys (1925, 192(i) and

plied.

Under the assumption of a two-dimensional sinusoidal
wave, the pressures acting on the water surface were defined in terms f)f the wave slope
as
/,'?;

V

(a

+

ili)p'U{'k-n

(50)

where kr) is the local sloj)!.' of the waves, r) = ac
the real parts of complex (juantities are implied in the
final interpretation
iki,x-cl)

The

form of the nonilimensional pressure corepresents a sum 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 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\'ectorial

efficient (a

-|- t/3)

7)

ficient

)3.

In the elementary discussions in previous sections of
this monograph, the pressure was related to {U — c)^'^
Miles, however, like Phillips, treats the "reference
velocity" U\ as unknown at fii'st.
His paper, therefore,
has two objectives e\'aluation of both the velocity U\ and
the coefficient /3. The coefficient 0, while nondimensional, is not a constant but is a function of the wave
celerity c and the wave niunber k = 'Iv/X = g/c"-.
;

]

'*

The

use of the symbol

c is

Hniited to this section only.

'* Valuable material in this connection can
papers by Longuet-Higgins (1(1.56, 19.57).

now be found

in

two

"See Fig. i;5; also refer to Section 2.7 for the elements of
boundary-layer properties and the definition of the roughness
parameter Zo.
" The symbol U refers to the air velocity uiz) 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

to the

wave

s,

which the

at

celerity c;

u(z)

i.e.

air velocit_y u(z) is equal

—

c

=

0.

This step

is

glossed over quickly with a definition of an appropriate
Reynolds number and with reference to Lin.'* The

that the energy transfer (from wind to
to the curvature of the velocity profile
at that point in the profile where the mean air speed is equal
It follows that (quoting Allies)
to the wave speed.
"(1) Only those wa\'es having speeds in that range of
principal result

waves)

is

is

proportional

the wind profile for which —dhi/dz~ is large may be expected to grow; the lower limit for (the celerity) c 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 initial phases of wave formation, those

waves having speeds well down

in

the profile

(large

— d'-u/dz-} may

be expected to predominate;
experimental measurements of aerodynamic

"(3)

forces on stationary wave models (Stanton, et alia 1932;
Motzfeld 1937; Thijsse 19.51) may not yield significant
values of such parameters as Jeffreys' sheltering coefficient, since the point at which u{z) = c then occurs right

at the boundary."
The reference speed Ui
c

=

defined

is

U,

log,

bj'

the relationship

(£./0

(51)

In application to Roll's observations with the "anemometer height" 2

=

2

m

(6.5 ft), JMiles indicates that

l\

=

C'/IO

The

is expressed as an integral
pressure coefficient
evaluated by a serial expansion in terms of the
Tiie maximum value of 13 occurs at z, =
ratio zjX.
0.006 X. At z, = 0.05 X, 13 drops to about Vs of its maxivalue, and it practically vanishes at z, = 0.16 X.
The pressure coefficient /3 and the energy transmission

which

is

mum

from the wind drop to nil at c/Ui between 9 and 11, depending on the values of zn and f'l. Thus, in the absence 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
Taking
dissipation of energy by molecular viscosity.
the probable \'alue of 2o, he obtained a minimum wind
velocity of 80 to 100 cm/.sec with a corresponding wave
These figures are in agreecelerity of 40-50 cm/sec.

ment with

Jeffreys' (1925, 1926) observations.
In another attempt, by superposition of his simple
wave results he calculated the drag coefficient of a complex sea based on Neumann's spectrum in the form used
The computed coefficients were apbj' Munk (1955).
proximately double those of Munk. Miles strongly em-

phasized that mathematical approximations on one hand
and uncertainty in estimating the roughness parameter
Lin, C. C, "The Theory of Hydrodynamic Stal)ility,"
bridge University Press, 1955, chapter 5.
18

Cam-

zo

on the other might make the results

either way.

off

by a factor

of 2

however, that
Jeffreys (1925, 1926) has shown that the drag coefficient
for a short-crested sea is half that of a regular longcrested sea.
The drag coefficient of bodies in three-dimensional flow is generally lower than that in two-dimensional flow, the simplest illustrative case bemg that
This may well explain the
of a .sphere and a cylinder.
It is interesting to recollect,

factor of 2 in comparing Miles'

and Munk's

results.

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 wa\'e energy.
The obser\-ed data on the
roughness parameters zo, on the other hand, include the
total tangential drag; i.e., the pressure drag plus frictional drag.
In mild wa\-es these two drag components
may be of equal magnitude (see Motzfeld's Table 1).
The computed coefficient j3 and the rate of energy transfer
in such a ca.se should he approximately double the true
Miles' theory

is

ones.

Another important aspect to mention is that Miles
sought to a\'oid the limitation to small wa^'e heights by
measuring elevations z not from a level surface but from
a wavj' streamline. This procedvu'e 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 a.ssumption in the
ca.se of long and low waves (small H/\ ratio), to which
Miles' results should, therefore, be limited.
In the case of steeper waves, the u{z)-c\n-Ye appears to
follow the logarithmic law at sufficient elevation above
the wave but at lower z it \'aries with position along the
wave profile. In particular, it is drastically changed at
wave crests. This should have a large effect on the pressure distribution (and therefore on the drag and energy
tran.sfer), since Miles demonstrated how small the z^
is in comparison with the wa\'e length when the pressure
An extension of Miles' work
coefficient is significant.
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 u.sed in this
work conditionally for convenience of reference. The
is in the degree to which empirical information
and hydrodynamic theory are used. In the "rational"
approach empirical data are limited to form-drag coefficients in simple wa\'es and to the obser\'ed statistical

difference

distribution of .some quantity, say

actual sea.

The

other A'ariables

wave

directions, in the

mutual interrelation of all
then obtained by obser\-ing the laws of

effect or the

is

mechanics and hydromechanics. It is necessary to pursue this approach in order to gain complete understandmg
However,
of the nature of the seaway in all its details.
this development progresses slowly, and for immediate

many

In
short cuts become necessary.
reasoning and empirically obtained
data are intei'mixed in \'arious forms and proportions
practical use
these,

theoretical

SEAWAY
In parchosen intuitively liy the individual researcher.
the effects of several separate parameters are
usually combined in groups; it has been found that
ticular,

relationships between judiciously selected
groups of parameters can be e\-aluated cnipirically with
much greater reliability than relationships between in-

functional

dividual

comings

parametei's.

In

of the partially

this

connection,

the

short-

developed theoretical I'easoning

are impliritly compensated for in establishing empirical

The Inilk of this kind of information has
been accumulated since 1943, and had its incenti\'e in
the need for predicting sui'f conditions at Euro]3ean invaHie prolilems of wave
sion beaches in World War II.
formation in a storm area and of wave decay or dispersion
outside of the storm area had therefore to be treated.
relationships.

The

objective was to arrive at the condilions existing at
a beach at a gi\'en time due to a storm or .several storms
which had occurred s(jme time earlier, often at a distance
many hundreds of miles away. In the present text only
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When a wind of
the following observation: ".
constant velocity has blown for a long time oxer a limited
stretch of water, such as a lake, a steady state is established.
At any fixed locality the significant waves do not
change with time, l)Ut on the downwind sidi' of the lake
they arc higher and longer than on the upwind side. If
on the other hand a uniform wind blows o\'er a wide
ocean, waves grow just as fast in one region as in any
other region and the significant waves change with lime
but do not vary in a horizontal direction."
The energ.v balance is then written for the.se conditions
by equating enei'gy growth to energy received from wind.
The dissipaticni of enei'gy by molecular or turbulent \'isThe energy growth is represented liy
cosity is neglected.
the growth of wave height, length, and celerity all of
which are taken as functions of time t and distance x
along the fetch. The energy is transmitted from wind
to wa\'es by the work of the normal pressure times the
vertical water .surface \-elocity
make

.

wave conditions in or near the storm area will be disOnly a liricf outline of the most important
methods used to obtain information on the.se conditions

.

the

E, =

cussed.

Details will be found in the readily availwill be given.
able references.
5.1

Method

of Sverdrup

and Munic (1946, 1947).

Quoting from Sverdrup and Alunk (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. From
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 the.se
(Kriimmcl 191 1, S\'erdrup, et al, 1942).
"Because of the simultaneous presence of many
trains, the wave characteristics ha\'e to be described by
some statistical terms. For that purpose it has been
found convenient to introduce the average height and
period of the one-third highest waves. The waves defined in this manner are called 'the significant waves,' but
the definition recjuires further refinement because the
composition of the 'one-third highest waves' depends on
the extent to which the lower wa\'es have been considered.
Experience so far indicates that a careful obser\'er who
attempts to establish the character of the higher wa\'es
will record \'alues which approximatelv fit the definition

The

'"9

is

assumed to have all the
simple waves of finite height (Stokes'
waves) except that their length, height and energy content do not remain constant as is the case with simple
waves. These cjuantities increase with the time and the
distance over which the energy of the wind is transmitted
The details of this process of wave growth are
to waves.
not known, but certain energy relationships can be
established.
In this connecticjn, Sverdrup and Munk
of

" For a comparison of instrumontal and vLsual observations see
Roll (195.5).

the

r

is

Following

phase component of pressure

is

the vertical xclocity
Jeff'reys,

the out-of-

written as

±sp' (U

P

(52)

fl-^-

P>"

wave length and w

water surface.

of the

dr)/d.r

(515)

This (Miuation indicates wave growth for [' > c, and
decay for U < c. To reconcile this with the fact that
waves are often observed to tra\'el faster than wind, the
energy transfer by the frictional drag force is introduced

Et =

I

f rUdx

.

(54)

where u denotes the horizontal component of waterparticle velocity (orbital and drift \('locity) at the sea
surface,
t is the stress which wind exerts on the sea .surface, and is evaluated as

= yp'U^
where

for

efficient

of

U

7

is

measured at a height
taken as

0.002(5.

(55)

of 8 to 10

Owing

an harnKjnic wave the integral

in

to the

m, the co-

symmetry

(54) vanishes,

but

waves of finite height, a characteristic of
mass transport (see Appendix A, Section 3.3),

for Stokes'

which

is

the integral has a

finite value.

Since the water-particle

low in comparison with wind velocity, energy
is shown to be transmitted to water, and wa\'es can
grow even if [/ < c.-"
The energy balance equations are now written
For the transient state,
velocity

"significant wa\-es" arc

properties

where X

l

and

is

(IE

Edc

dt

cdt

Et ± Ep

(56)

for steady state,

'" It has been found that small wave com|ionents 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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Height

H of characteristic

waves

as function of

number of pres.sure gages were iii.stalled on the .sea l)Ottom near the shores of England and continuous recordings of

tlie

\va\'e-caused pressure fluctuations were ob-

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

constructed

(Barber,

I'r.sell,

Darl)v.shire

and Tucker,

Barber and Ursell (1948) pre.sented a theory for
tracing ^^arious Fourier components of the recorded
swell to their origin, often many hundreds of miles
away. In 1952 Darliyshire 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 presented in Section 8. At present, C[uotations from
Darbyshu'e and Neumann in the next two sections will
suffice.
Several formuhitions of the spectra have been
developed .since 1952, and these will be described briefly
1946).

in

the following .sections.

Darbyshire's Wave Spectra. Quoting from Darbyshire (1952): "This paper describes an investigation
of the height and length of ocean wa\'es and swell in rela6.1

tion to the strength, extent

and duration

of the

wind

in

the generatmg area, and the subseqvient travel of the
swell through calm and disturbed water.
The investigation

is

based

(jn

records of wa\'es

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-

wind duration

(from Neumann, 19526)

/

pendently with the group velocities appropriate to their
periods.

The

storm area

is

distribution

spectral

of

energy in the

and the relati\'e amplitudes of
components are deduced empirically under
con.sidered,

the different
various wind conditions

."
"A method of deriving the
wave record is described by Bar"The
Darbyshire and Tucker (1946)."
.

.

wa\-e spectrum from a
ber, Ursell,

method

".

.

of analysis

30-minute record

;

.

gives a Fourier analysis of a 20 to
the analysis appears in the form of a
.

.

.

harmonic coman exact .submultiple of the total length
of the record.
.An example of such an analysis containing
wa-\^es due to a local storm and a band of swell from a
distant storm is shown in Ilg. 26.
While it cannot be
.series

of peaks, each corresponding to a

ponent which

is

implied that these discrete periodicities are actually pres-

ent in the sea waves, it is possible, for the diu'ation of the
record, to represent the pressure \'ariations at the point
of measurement by a combination of independent sine

waves with periods which are submultiplcs of the duration 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 con.sists of a combination of in.sine waves with periods and amplitudes corresponding to those of the peaks on the spectrum, it is
possible to evaluate the wave energy.
Since the energy

dependent

H

is pgH-/8,
per unit area of a single sine wave of height
the total energy for all the wa^TS in the spectrum
= gp'ZH„-/8 where H„ corresponds to the height of the
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Comparison between maximum wave

27

4

height and equivalent wave height (from Darbyshire,

8

12

Maximum Wave

IG
20
Period (sec.)

24

1952)
Fig.

28

Correlation of maximum wave period with
strength for all storms (from Darbyshire,

maximum wind
«th peak

in

the spectrum.

If

H

1952)
the

is

hei,u;ht

of a hj'pd-

thetie;il single sine-wa\'e train which has the same
energy per unit area as the complicated wave pattern,
then gpHVS = </pS//„-/8 and H can be defined as the
equivalent height of waves. To compare such eciui\'alent height with the maximum heights measured on wa\-e

records, corresptjiiding \'alues of
-f^max

are plotted in

Fig.

27.

H

and maximum height
The graph shows that

^max = 2H.
"The idea of an eciuivalent height can be extended to
parts of a wave spectrum as well as the whole.
The
energy

T

+

E.j.

in a unit wa^'e-period interval

'(1/2) is

T —

(1/2) to

given by

-£V

=

T+l/2

X

o

O

f/P

E ^«'
T-1/2

=

J

o

^fP

^^T-

(59)

o

"The information available consists mostly of synoptic
meteorological charts and records of wave motion usually
in the form of records of the pressure fluctuations produced by the wa\'es 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 between 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 fouiul most convenient, and gra.

.

dient wind speeds were calculated according to the instructions in the Admiralty Weather Manual.
The relation

between surface wind and gratlient wind \'aries with the
atmo.sphcric stability and other factors, but Gordon
(1950), using (jl)ser\-atioiis over the sea, found that the
ratio between the two \'aried between 0.t)0 and O.SO, 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 a\'ailal)le than wind ob.servations."
l''rom 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 he abstracted from
the records, Darbyshire chose maximum wind speed vs.

maximum component wave
mean wind speed

\ersus the

period (see Fig. 28) and

wave component period

cor-

^' Very much longer fetches are needed
to attain steady wave
conditions according to Sverdrup and Munk (1947) and Neumann
The n,se of the chart in Fig. 20 indicates that in
(1952, 1953).
the gradient wind of 60 knots, corresjionding to anemometer
height wind of 40 knots, a fetch of abont 700 nautical miles is

req\iired.
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Table 6

Menu wave

Hmaia

0^2

height

(.avcnige

of

all

1,1)

waves

H

E(|uivalent wave height (height of
simple sine wave having same

o

5

1.2//n,ean

energy content as cumplieatcd wave
pattern

200
_l

400

I

\

40
60
Fetch (Mautical Miles)
Fig.

31

Graph of

t

GOO

800

I

I

80

1000

I

Hs

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

Hn.aK

Ma.ximiim wave height
waves)

grating Hj- (IT from

the result, which

to

co

(higliest in iOO

H =
where

2.4//meaii

or

and taking the

A)H„„,„„

1

.5Hs

scjuare root of

gi\-es

100

against fetch (from Darbyshire, 1952)

I

// is in feet,

V

0.027

V-

(63)

in knots.

than 100 miles the correction of the
obtained from oli.servatioiis made on a lake

P'or a fetch shorter

foregoing
y

and on the

= Hr/r

_ {T/V -

Sea, yielding

0.027

1''"=

(1

-o-iuV

(64)

-

(62)

The

resultant, curve is shown l\v the solid lines in Fig. 30.
This relationship and the plots of Mg. 30 were (obtained
by considering wa\-e components of the same period under the action of winds of different speeds. The maximum value of Hr/T is 0.44 and it occurs at T/V = 0.24.
At T/V = 0.33 the value of Hj. is \'ery small, only one

fourteenth of the maxinuun \alue of //j-.
The eciuivalent wave height H is then found

_
-

Iri.sh

H =
0.24)

0.0027

14

is

\>y inte-

where x

is

the fetch in nautical miles.

In addition a

somewhat more complicated if more accurate expression
The variation of wave period with fetch is
is given.
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 definiTable 6.
According to Barber, approximately 13 per cent of the
waves ha\'e heights greater than the significant height.
Examination of wave records has shown that the signifition are given in
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ignored by Darbyshire. But it will be shown that these
waves contribute about fi\'e 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 record in Fig. 26 .shows no periods below G .«ec, in Fig. 28
below 9 sec, and in Fig. 29 (a) and (6) below 7 and 11
sec, respectively.

The Darbyshire (1955) spectrum. The work dewas 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 19531955, Darbyshire collected a number of records from a
shipborne wave recorder (Tucker, 19526, 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 Darbj'shire: "It is now possible to investigate wa\-e generation in deep water, for since February
1953 waves have been recorded by the ocean weather
ship Weather Explorer using shipborne wa\^e recorder
described l\v Tucker (1952). Records were taken eight
6.11

scribed in the previous section

times daily while the ship was at sea. Most of them
when she was stationary. The .ship occupied,
turn,
the po.sitions 'India' (61° 00' N, 15° 20'W) and 'Juliet'
(52° 20'N, 20° 00' W).
The sensitivity of the recorder is

m

6

e

12

10

14

Wave Period

16

(sec)

Predicted wave spectra for various wind speeds
for open sea and western coastal region (from Darbyshire,
Fig.

33

nearly constant for wa\'e periods from 8 to 24s."
"The records taken by the Weather Ex-plorer are of 7 to
To avoid uncertainties about wave
10 min dvu'ation.
atteiuiation, the study was confined to waves generated
by winds acting within about 100 miles of the ship's
position, and a large niunber of records were analyzed to
find forty-five w'hich showed no evidence of extraneous
swell from distant storms
The examples chosen
covered a fairly wide range, in which the fetch (the distance 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 appears to be true for deep-sea storms also."
The same anal.ytical method was used as before. A
much larger content of high-frequency waves was found
than before. This difference cannot be completely exIt
plained by the lesser depth of the pres.sure pick-up.
the previous investigawas concluded that the wa^'es
tion were modified by the presence of the continental
.

195 5*)

cant period corresponds very closely with the period of
maximum amplitude of the analysis.
To obtain an indejjendent 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 excessi^'e scatter of data
makes it cjuestionable whether the spectrum is correctly
expressed.

Cox and Munk

(1954) discuss the validity of

Darby-

spectrum on the basis of the spectriun 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. Onlj' those st(_irms were analyzed for
which the fetch was sufficient to generate equilibrium
shire's

) .

waves.

:

The bottom-pressure transducer was

elevation, as has been

done by Darbyshire.

But

Apparently

these

short

waves

have

.

.

m

shelf.

The spectrum

is

Hr =

now

exjiressed as

0.0036(F"2

The corresponding

-

0.437)

r^'-^

(65)

period of the highest energy content

is

Tn,,,

=

1.64

F"-

(66)

for

periods less than 6 sec the bottom-pressure oscillations
are reduced to such a low level that this is no longer practicable.

.

.

usually

located at depth of 50 ft.
This reciuires that for wave
periods less than 14 sec the usual hydrodyiiamic relationship must be used to convert bottom pressure to surface

.

been

"Equivalent" wave height

H =

is

given as

0.0038 Y-

(67)
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Fig. 33 shows the spectra U>v t'cnir wincl 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<j of it.
6.2 Neumann's Wave Spectrum. This section covers
the spectrum of waxes in a (•(inii^icx seaway as it was derived by Neumann (1953, 1954) and descritied by PierThe material is clearly
son, Neumann, and James (H).
presented in these readily available publications.
Only a

brief outline will be given here in order to

make

.^T^v

clear

subsecjuent developments.

Quoting from

Neumann

raises well defined

wave

(1953):

"The wind never

wave lengths. When waves are being generated by wind, the energy supplied from wind to waves is
distributed more and moi'e o\'er a certain range of wave
lengths with different heights as the sea grows.
The
spectrum of ocean wa\Ts is being formed, with wa\'e
components ranging from ripples to large billowing
waves in a storm sea. Therefore, it is extremely difficult to describe the wind-generated wave pattern by
means of only two single parameters such as 'wave
height' and 'wa\'e period' of some kind of a fictitious
single wa\'e train.
A general method of wave forecasting and describing the sea must embrace more than
At the present stage of our knowledge it seems
this ...
that further progress is only possible by taking the entire 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 T is proportional to
the square of the wave height /;,-, the spectral height
distribution may be gi\Tn by //,.- as a function of T,
where A/ij.- = Ht'-AT.-^ Fig. 34 shows such a hypothetical wave spectrum by the dashed cur\-e.
"Assume a continuous distribution of an infinite number of wave components in the complex wind generated
wave motion, and let all wave periods between and qj be
Like for
possible in the spectrum of fully arisen sea.
spectra resulting from temperature radiation, only an
energy interval AfV can be specified, corresponding to a
prescribed range of periods AT around the average
period T. That is, only the ratio has a finite value, and
a 'wave' can be defined approximately by a spectral
height, Hj-, as related to Al'j. for the period interval
AT. (For a 'sharp wav'e,' that is, for a wave with a
'sharp' period T, where AT —* 0, also AUj.-^
and hj- —»-

T,

T,

Hypothetical

trains with uniform heights,

Wave Spectrum

periods or

0.)

"In Fig. 34 the spectral i^and concentrated around the

Fig.

Hypothetical wave spectrum (from Neumann,

34

1953)

period Tj, would correspond to a \'ery

young sea, whereas
would correspond to a swell
separated from the original wind generated wave

the .spectral band around
if

T-,

spectrum.

"The

spectral wa\'e energy At ', for the ax-erage jjcricjd
the interval AT is proportional to the sc[uare of the
spectral wave height in the same inter\'al.
This sjjectral
wave height can be defined for an infinitely small spec-

Tm

tral

band

H "t

A/r,

dh'-j.

~AT

^T'

inn

(68)

0

A7
where

m

hj-- is the square of the heights of indix'idual waxes
the spectrum.
Let the spectral energy density be=*

Wr = dUr/dT,
^^'ith sufficient acciu'acy for

cm"-

sec"'

(69)

our purposes

1

WrAT

ALL

erg

d^,

8^ 57f

dT, erg cm-=

(70)

can be defined as the mean energy per unit area of the
sea surface of waves whose periods lie between T —
AT/2 and T
AT/2:''
"The total energy in the wind generated wave pattern
will be given by

+

U

4-r't^'-

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

of the

''The reader is referred to Darbyshire (1952, see Section 6.1)
for a similar definition of the "equivalent wave."
Attention is
called to tlie fact that only wave energies or the squares of wave
heights are Hnearly .'^uperposable.
Wave heights are nonlinearly
connected with energies, and therefore cannot lie superposed
without violating tlie princijjle of conservation of energy. For
example, two wave trains of amplitudes Oi and Qj have total

+

02'.
energy proportional to ar
Direct superposition of amplitudes would correspond to an amount of energy (ai + a->)- which
exceeds the initially available energy by 2aia2.

-^ The symbol
Wt will not be used in other sections of this
monograph outside of Section 6.2 on Neumann's spectrum, and

therefore
^*

is

not inckided in the

The reader can compare

list

of

symbols on page 90.

this discussion

based on the assiuup-

tion of a continuous spectrum with the one given liy Darbyshire
(1952, see Section 6.1) based on the summation of Fourier components residting from an harmonic analysis of a record of finite
length.
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0^20

and MunkjISIl)
oHeidberg Obs. wi-th"Young"Sea
• Old Visual Obs.(Svcrdrup

®He'idberg Obs. wi+h Swell

0.10

o.os

i|)f

0.01

Ratio of wave heights to square of apparent wave periods H/T-, as observed
Fig. 3 5
with different ratios of apparent wave period to wind speed t\ 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 \-elocit.y 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

AC> =

f(T)dT,

The
the general expression for a spectrum.
solution requires evaluation of the unknown function

/(T) ^dhT-/dT. It has been demonstrated by Sverdrup
and jMunk, 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

ship X

=

f{c),

known

lengths,

which

is

sufficiently

celerities

waves at

sea.

The

and periods

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

data,

second.-''

By

is

in

correct

H/X =

1^1

(const) exp

2-K

(73)

U

or

figure contains all

H =

(const)

7—

9_l

exp

2-K

plot of the relationship

wave

heights, as obtained

from the records of a wave gage. In this case individual
apparent wa\'es were measured on records as sIioami in
log paper)

putting f- proportional to the apparent wave
made dimensionally

length, X, the function (72) can be

"apparent" wa\-e
a complex seaway.

~

Neumann

(72)

well for the

The
Figs. 35 and 36.
(tilde) placed above a letter designates an
symbol
"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 IMunk (1947) and made by
Neumann (1952a). Here H refers to significant waves.

Fig. 37.

(f/Uy]

relation-

well defined for simple waves,

Neumann introduces therefore a
H/f^ versus (f/U), shown on

The second

0.219 exp [-2.4.38

well represents the envelope of

practical

is

not

H/f- =

finds that the straight line (on semi-

The numerically equivalent

(74)

U

expression {g/2Tr)-

is

sub-

stituted in the foregoing for the (dimensional) empirical
in meters per second
factor 2.438 (with g = 9.81 mps),

U

(mps).

The assumption is now made that the foregoing relationship derived for the envelope of the obser\ed apparent wa\'es applies to the spectral wave components,
and therefore
25
It is rather unfortunate that Neumann has used dimensional
ratios so that any derived constant may he presumed a function
of an unknown parameter.
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36 Ratio of wave heights of square of apparent wave p^riads, H'V- as observed
with different ratios of apparent wave period to wind speed v, in generating area
(from Neumann, 1953)

Fig.

c;,H+;H)f

='H

Wave spectro -for tully
arisen sea a+ a wind
speed of 20, 30 and 40
Kno + s, respectively.
Fig.

37

Apparent wave periods and heights
(from Neumann, 1953)

7/2

C

^

wave record

in a

exp

(75)
27rt

47r"

(cm- sec~')

With the

suljstitution of the

above value, equation

(70)

becomes,

dUr = C ~p^-„T'
6s

(IT

e.xp

(76)
0.25

IT'

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
The second form of the spectrum, the distribuperiod.
tion of the wave energy as a function of the circular frcquency w = 2w/T is obtained by substituting into equa-

Fig.

38

(from Neumann, 1953)

thus obtaining the second basic expression
2g"-

tion (76).

dU
f/o)

=

/TIO

clT

and

<L

Wr

(IT

The

relative

-Cpcfr' o)

energy

'

exp

distribution

(77)

(wa\e 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)

bU^/bo} 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 / = l/T = w/'Itt. These curves are computed
from eriuation (77). The ordinate,-' IT'/ = dUf/d/, is
It is given
proportional to the spectral wave height.
with an arliitrary scale, since it depends on the constant

u

^^"'{i^sr

6.21

Total v^ave energy

wave energy

and evaluation

of C.

spectrum lietweeii periods
or between frequencies <» and co is gi\-en by

T

U

r dU^

=

in the

-Cpcfir'

roj-i^exp (-

The
and

(70)

X
and

^(.r) is

=

h

The
i.e.,

-(ji

wave energy in the case of fully arisen sea
by integration between limits co = co and oj = 0;
from x =
to <»
:

U=(cp^-^±](lAlA
32^=

-(6"V.r2)rf.r,

tliat

IF and

U are

U^

The constant C can now be evaluated if the relationU^ and the wa\-e height is

estal)lished.

Subscript / indicates

(const)

ship lietween the total energy

equation (78) can be evaluated as
'^

(81)

or

U =
=

(80)

total

and
f/o,

= ^$(.r)

the error integral which can be taken from

2g''/U''

b/o

/.

{c-'r-dx

tables.

(78)

After substitution of

2+1'

follows

2g=

h

-9

where the integral

C.
total

"-"'"•

functions of fretjuency

First,

foregoing,

and

to

it

is

found convenient to omit the

and the numerical factors in the
replace the energy U by the quantity E

constant quantities

p,

g
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Table 7
Average wave
Mean of 'A highest waves
Mean of Vio highest waves
Mean of V™ higliest waves

Amplitude

Height

O.SSUVE

lAl&^E

i'Tl^'E
2.S32VE

V^

3 600 V^^

1

.

800

2.359^^

.

4.718v'j^

equal to the sum of scjuares of the amplitudes a of the individual 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
/?

=

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
is deDarbyshire (1952) has defined in terms of amplitude.

E

wave" height H as that of a simple
same energy content as the complex
the amplitude of this wave were designated

fined an "ecjuivalent

harmonic wave

of the

seaway. If
It follows that E = 'A of the
by .4,' then .1 = VE.
area of the spectrum drawn in terms of the wave heights,
Fig. 30, on the other hand,
as is shown bj' Fig. o4.
shows the spectrum drawn in terms of wave amplitudes,
and in this case E = the area of the spectrum.
The value of the foregoing definition lies in that the
area of the spectrum, or the c|uaiitity E, is connected
with \'arious statistical properties of the observed seaway; i.e., with the distribution of the apparent wave
Longuet-Higgins (1952) has shown theoretiheights.
cally that the statistical relationships given in Table 7
exist
It follows

from Table 7 that theoretically

H,y/Hm = 0.()25
Hyw/Hu, = 1.27
According to a sunuuary by Alunk (1952), the foregoing ratios computed from wa\^e records are 0.65 and
The first ratio is also confirmed by the observa1.27.
tions of Darlington (1954).
Thus, very close agreement
is found between the theoretical relationships of LonguetHiggins and the wa\-e relationships obser\'ed at sea.
The foregoing relationships serve as the connecting
link between the energy spectrum of wa\'es (in terms of
amplitudes) defined by its area E, and the observable
properties of the sea defined most frecjuently by the
height of the "significant wave"; i.e., the mean of the Vs
highest waves.
It is now possible to evaluate E, and
from it the constant C on the basis of a^-ailable sea-wave
obser\-ations.
For this purpose, Neumann uses the results of his own visual observations made during a \'o.yage
on the j\IS 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 Xeinnann (1952a) these were described as
"characteristic" waves, and it was mentioned that at
15-16 nips, for instance, the heights of characteristic
waves fluctuate between 4 and 9 m. The upper limit of
these fluctuations is now interpreted as the mean of '/m
highest waves, and the empirical .solid line

—

—

Z

1

345678
^

10

U(^/sec)

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

1953)

//i/io

=

0.000009

U'-

(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
//ave

=

is

expressed as

0.492

and from

//i/io

=

(0.443

X

10-^) IP'' (in cgs units)

this

H„

E

0.443

1.772

1

.n2

J

or

U =

-

pgE = 3.125

X

lO-'' t'= (erg

and by comparison with equation
evaluated as 8.27 X 10"^

(81). the

cm -5)

(84)

constant

C

is
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44 Wave spectrum in fully arisen sea with a significant range of periods between /„ and ji,.
Wave spectrum in non-fuUy developed state is shown schematically by dashed area, where upper
Fig.

limit of significant periods

examples.

is

given by/i

Additional figures for different ranges of
will be found in Neumann (1953) and in

wind velocity
Pier.son,

Neumann and James

(H).

The value of E for the total spectrum, i.e., the value
indicated hy the intercept on the LH A'ertical scale of
these figures, characterizes a fully arisen sea.

In prac-

was found convenient to neglect the waves of x^vy
high and very low fre()ucncies which contribute little to
the total energy.
Quoting from Neumann (195.'-)): "As
a rule, by empirical evidence, about 5% of the total E
value in the fvdly dex'elojied state of wind generated sea
tice it

can be cut off at the upper ]iart of the cnr\-es. At the
lower part it is 3% of the total E value.
For example,
the total E walue at a wind speed of 30 knots is read off
at the ordinate in Fig. 42, E = 58.5 (feet)-.

5%

of

E =

2.9

CCS curve at/ =
This is the upper limit of the
significant range of periods in a fully de\'eloped sea with
a 30 knot wind.
If it is wanted to determine a lower
limit of the significant range of periods, 3% of E = L76
is the ordinate \'alue which intersects the CCS curve at
/ = 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 ut different wind speeds.
The co-cnmulative
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
deri^-ed from the data of I'lgs. 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.
I^hysically, it means that the state of de\'elopment is
limited by a certain maximum amount of total energy
thus, 55.6 on the
0.0(3

or

T"

=

E scale

intersects the

16.7 seconds.

.

.

— Df

(from Neumann, 1953)

which the waye motion can absorb from the wind with

The E value of the ordinate of
each intersection point is a practical measure of the
total energy accumulated in the wa\'e motion of the
no [t] -fully arisen state, limited either by the fetch or
the given conditions.

duration.

"Under actual

conditions,

may be limited, and the E
most cases

both fetch and duration
any given situation in

\-alue for

will be different for the fetch

and duration.

that in such cases the smaller of the two
E values has to be taken.
"From the E \'alue, the wa^-e height characteristics
can 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 'freciuency of intersection', /,, that is, the frequency of the
intersection point between the CCS curve of a given
wind speed and the gi\-en fetch or duration line, respectively.
By this, theoretically, the wave spectrum is
cut off abruptly at a given maximum period, T, (or
minimum frecjuency, /;), without considering possible
\va\'e components with periods a little longer than T^ =
1/fi, which are just in the beginning stage of developIt is easily seen

ment

These wave components probably have

(Fig. 44).

a small amplitude,
enei-gy to tlie total

lected in

6.23

most

and contribute so small amount of
wave energy, that they may be neg-

practical cases of wa\'e forecasting."

and Walden's modification of NeuNeumann's spectrum has often been

Roll, Fischer

mann's spectrum.

referred to as theoretical but this description has also
often been oljjected to on the grounds that the spectrum
deri\'ation really represented an ingenious treatment of

In particular, two crucial steps in the
appear to be intuitive:
a) The transition from the apparent wave steepness
distribution to the distribution of ftpcctral component
empirical data.
deri\'ation

waves.

SEAWAY
Abandonment

b)

of the data

form was based, Fig.

on which the spectrum's

observation
data, Fig. 40, in evahuiting the constant which governs
the height of the predicted wa\'es.
The explanation given by Neumann for the first of
In two papers, Walden and Piest
these is not clear.
(1957, 1958) attempted to clarify this step as well as to
impro\'e the precision of various details connected with
They came to the conclusion that the
the spectrum.
validity of Neumann's deri\ation can be neither proxed
nor disproved liy these considerations and rests on the
gathering of sufficient em])irical data.
The experience of Roll and I'ischer-'-' indicates that, had
Neumann consistently used Fig. 36 for the evaluation of
the constant as well as the spectral form, he would have
arn\ed at about doultle the actual wa\'e height. Instead,
he substituted the wave heights found by his pre\'ioiis
'M\,

in fa\'or of \'isual

visual ob.servations. Fig. 40,

and on

this basis arri\'ed at

43

This apparent confusion can be avoided Iw defining
and frecjuencies in logarithmic form, rf(ln T)
= dw/w. Equation (76) is then
(/ T/T and (/(In co)

the periods

=

written as

AUr

dT

W:

Cp

('

has the dimensions of

plausible hypothesis.

Were Neumann's

\/t,

lead to a

— and n„ —

(IT

doj

T

03

wave component of maximum energy. T„,^^
can be found by differentiating eciuations (76) and (77)
with respect to period T and frequency w. respectively,
and by ecjuating the derivative to zero. When this is
done, two different values of T^max are found: 0.641 U
and 0.785 [' (with T in sec, U in mps). Neiuiiann used
the second value only, without discussing the subject.
Such an apparent discrepancy and a method for dealing

had been known

pre\i()us]y in the theory of therbe recollected that the energy can
be defined only for an interval A7' or Aco, at a certain
value of T or oj. The apparent discrepancy arises because of the difference in the corresponding intervals
it

radiation.

It will

dw and dT:
f'^

= -

"rl

'i'J'

w'hile

Wr
*'

To be

discussed later.

(IT

=

IF„ da

,,r

dio

W

dT
= ,,.
Wr-p^
1

follows that

it

ML

=

Ho,

—

= -Cp

V2

to

^0'

"~ exp

do.

(88)

of T and l/co are now the same
and both yield

The powers
etjuations,

=

r„.,

The

energy

total

is

U

/:

dlL

0.641

Itoth

in

U

(89)

obtained by integration as

—(- p

(86)

-^-

l?-'-^{^)
This expression

is

integrable,

2g\
Tj.,
U"

U

is

and by substitution

h
•'';

,

rfo)

= -

(90)

do3

of

Vb
^dx

CO-

.r-

evaluated as

U =

P^U^ 1-1 +

2£-

C,

exp
V'oi'-

(91)

and

for the fully

developed sea

U =

Cpir-'

U''

(erg

cm "-)

(92)

16ff

ing to the

with

,

spectral form

accepted as invariable for all significant wave heights,
the "constant" C could be taken as variable and a funcFor the light sea conditions
tion of the mean period T.
on which Fig. '.U\ was based, the con.stant may possibly
have double its \'alue for the mean sea conditions shown
in Fig. 40.
This hypothesis appears to have its confirmation in the trend of the observed points in Fig. 40
toward a ciu-\'ed rather than a straight line. The corresponding trend can al.so 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 apparent discrepancy in the mathematical form of the
spectrum given by e(iu;itions (76) ami (77). Both e(|uations are meant to describe the same wave form, and on
first thought one would expect that the same wave length
or period 7',„:,x woukl be indicated in both as correspond-

mal

2TrU

(87)

foregoing remarks, taken with the fact that Neu-

mann's constant

dT
T

exp

and from

an acceptable constant.

The

7'<

:V27

It is observed that in this case the energy is shown to
be proportional to U*; i.e., the wave height to U-, as
against ["'•'' originally derived by Neumann in connection with the spectrum.
The dependence of the wave
height on the stjuare of the speed has been shown pre-

viously

b}'

ity of the

Sverdrup and

H versus

Munk

(1947) by the horizontalIt is likewise in-

<-curve in Fig. 21.

RH

side
dicated by the horizontality of the curves at the
Darliyof Figs. 22 to 25 taken from Neumann (19526).
shire (1952, 1955) also shows wave height as proportional
to

wind velocity

scjuared.

be recollected that Neumann u.secl Fig. 36 in
evaluating the form of the spectrum, but abandoned it
without explanation in evaluating the constant (' in
fa\'or of a plot of his ow-n visual observations in Fig.
40.
Roll and Fischer (1956) now return for e\-aluation of
the constant to the original empirical relationships (67)
and (68) established by Neumann on the liasis of Fig. 36.
They then follow Neumann in assuming that the relaIt will
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the long ones grow very slowly at the beginning.
first not A'isiljle in the same sense that tidal wa\'es

45

The author has

n(.)t

foinid a discussion of the fetch in

and Vassal.

are at

the ]«ipers by

are not visible under wind sea.
The reader is referred to Gelci,

emphasized that fornuilation of the spectra

CasaM and

Vassal's

1956 and 1957 papers for explanation of the energy
spectrum properties and the ajjpropriate methods of
estimating the wa\'es caused by winds of \-arious strengths
and directions. The spectrum of the fully arisen sea is

""

dT

if

T <

0.31 5 U,

if

where

329

e.xp

-0.315

is

the spectral-energy density of the fully

height in knots, and

T

wind at anemometer

the wa\-e-coniponent period in

seconds.
Consideralile discussion of the ilirectional varial)ility of

component waves

is

given

the

in

referenced

papers.

This ciucstion is placed in Section S of this monograph.
The spectnmi for a limited wind duration is defined,
"In order to define the
in the words of Gelci, et al:
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 hoiu') the spectral
energy density is expressed (in ergs per cm- per second)
as:

209 T'
1

ii

T <

-

-329

exp

0.315

U

/(d)}

(101)'"

U

0.315

dU,/dT =

if

0.315

['

< T

will designate by po this function of T and U
the scale of meteorological .synoptic charts, it is even
possible to assume that this regime establishes itself instantaneously.

"We

.

.

"Then, each wave component grows linearly following

dUr/dT =

PO

+ -

liy

its

curve.

and Vassal's method (designated D.S.A.
described in the foregoing .section and illustrated by

Gelci, Casale,
II),

45 defines the entire spectrum curve for any wind
Gelci, et al, agree with Xeumann that the
spectrum grows from the high-frequency (low period)
Fig.

end.

209 T*

lo

exp

-329

I

j-,

-

0.315

m

(102)

expressed in hours is below 18.
For IS < t the regime
stationary (fully arisen sea)."
The successive spectra of the developing wave in a 40knot wind are shown in Fig. 45.
t

is

graph.

of spectrum and the wave
area must be considered separately.
The prespectrum methods of wave prediction of
Sverdrup and J\lunk (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 distribution of the component wa\'es in a complex sea.
It will be
shown later, in Section 2 of Chapter 3, that minor variations of the spectral curve ha\'e little significance for the
analysis of a ship's motion.
The position of maximum
spectral density on the frec|uency or period scale is,
however, important since it determines the conditions
under which a ship falls into synchronism with waves.
Xeumami's method (included in Pierson, Neumann,
and .lames' 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 frecjuency end depends
only on the wind strength.
A limited fetch or duration
pro\'ides cut-off points beyond which longer periods
(lower frecjuencies) 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 gi\'es no information on the position of the maximum of the spectral

indicated

duration.

the law:

" Here

i.e. waves in which the energy intake from
the wind is eciual to the energy dissipation and for which
the wave structiu'e remains constant.
In wa\'e prediction it is necessary to treat such incompletely developed
seas.
In this connection, as indeed throughout the

.

On

tribution.

by Gelci,
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-

et al,

height

T,

dUr/dT

Y

should be

(as

arisen sea";

(100)

arisen sea in ergs/cm-/sec, [/ the

dT

It

spectrum discussions, the form

U <

0.315

209 T'

and

209 T'

==

dT

Casale,

ing Seas.
Most often in nature winds of significant
strength do not blow long enough to develop a "fully

finally defined as

dU =

Clelci,

/(ff)

designates a fuiietion of the tlire(;tii)nal wave disis not considered in this section of the mono-

This

The effect of fetch was e\'aluated by Darbyshire in
connection with the coastal region spectrum (1952) but
not with the open-sea spectrum (1955). The author
was not ai)le to find in Darbyshire's references any discussion of the wind-duration effect.
Gelci, et al, however, discuss Darbyshire's spectra thus: "The beha\-ior
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
'- Of the figures cited, one for the wind of 40 knots
here as Fig. 46.

is

reproduced
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very rapidly, and then

U

=

40 Kno+5

Neumann
Darb^shire
Darbyshire
D.S.A

C.R.
O.S.

H

is

slowly displaced towards the

is no limiting
stationary regime, but rather a slowly variable regime
which we %vill call 'quasi fully arisen sea', after a dozen
hours.
It is this regime which is represented by the preceding eciuations."^^

longer periods.

No

Strictly speaking, there

Darbywas assumed

fetch or duration effects were discussed for

shire's (1955)

(open-sea) spectnmi but

it

wind duration of about 10 hrs.
47 was prepared by Gelci, et al (1957) to show the
mean of i lo highest wa\-es as a function of duration of a
40-knot wind as depicted bj' various forecast methods.'*
to exist after a
Fig.

The

by Gelci, et al, contains similar plots
and 50-knot winds in which the relati\'e placement
of the cur\-es is in the same order.
Each of the methods discussed so far was based on the
original report

for 30

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 Ijima (1957) from which Figs. 48, 49 and .50 are taken.
These figures are based on obser\'ations at the Port of
Sakata on the west coast of Japan, where appear welldefined and often stationary generating areas of moderIjima's paper
ately strong wind over the Sea of Japan.
gives data on seven summer and three winter storms.
''

Darbyshire's wave height spectrum transformed into energy
in ergs/cm-/sec.

spectrum

The author has not examined the reference to Suthon (1945),
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.
'*

Energy spectra of fully arisen ocean waves U(T) at a
40-knot wind according to different formulations (from Gelci,
Casale, and Vassal, 1957)
Fig.

46
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"bomb"

craft speed, a

carrying the speed pick up has

sometimes been suspended on a cable

The

the aircraft.

measurement

s]K»od

used

at

is

many

feet

inevitable that

below
wind-

practical locations on a ship

is

C'oncei\-ably a kite or a small balloon could be

faulty.
Increase of Waves

conclusion

(jn

weather ships.

Apparently the only a\-ailable data from sea recording
and analysis for spectrum \-erification 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 sa,v that two stereophotographs of an opensea area were taken from two airplanes simultaneously
within a 20-min period of wa\e-pole recording.
Two
spectra were computed, one from the stereophotographic
analysis and the other from the wa\'e-pole analysis.
One of these is reprotluced in I'ig. 51 for comparison with
other spectra.

A

among the
Xeumann and

discussion of the discrepancies

shown

in Fig. 51 will

be found

in

spectra
Pierson

(1957).

Wove development with time. Some of the apamong the spectra shown in Figs. 46

6.52

palling differences

and 51 are compensated by the differences in their rates of
An abnormally high Neumann spectrum is de-

growth.

wave height is hardly ever
reached in practice in strong winds. The much lower
wave height indicated l)y Darl\vshire's (1955) spectrum,
on the other hand, is ciuickl^y attained. The differences
among the different formulations are therefore much reduced for the wind durations most frequently found in
\'eloping so slowly that its full

Fig.

50 Typical change of wave energy in build-up
and decay of waves (from Ijima, 1957)

practice.

The mean
compounded

of

several generating causes.

Most im-

shown

shows the wave heights expected in idealized condiwind over unlimited fetch. Walden

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

figure

not be expected that an isolated record will conform
exactly.
Conversely, an isolated record should be considered of little value in (|ualifying a spectrum formidation.
The rare occurrence of the ideal conditions in nature, ho\ve\'er, 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.

tually observed.

In regard to the spectrum area, i.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

\'elocity will, there-

strongly affect the relative position of the spectral
curve on such plots as Figs. 40 and 51. Yet winds are
measured indiscriminately at various "anemometer
heights," and no standard for such measurements has
fore,

Aerodynamic experience also has indicated that interference of a body with an air stream
extends for a considerable distance. In calibrating airbeen established.

Ho highest waves in a 40-knot wind is
47 as a function of wind duration. This

of

in Fig.

tions of uniform

(1953/54) collected the material to show what was ac-

Weather and

data had been radioed

at

\'isual

regular

wave-observation
intervals

weather-obser\'ation ships in the Atlantic Ocean.

by ten
This in-

formation was systematicall,v collected at the seaweather bvu-eau (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
In these records the wind
e\'aluation were chosen.
started suddenly, reached full force in a short time and
then lilew for a long time with approximately uniform
\'elocity.
In addition, in the records chosen, the sea was
calm before the wind started. The conditions were sufficiently close to the ideal ones implied in spectrum
formulations so that only minor computational corrections were necessary.
The results of these investigations
(for winds of 26 and 30 knots) are shown in Figs. 52
and 53 for the effect of wind duration and Figs. 54 and 55
Of the wave-forecasting
for the effect of the fetch.
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Windwirkungsdauei
Fig. 5 3

Relationship between wave heights and wind duration at wind speed of 26 knots. Labeling of co-ordinates]
Dots indicate weather-ships' observations (from Walden, 1953/54)
is same as in Fig. 52.
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Relationship between fetch and wave height at wind speed of 30 knots. Ordinates and abscissas are
Fig. 54
Walden's summary of weathersignificant wave heights in meters and fetches in nautical miles, respectively.
(from Walden, 1953/54)
ships' observations is shown by dotted line labeled "Schiffsbeob
"
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Fig. 55

Relationship between fetch and wave height. Labeling of co-ordinates is same as in Fig. 54.
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56

methods, Braceliu's (prespectrum) one gives results in
best ugreenuMit with Waldens' anah'sis of weather-ship
I'"or longer
observations for wind duration up to .'-iO lir,
duration it somewhat exaggerates the wa\'e heights.
Neumann's method gives a too slow wave rise diu'ing the
first 5 hr of wind action, but strongly exaggerates waves

from distant storms, and so on, must be conIt almost appears that the initial spectrum
formulation becomes subordinate to the forecaster's
reading and interpretation of weather maps.
Nevertheless, the particular formulation is important since a
of swells

sidered.

get different results following different

foreca.ster will

Comparisons of the results of difmethods by Rattray and Burt (1956) and by
Walden and Farmer (1957) will be cited here.
(a)
Rattray and Burt (1956). Rattray and Burt pre-

after that.

forecasting methods.

compares the apparent wave periods computed
by Neumann's method with those reported liy weather
ships.
The apparent periods are reported by ships in
2-sec intervals, and the resultant series of points is seen
to straddle Xeumann's period when wind duration ex-

ferent

This finding is in agreement with results demonstrated by Neumann in Fig.
41.
It can be considered as partial confirmation of the
shape of the Neumann spectrum. Tlie prediction of the
wave height, indicated by this spectrum, can be improved following suggestions by Walden
On the basis of
his data Walden (1953/54) recommended reduction of the
Later,
constant in Xeumann's spectrum expre.ssion.
Walden (l()5fi) recommended a reduction of this constant

Sverdrup and

of a reinterpretation of Neumann's Fig. 36.
The apparently too slow initial rise of wa\'es shown by
Neumann's method remains uncorrected.

rectly

Fig. 56

ceeds 15 hr for a 24-knot wind.

.

on the basis

6.53

Practical

wave

prediction.

In the

ca.ses cho.sen

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,

sented a hindcast of an almormally severe storm in the

North

Pacific

Reference.s,

Walden

(195G6), Wilson (1955)

(.)cean.

Munk

The

forecasting

methods

(1947), of Bretschneider (1952)

of

and

Neumann and James

(H) were used, and the
were compared with obser\'ations of the
weather ship which was in the storm area. Fig. 57
shows the wintl condition and the results of the comparison in the form of significant wave heights and significant
periods.
These are defined as the average height and
of Pierson,

results of each

period of one-third highest waves.
The highest significant waves were apparently- cor-

computed by all methods. Hindcast time historwave de\'elopment and decay de^-iate considerably
from the observed ones. The wave-period hindcast
following Sverdrup and Munk is best.
The word "apparently" was used advisedly in the
ies of

first

sentence of the foregoing paragraph.

In formulat-

and forecasting methods the air-water
temperature differences are a\'eraged out and usually are
ing the spectra

not

considered

forecasting

»

Dots indicate weather

Apparent wave periods plotted versus 24-knot wind duration (abscissa scale in hours).
ship reports made in intervals of 2 sec (from W'alden, 1953/54)

specifically.

method

In

the

application

to an individual case, however,

of

a

it is

advisable to consider the temperature difference since

it

THEORY OF SEAKEEPING

52
70
-

60

50

i?

,40

-S

>

30

.zo

SEAWAY

32 23
24

20
cu

to

N

le

^

12

36

36

53

THEORY OF SEAKEEPING

54
""

SEAWAY
=
I

Mittelwert

kn

1-3

7

kn

Bf +
1254 Beob.

Bft.

1

24 Beob.

L
4-Skn
Bft
4247 Beob.
2

I

1-15

kn

4 Bft

3,519 Beob.
a-

7-10

kn

3 Bft

8629

Beob.

55

THEORY OF SEAKEEPING

56

—

Weather Ship

(a)

Atlantic Ocean
Feb 1953 -Jan 1954
N.

40

40-50

Percentage Frequency ot
Occurrence

Mean Wave Period

-ft

-1

r"^—

20

10

(b)

±D^

FMAMJJ.ASONDJ

F

^^30-40tt

n

,

20LI r^

NU
20

--

TT

Perranporth Cornwall
Feb 1946-Jan 1947

Over 20

40
.

Mt^

-ft

20

10

20

H5-30ft

MAMJ

F

_ 10

J.A

SOND J

riT-L
40
20

T^.-^

10-a

20

l5-20ft

20-25 ft

20

c

o

5-20tt

20^3
IO"g

a)

u
^

40
20

I0-I5ft
-

-r ^. _r n

20 tr

—

10

-E
ai

O
c
10-15 tt

i^^
5-

20

10 ft

40

20

20

40
20

80

0-5 tt

h20
10

57

Fig.

where

//,

— His

height from the

Mean

square

Sample autocovariance diagrams obtained from an analysis of waves recorded
Voznessensky and Firsoff, 1957)
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the deviation of an indi\i(hial
value

^H,-

-

distrilnition laws

i?,

denotes the

mean vahie

sea (from

of the logarithms of

//..

The "Rayleigh

distribution" defined as

(109)

p{Hd = =1^ exp (-H.V/i)

have been formu-

(112)

:

The "normal

1

p{H,)
2

where log
3

E =

Three frequency
lated

wave

mean

at

=

v'here

distrilnition":

-\^

The "log-normal

oxp [-(//, -77) V2a^l

tlistribution," a

normal

Fig. 64
ilistrihu-

tion of the logarithm of //.;
.

„

1

//,

(110)

shows the histograms of the wave heights

irregular sea test in a towing tank

A

tribution, equation (112), will be
.

(111)

in

an

and the corresponding

simple derivation of this disfound in the Appendix
a' .:;,. -.l::o.: ;f the
G
to Williams" (3 ICr^) ,.^^
foregoing and numerous samples of sea and ship motions

Rayleigh distribution.

expf-(log//,-log//,)V2<7=]

>
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1.0

0.5

SEAWAY
liiiiitcil

lar

way.

seaway

'I'lic

t'rdin

liasic pr(il)lt'in is tn dcliiic that

whicli this

particu-

"sample" record was oh-

taiiied.

This record is only one of many samples which mij^ht
have been taken from the population which is that iiarOther records of the same length, taken
ticular seaway.
at other times and other places, will in general yield, if
long enough, the same information on the state of the sea,
pro\'ided the seaway retains its statistical homogeneity
throughout the sample space and time; that is, remains
stationary.

The sample

then seen to he one meml)er of a
sample records. It may he
thought of as a single function in an ensemble of funcIf in addition to being stationary and random
tions.
record

is

large family of possililc

(stochastic), the sea surface is CJaus.sian as well (that is,
points read at random from the sample record are distributed according to the normal ])rohai)ility law), then
the sample record li'ntls itself to c()in]jutati(m of certain
statistical quantities.
An impi)rtant property of .such

ensemble functions is given by the Ergodic theorem, for
stationary Gaussian processes, whicli states that time

and space analyses yield the same statistical properties as
an ensemble analysis. In other words, // the seaumij in
stationary and random and, Gaussian then analijds of a
long eno'ugh sample record from this sea surface

may

de-

seaway for all lime and space where
This is what is desired in most
these assumpti(ms apply.
expositions relating to the seaway.
One sacrifices determinism 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 pojiulation (seaway) from
which the original .sam]jle was drawn.
Ocean waves are obser\-ed to be random in that they
are, in general, unpredictable .space and/or time-wise.
Analysis of \va\'e elevations chosen at I'andom from many
different wave records has shown a high percentage of
freciuency di.stributions which conform well to the normal
This permits the computaprobability (Gaussian) law.
tion of certain statistical quantities which describe the
distribution of wave heights in the seaway from which

fine {statistically) the

(See Section
the particular .sample (record) was taken.
Stationariness is somewhat arbitrary and u.sually
8.6).
If the waves
is based on the appearance of the record.
are not obviously growing or decaying during the record-

ing period, the seaway
that interval of time.

The treatment

is

considered to be stationary for

wave data

is independent of the conHowe\'er, interpretation of the
results depends verj' much on the assumptions that the
data are stationary, Gaussian, antl that only a relatively
narrow range of wave frecjuencies is involved. Justification for results of wave analysis is on the u.ser of the results and not on the experimental data or on the methods of analysis. The fact that the complexity of waves
forces stati.stical treatment does not, however, relieve
one of the responsibility of exercising good judgment in
the experimental design of wave analysis.

of

ditions just mentioned.
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The

most applicable to I'ealization of a probabiliswa\'es 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 lie di.scu.s.sed
ti)iil

tic definition of

in this .section.

At

determinism has been abandoned
methods, antl the
key to a statistical tlescription of ocean waves is fomid to
be the energy spectrum, because it may yield the kind of
this stage tiien,

(at least tempoi'arily) for probaljility

information desired of this stationary, random jDrocess.
As has l>een noted, the cjualifications pertaining to the
process ha\-e no hearing on computation of the spectrum
but relate only to the .statistics derivable from the spectrum.
In this connection, the applicability of such
terms as stationary and Gaussian are somewhat arl )it rary.
It is generally agreed that "nearly stationary" and
"nearly Gaussian" conditions are acceptable a.s.sumptions, but the.se again are somewhat arbiti-aiy and will
bear further discussion later on.
Section 6 has already mtroduced the reader to \arious
attempts at an analytical formulation of a one-parameter
family of spectra that is rejjresentative of the sea surface,
under any conditions. Which particular formulation is
the best is still open to question.
The problem however
is being investigated \'igorously by a number of oceanographers and although some of these are quite adamant
particular

in their

l)eliefs,

at this time, basic differences

spectrum formulations are not so great that a
mutually acceptable and reasonably reliable spectrum
in their

may

not be realized at some future time.

The
tion

(i

"empirical-theoretical" spectra discussed in Secare u.seful in that they

may describe the

state of the

once the time-space \-ariation in the wind field is
determined.
If the point of wave observation and the
date and time are specified, then weather maps are consea,

if

and by the careNeu-

sulted for resolution of the

wind

documented work of,
mann and James (H),'^ the

for example, Pierson,

fully

fined.
it

The importance

field

may be dethe fact that

state of the sea

of this

work

lies in

enables prediction treatment of partially developed

seas, (slowly)

seas, and swell originating from
the spectrum formulation of Pierson,

changing

distant storms.

If

Neumann, and James is unacceptable to an investigator,
their work still permits the adaptation of any other
spectrum form gi\'en in Section (i.
The use of weather maps (spaced 6 hr apart) is still
somewhat subjective and it is desirable, for the time being, to be able to estimate the energy spectrum of the
seaway from wa\'e records or other suitable measurements. This is especially true for full-scale seakeeping
trials where the results always relate to the state of the
sea.
A mechanically observed, computer-deri\'ed state
of sea is the only accurate description aA-ailable.
As such,
it is also u.sed in wave research in attempts to \-erify the
'•

Other sea-state determinations have been given

(1952);

Bretschneider (1959)(see

Vas.sal (1957),

ref. p.

and Walden (1958).

105);

liy

Braeehn
and

Gelci, C'azal^,
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spectrum formulations of Section
likely that a great

many wave

6.

In fact,

it

is

very

spectra of different sea

conditions will need to be measured

and interpreted be-

fore a particular equation will be settled upon as adeIt
quately descriptive of all possible wave conditions.

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 wa-\-espectrum formulation question. A symposium dedicated
to the wave spectrum will be held in 1961, and perhaps

wave theories will result.
intent of this section is to quit the realm of questionable sea spectrum prediction and to accjuaint the
some

unification of

The

reader with this alternative formulation of the spectrum
of the seaway: namely, that derivable from direct observation of waves and analysis ^-ia the concepts of random process theory. Naval architecture is indebted to
Prof. W. J. Pierson, Jr. for recognition of the apphcability of random-process theory (well known in the field of
communications), to ocean waves and ship motions, and

making these methods available

to na-\-al architects

for practical use (Pier.son, 1952a; St.

Denis and Pierson,

for

1953).

Several ciuotations from Press and Tukey (1956) will
these uisummarize what has been discussed
troductory remarks and will suggest what is to follow:
partially

m

"Fourier methods in particular have found wide regions of application in aeronautics and have provided
many useful results .... The mtroduction of a chance
or random element leads naturally to the application of
probability and statistical notions which in combmation
with classical Fourier techniques have in recent j^ears
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
Of particular appropriateness for present
analysis.
purpo.ses 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 spectral methods."
8.2 Evolution of the Description of the Seaway from
Wove Measurements. Most of the discussion in Section 8
will be de\-oted 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
handlmg. In order to pro\'ide the reader with a suitable
perspective that will prepare him for exposure to some of
the subtleties of random-process theorj', it will be worth
while to discuss the various paths which may be taken,
in proceedmg from the observation stage to the final form
of sea-state representation.
five basic steps involved in the reahzation of
information from the energy spectrum of
waves: 1) Observation, 2) recordmg, .3) preparation,
It is not necessarily the
4) reduction, 5) presentation.
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

There are

statistical

operational use of the energy .spectrum rather than to
the energy spectrum as a descriptive tool in a particular
mvestigation.
Transducers used
wave obObservation.
8.21
ser-\-ation are more \aried than those for any other event
The reason is that waves are
related to seakeeping.
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, floating (capacitance, resistance, inductance) poles, floating
accelerometers, .stereo-photography, combmations of accelerometer and pressure transducer (shipboard), etc.

m

None

is without error due to distortion and
some magnitude, but most are fairly reliable

of these

noise, of

and find application m different investigations. It is mcumbent upon the user to ascertain that the error in sensing, of his "wave observer," is either sufficiently small to
neglect or to qualify his results in terms of that error.
8.22 Recording. Almo.st 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 ob.servation as a continuou.sly fluctuating voltage.
This voltage is tran.smitted to a recorder which may reconvert the data to a trace on paper, modulated electromagnetic signal (tape recorder), trace on film (camera
recording output of oscilloscope), secjuence of numbers,
any one of a number of other memory media. Chart
paper and magnetic tape are the two most popular waveor

recordmg 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 re.sults 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

origmal form and must be prepared for input to
The digital input
either digital or analog.
analyzer,
an
will u.sually be in the form of equally .spaced measurements of deviations from the mean of the wave record,
recorded on punch cards or tape. The analog mput is
usually the fluetuatmg ^•oltage presentation on magnetic
tape, sped up many times, so that the frequency range
of the input signal is amenable to survey by filters of
in their

practical bandwidth.

The data are now ready for spectrum
Analog computers are usually required to
Ijerform the operations of filtermg, squaring and smoothing, while digital computers perform calculations for the
autocoA^ariance function, Fourier cosine transform and
smoothing. Both techniques are compatible and will
produce the same re.sults, if properly treated. In fact,
the two techniques may successfully be switched, (that is,
digital filters versus electronic autocorrelators), though
8.24

Reduction.

analysis.

this is not particularly convenient.

8.25

Presentation.

The output

of the analyzer is

SEAWAY
either a graphical presentation of relative spectral density

versus frequency (usual output of analog computers) or a
set of numbers representing relati\'e spectral density
(usual output of digital computers).
Sucii a spectrum
determination pro\'idcs information on the general disFurther statistics are derived from
tribution of energy.
the total energy in the spectrum as well as from the various even moments of the spectral-density function.
This review of data collection and data reduction illustrates that a variety of errors may be introduced into
It is generally
the signal long before it is analyzed.
agreed however, that if the precautions discussed are
taken, the net erroi- in the signal, at the time of analysis,
may be neglected when compared to the computational
errors and the m(5re serious error due to samj^ling variThese last two errors will be discussed in detail
ability.
in subseciuent sections.

Scalar Sea Spectrum

8.3

Wave

—Theoretical Determination.

records, of finite length, can be analyzed

by

famil-

methods. This however is found to be
Complete
impractical, at least by numerical methods.
analysis of a record maj'' rec(uire a coni])utation of as
many as 300 harmonics with little contribution to the
total energy in the spectrum in the first hundred harmonics. Usmg analog-filter techniques, such an analyBlackman antl Tukey
sis is not nearly so cumbersome.
(1958) point out that such elementary (Fourier series)
methods frequently fail because indefinitely long records may not be available. The high-precision, highresolution analysis of such short records results in
spectra which may be quite misleading because they
represent very well the fluctuations of the particular record being analyzed rather than the ensemble of functions
A quote from Lee and Wiesner
it is desired to represent.
(1950) will illustrate further the shortcomings of Fourier
techniques
".
we wish to know the spectrum of the fluctuating
If only Fourier series and Fourier integral
voltage.
theories for periodic functions and transients are at our
disposal we are not sufficiently equipped to solve a problem of this sort. The reason is simply that these theories, 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 expresiar Fourier-series

.
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the work of Tukey (1949), on sampling effects, finite
length of recortl and computational procedtire, 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
and ship responses. The
energy spectrum has gained wide use ;uid acceptance in
such fields as meteor(jlogy, oceanography, seismology,
deals with transfer functions

and aerodynamics.

The

application

many

random

places in the litera-

A particularly clear development is given by
Rice (K), who extended the ideas of Wiener (1930)
to obtain derivations of certam important statistical
properties of Gaussian random processes.
The procedure of Rice in defining the energy spectrum, via the
covariance function, will be paraphrased here to apply to
ocean-wa\"e records.
Let a sample wave record, T seconds kmg, such as is
shown in Fig. 67, be considered periodic," with period T,
ture.

Fig.

•

ij{t)

that period,

i.e.,

r
uiiyii

Jo
I
then

67

m

and absolutely integrable

<

can be represented by a Fourier series

.

yit)

=^+ i

"..

=

Tp
J

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

we are dealing with a single function y(t), we
speak of the autocovariance (autocorrelation) funcHowtion as the descriptive property of such a record.
ever, Wiener (1930) showed that the autocovariance
function and the energy spectrum are Fourier transforms of each other. This being the case, both must
In practice,
yield the same information, in principle.
confidence criteria derived for the autocovariance function are very complicated and difficult to apply, while

cos a>J

+ K

sin o>J)

(113)

2/(')

I

CO*

'^"'

f"

Jo
(114)

r^

2

=

''..

7r
J

surprising ease."

Since

(a,,

where a)„ = '2-nn/T and n is an integer. The coefficients
a„ and h„ are the amplitudes of the nih cosine and sine
waves. These amplitudes are evaluated in the theory of
Fourier series by the integrals

sions giving their precise values for all values of the independent variable. Howe\'er, the extension of the

shall

harmonic analysis to

of

stationarj' processes appears in

y(') sni uij

(It

Jo

Let the record now be shifted by an amount of time
T — t
for the interval

y(t

+

r.

—T<t<

Then

flo

r)

^
\a„ cos

H

=

aj„

l

{t

+

t)

+

b„ sin o}„

(I

+

t)\

(115)

" The condition of periodicity will not disturb us, because we
are interested only in the properties of y(t) in any interval exactly
T seconds long.
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The
shift T,

new

coefficients a„

and

pr((\ided that

T

is

remain

h„

now appears — that

relationship

+

by the
However, a
the dependence

of

on the record

In order
to find the characteristics of this dependence, series
(113) and (115) are multiplied and integrated with respect to t and taken in the limit as T goes to iiffinity.
This defines the autocovariance (autocorrelation) function which b}' the ergodic theorem completely describes
of the

measured

y(t

r)

shift

r^

1

lim

T

y (1+

yit)

r Jo

H

=

+

(«"'

J2

-

t)

(It

^..')

COS ^n r

+C

(116)

l

for correction terms which must he added
r) in the
because series (115) does not represent y(t
interval (T — r, T) when r > 0, or in the inter\-al (0,
— r) if r < 0. The integral expression for R{t) in equation (116) is connnonly known as the "autocovariance

where C stands

+

function".
On the extreme right-hand side of eciuution (116), the
6„' is the scjuare of the total
.sum of the amplitudes «„-

+

amplitude of the wa\-e f<n- each harmonic component
The amplitude squared, multiplied by a suitable
o),,.
constant, represents the energy which is contained in the
nth wave component. An inter\-al (jf frequency Aco can
be visualized as containing a mnnber of harmonics so
that the average energy density in the freciuency interval Aoj

is

proportional to
1

7((i)

+ Aaj/2

(118) for r

become

r.

the process.
/?(,

R(0) designates the value of equations (116) and
= 0. In this ca.se equations (116) and (118)

unaft'en'ted

sufficiently long.

1

(117)

The

limit of this ratio as

Aw

was variously designated

as w{j) by Rice (K, p. 167), $(aj) by Tukey and Press
(1956), n.5 [A(aj)]- by Picrson (1952), and £'(aj) by

Longuet-Higgins (1955) anil is seen to be a measure of
In Rice's definithe total energy in the wa\-e system.
tion, the frecjuency / = a;,'27r is used instead of the
angular freciuency oj. On the basis of the foregoing,
equation (IKi) also can bo written'"*

/?(t)

The

=

r

cori'cctivc coefficient

7?(aj")

('

COS

uiT

(Ico

(118)

of (M|uation (116) vanishes

Tlie coefficient
because of the a.ssumpt ion that T —> o=
flo is eliminated by measuring the record ordinates,
y,
from the mean level of the record.
The value of R(t) can be estimated from wa\'e-record
measurements and the integral equation (118) can be
solved for E{(^) by using a I-'om-ier transform, yielding
.

the spectral density,

This

is

Parse\'al

R( T)

('<)S (JlT

di
ClT

(119)

For a more rigorous transition from summation to
the reader is referred to Riee (K, p. 167).
»«

iiitet!;ration,

[y[t)]-dt

Jo

= f
Jo

E(w)di, (120)

a manifestation of the important theorem of
which states that the average energy in the sig-

is eciual to the sum of the a^'erage energies in each
frequency component
Equation (120) is proportional to the mean energy of
Because of
the wave system, or to the variance of y{t).
this relation.ship to the energy, the function E{u) is
known as the "power spectrum" or "energy spectrum."
The first term is uni\'ersallj' used in electronics and the
second has been recommended for use in oceanography
and naval architecttu'e. Both of these refer to the distriV)Ution fiuiction which is E{(x>) versus frequencies co or
/.

E{u}) is defined

more

correctly as the spectral density

function.

In apphcation to the

wave spectrum,

1952) introduced the symbol

Pierson,

(J,

place of 2E{ui).
In this form, the proportionality of the energy to the
square of the component wa\-e amplitude is used to emphasize that the spectrum is e\-erywhere positi\'e.
He
[,l(a))]- in

E = '2R{Q) as the measure
energy contained in the spectrum. Since
Pierson's definiti(jn of E has been widely used in characterizing the wave heights, the factor 2 will be hereafter
also introduced the sj'mbol
of the total

incorporated in definitions of covariance fimctions. The
reason will be given in the next .section.
Lucid and authoritative expositions of the spectral
analysis of stationary randon processes are gi\'en by

Tukey

(1956) and

(1958).

by Blackman and Tukey

—

Calculation by Numerical
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 replaced by a sequence of eciually spaced readings of y{t);
the approximation can be made as close as desired, by
This sequence of
judicious choice of .sampling inter\-al.
numbers is then converted to a new .sequence composed of
numbers denoting de\'iation from the mean of the wave
This new secjuence of numbers is then operated
record.
upon by a discrete approximation to (116) of the form

Scalar Sec Spectrum

8.4

Method:

R,

8.41

= T^^— E*
A

-

y. ^,+,„

(P

=

0, 1,

...,

»,)

(121)

P 5=1

where
R,,

//,

=
=
=

n =

T Jo

1

nal

At

E{o

^ r

lim

r^„

Press and
-»-

=

R{Q)

p =
in

autocovariance estimate for lag t = pAt
time inter-\'al between values of y(t) read from
original record
value of y(t) at time qAt read from y as origin
number of data points a\'ailable in .sample y{t)
number of intervals defining lag r = pAt

= maximum number

of lags

SEAWAY
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80

70

Lag

63

in

Seconds

Non-normalized autocorrelation function reduced to unit amplitude by division by E,, ,„,^ for pressure record
Fig. 68
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
symmetry of the

inserted in (121) to account for the

is

aut(jco\'ari;uu'e function.

computing the

for the products y,ij^-p in

It

accounts

total \-ariance

The aut()co\'ariance function of a wave
The energy spectrum of the
record appears in I'ig. 68.
finite sample, ^/(O, may he estimated from the discrete
values of the autocovariani'e function through a discrete
Fourier cosine transform which is the same as u.sing the
trapezoidal rule for integration to ai5]ir(iximate equation
in the record.

The

(119).

result

is

ra

1

/?o

m

+

2

-

1

J]

/?,,

COS

(/)

where the

L;,

+

TT /;////»

=

A\„

0, 1,

.

COS

irli

.

m)

.

,

(122)

are estimates of the spectral densities at

frequencies
o)

The

iiuaiitity

=

= hXw

Tr/niSt in

spectral estimates

(12;!)

computed

is

(123)

the intcr\-al between

in (122)

and

is

bound up

in
2

that equation as the frequency bandwidth. Therefore,
if the Li are summed, the result is an estimate of the
total energy of the spectrum computed from the sample.
This important property will lie used in Section 8.6 when
statistics are obtained from the computed spectrum.
The process of discrete cosine transformation can Ije

thought of as a weighting or

filtering process of the

J'J(o))

/:
The

filter

operator,

the sample,

G'(co

G

-

o),,),

has the form

—

M

CO,,)

(124)

a),,)(/i

Fig.

69

on the true spectrum of

—
—
—

sin [2TViAt{io

tan[7rA/(u)

coj]
(XI,)

]

co,,) be constant
In the ideal case, it is desired that G(w
Aa)/2 and zero elsein the interval wj — Aaj/2 < cu^
where. Then, Lj would be an accurate estimate of the
energy density in each frequency band. Actually, the
function G(a) — coj) has the form shown in Fig. 69 and is
Because of the
a poor ajDproximation to the ideal filter.
high-amplitude side lobes, it is expected that spectral-

8

G

12

10

Filter

response

(/\1

= 20) (from

energy estimates at any freciuency
energy in neighlxiring fre(iuencies.

will

Fleck, 1957)

l)c

affected

by

Also, the negative

The work
show the com-

lobes yield "negati\-e" quantities of energj'.
of Pierson

E(<x>),

(l(u}

(co—

form

4

Deviation from Center Frequency
(In Units of Aoo)

and Marks (1952) and

Fig. 70

putation of "negati\-e" energy at certain freciuencies.

A .simple smoothing o]3eration on ec[uation (122) will
improve the shape of the filter, Fig. 69, and results in better estimates of the specti'al density.
The smoothed
spectral estimates take the form
0.5L„

+

0.2o
E...

-I-

L,,_i

0..5L,„„i

h

0..3/.1
-I-I-

0..5L,,

0.2.-,L,,+

0.5L,„

1, 2,

,

(12.5)

-

1)

This form of smoothing (0.25, 0.5, 0.25) is called Haninng (after van Ilann). Another form, used extensively
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Fig.

Aliasing a short wave record (from Press and Tukey, 1956)

?tt/4

=

/

73

m

m/2

and accurately describe the sea

•2n

(12(j)

Given /, then the use of Tal)le 12 yields information on
the reliability of the estimate for each frequency l)and obtained by the analysis of one record.
"If 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 analj'sis will lie between the.se extremes 90
Stated another way, given a great
pet. of the time.
many analyses of different short samples from a long run
of time series, then the set of bands given above will enclose the true power in the liand 90 times out of 100 if the
sample length is such that ten degrees of freedom are obtamed and if a very large number of samples are evaluated.

"In 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 the.se bounds
(dotted lines hi Tig. 71) 90 pet. of the time."
Eciuation (126) was first introduced by Pierson
(1952a) as a deduction from the work of Tukey (1949),

it

coukl

it

lie

Compromise

cannot be analvzed.

retjuires

the convergence of these two sampling concepts to an
nptimum record length that embodies sufficient length
lor an adefjuate description of the seaway yet not so long
that the additional length, beyond a time T, returns little, in minimizing sampling variability, for a great deal of

computational effort. I'inally, the record, however
long, must be stationaiy (or nearly so) throughout.
The .seaway is u.sually 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 exam])le of Pierson and Marks that a
25-niin record yields 50 degrees of freedom, a worthSince there is some freewhile mark at which to aim.
dom in the recording time of wa\'es (unless the sea state
changes rapidly), one .should aim for a minimum of 20
mill and maximum of 1 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 iiiter\-al A/ is specified, because there
are

and Tukey and Hamming (1949). A paper by Blackman and Tukey (1958, Section B.9) leads to the expres-

n = {T/M)

+

1

It is obp(jints, where T is the record length.
that a At which is .small, compared with the shortest period that contributes energy to the spectrum, will
have misleading effects on equation (126). In fact, /
can be made as large as desired, by letting A^ become sufThis is contrary to the intent of (126)
ficiently small.

sample

sion

\-ious

— m/6

n
/

?n/2

Both ecjuations tend to
and any small differences in /
would hardly be noticed in Table 12 where the confidence
bands vary slowly above / = 10.
It is clear that the confidence limits obtained through
eciuation (126) and Table 12 define the probable ensemble
spread and consequently ciualify the usefulness of the
spectrum as a descriptive tool. The narrower the conThis imfidence limits, the more reliable the spectrum.

The difference is
2n/m as n becomes

insignificant.

large

number of degrees of freenow in a position to evaluate

plies the desirability of a large

dom

is equally
recorded and if

surface, yet

ridiculous in that such a record cannot

(/) in (126).

We

are

the three basic questions in terms of the desired properties of the spectrum.
On the (luestion of record length, one extreme rules out
It is cleai- that one or two wa\-e os\'ery short records.
cillations can hardly serve our needs for description of

The other extreme,

the seaway.

long record,

is

that of an infinitely

ideal, in principle, since it

can completely

which implies some measure of independence between
the ?i-discrete values taken from the original record.

The "small"

At does, in fact, provide a better approxi-

mation to the record compared to an o])timuni 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 estimates of zero value for the higher freciuencies and no

improvement

in resolution.

the other hand, if At is large, compared with the
shortest period that contributes energy to the spectrum,
the //-discrete values do not ade(iuately represent the
higher freciuencies in the record (.see Fig. 73) and the

On

energy in harmonic components above /„ where /, =
l/2At is the Nyquist frequency (Shannon, 1949), is
aliased (transposed) into the energy content of the lower
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Computed spec+run

1.2

with aliasing
i.c

True shape of high

frequency end of

spectrum
Spectrum

0.8

of

energy

aliased about nyquist

.

o.e

frequency
0.4

0.2

Nyquist frequency

f=l/T
Fig.

74

QZO

0.16

0.12

(t^")

[sec'']

Example of aliasing a wave spectrum. Hatched area
shows erroneous energy contribution

+

caiiiiot be rescjh'ed
Informatimi at
because of the discrete sanipliiifi ami the energy sjiectrum
The Nyfiuist fre([U(>iicy is often
is "folded" about /,.
l"ig.
called the folding frequency or cut-off frc(|uciicy.
74 illustrates the erroneous distoi'tioii in the wave

frequencies.

./',

,/'

spectrum due to a large At.
"Selection of an optimiun At tlepends on the highest
frequency in the wave spectrum above which no appreciable wave energy can be aliased back into the spectrum." This glib statement, which appears often in
the literature, is pi-edicated on the assumption that there
Most
is a priirri knowledge of the shape of th(> spectrum.
often this is not the case and a simple rule of thumb,
commonly u.sed, suggests the selection of that At which is
one half the smallest "apparent" period in the wave
This is .still somewhat subjecti\'e in that it inrecord.
In
volves a definition of what is a cycle of wa\-e motion.
the illustration of the wave-record analysis of I'ierson
and Marks, the pressure transducer had a natural cutoff at 0.25 cps becau.se of the attenuation of wave energy
with depth. This only obtains with pressure transIt is how'ever possible to ijrefilter either at the
transducer or recorder and this is often worth while in
It also affords a natural
eliminating .spurious noi.^e.
An example of elecchoice for the Nyc[uist frecjuency.
tronic prefiltering will be given in Section 8.43.
The number of lags to be computed, equation (1215),
for the autocovariance function determines the number of
1) that will
estimates of spectral density (actually m
be made in accordance with equation (122). These
spectral densities will he spaced at distances of/ = /,/m,

ducers.

+

Ac[see equation (123), for the eciuivalent expres.sion].
.Since the effective width
cording to Fleck (1957): ".
of the filter corresponding to the inunerical procedure for
computing the spectrum is 2Af, the \-alue of m must l)e
.
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10

(c)

78

Fig.

No

filter;

1.00

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)

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 electronics and separation is a serious problem.
that direction

is not serious.
A sinusoidal
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 investigated in the same way as for the linear drift; this time a
low-frequency sinusoidal signal was artificially introduced into the same Taylor Model Basin wave record.
The resultant spectra. Fig. 77, show a distortion not
only at the freciuency of the intruding signal (0.2 cps)
but at higher harmonics which are integral multiples of
It is clear that the additional energy
the fundamental.
applied to the main portion of the spectrum is not easily
separable.
In addition, the mam 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

The

drift

f-\n

(from Campbell, 1959)

1.20

Fig.

040

(d)

Filtering a pure tone to eliminate noise: (a)
(b) 10-cps filter; (c) 1-cps filter; (</) 0.1-cps
filter

0.80
0.60
f- 1/T
[sec-']

0.40

Seconds

0.60
[sec-']

Imear-drift problem

is

caution.

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)
Fig.

77

by the drift.
In order to determine the nature of this misinformation a
record of irregular waves, recorded
the Tajdor Model
Basin tenth-scale model of their Seakeepuig Facility, was
The
distorted to simulate the type of drift just defined.
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. Therefore, 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

to the apparent infinite period generated

m

A source of error commonly encountered is the introduction of "noise" into the system as stated in Section
This may occur either in the transducer or in the
8.2.
recorder or both.
It may be an inherent property of the
electronics or an artificially induced vibration in the
Such noise is usually of much higher
sensing element.
frequency than is measured in most seakeeping parameters.
This noise can be eliminated by passing the
An
signal through a low-pass filter (Campbell, 1959).
Fig. 78 where noise is introexample of this appears
duced uito the circuitry which generated a nearly pure

m

The noise is sufficient to mask com0.07-cps sine wave.
pletely the .signal (a), and even with the 10 cps cut-off
filter (b), the nature of the intended signal is not clear.
However, proper filtration does finally produce the deProper filtering should be a key element
any wave and seakeeping instrumentation. In addition to eliminating imwanted elements in the signal, it
supplies the cut-off frequency and thereby automatically
sired pure tone.
in

defines At.

8.44 Sampling vcriability. The subject of samphng
variabihty is relegated to a subsection not because of its

SEAWAY
order of importance

but,

quence of discussion

in

because of the particular seThe importance of
8.

Section

sampHng variabiUty was hinted

at earlier

by the

oft-re-

peated qualifying statement, ".
., if the record is long
enough." Simply, this means that no matter how carefully the spectrum analysis is carried out and how sincerely 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
Ten dif(not waves) which was originally 30 min. long.
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 different 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 a.spect here.

obvious that the more detailed spectra, computed for
79(A), have much more variability than the
spectra computed for 30 lags, Fig. 79(B). This is to be
expected, in view of eciuation (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 ha\'e
been taken from the population. Description of the
population is derived through estimation, from the
sample, of the average statistical properties of the enCare must be exercised in analyzing such a
semble.
sample to be certam that the results reflect the characteristics of the ensemble rather than those of the parLonger records and less resolution tend
ticular sample.
It is

60

lags, Fig.

>

to give results in this direction.
record is the population, such as

However,
is

if

the

often the case

wave
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 indi^'idual sets of spectra reveals
that the shortest records result in highly variable estimates of spectral density while the longer ones tend toward 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 fmiction of the number of lags, a further
indication of .stability, in this case.

Blackman and Tukey point up the

difficulties of

using
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1

0.8
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Wave-amplitude spectrum measured hy Cartwright and Rydill (1957) on a ship

been reported variously

Chang

hj":

(1!)54,

19.35fl,

b);

20.0

Pierson and Chang (1954); Smith (1955); MarlvS 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 approximate a Fourier-series analysis of the record (rather than

an energy-spectrum analysis). The amplitudes of several adjacent harmonics in a band are averaged in the analog computer and the display, Fig. 81, is one of average
amplitude (for 0.05 rad/.sec band) against circular frequency. Strictly speaking, this type of analysis will obtain spectral estimates, with two degrees of freedom,
which are additive with the number of such estimates.
The same process obtains from modern wa\-e analyzers
only the weighting and averaging is done continuousl.y
over the frecjuency band and is conseciucntly not so ol)vious.

There are numerous ways

The

of

performing the random-

method is a
bank of filters, each filter centered at a different frequency and with a prescribed width (not necessarily the
same for all filters). The bank covers the entire frequency range of the signal being analyzed and the analysignal filtering process.

sis is

mo.st efficient

completed with one passage of the record.

Single-

techniques rec[uire many passages of the input signal (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 \'ar>'ing the frequencies it looks at by \'arying 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 ami
Strausser, 1959) involves the modulation (mixing) of a
local oscillator wa\'e with the random signal being analyzed.
The oscillator emits a continually varying signal
which is the carrier frequency (.say 97,000 cps), plus the
frequency that is being e.xamined (.say 100 cps). The
filter

15.0

MO.O

3^

5.0

at

sea
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4 Energy content in difTerent frequency bands.
Beyond these directly observable "statistics,"

in-

formation obtained from the wave spectrum requires additional calculations, some simple, .some lengthy.
Chief
among the easily obtainable and most desired information is the wave-height distribution.
Since energy and
wave height (squared) are related, it is natural that averages of wa\'e height should relate to the total energy in
the spectrimi.
The first computational step then is an
area measurement to determine the total energy; that is,

iJ

= m„ =

1
n

^

y„2

r

=

E{u>)d^

(127)

Jo

Jasper (1956) found that wave and seakeeping data
the form of peak-to-peak measurements) behaved according to the Rayleigh distribution, equation (112).
Longuet-Higgins (1952) assumed a Rayleigh distribution
and a narrow frequency spectrum to derive the following
(in

We
Fig.

83

=2

Tl/Tj,

statistical relationships:

[sec

Marks and

Strausser,

analysis corresponds, of course, to the 60-lag analysis

The 2-cps analysis shows more resoluprobably required to define the ensemble
properties, since the 60-lag analysis has about 50 degrees
The 10-cps analysis has lost most of the deof freedom.
tail in the spectrum and the use of still broader filters
will result in complete loss of detail as the filter's characteristics 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 analogspectrum 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
in Fig. 82.

tion than

1.772V-B
^(1/3) = 2.832VE
H{i/io) = smovE

1959)

posed on the smooth and rough digital spectra. The fit is
excellent, as the graph shows.
The SEADAC analysis
took 5 niin. The record was 20 min long and the spectrum 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 resolution, resulted in Fig. 83 where the same record was subjected to analysis by filters of different width (corresponding to different lags numerically). The 5-cps

shown

H=

Spectra of same seakeeping event resulting from

analysis by different filters (from

is

already given in Table 7. The work of Longuet-Higgins
lends itself to extraction of a number of pre.sentations 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 iV-waves. This information is conveniently 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 imder the curve of spectral
densities.
The use of the integral expression is permissible because the smoothed spectrum is assimied to represent the true continuous spectrum of waves (or of the

E

ship's motion)

under consideration.

Significant range of frequencies outside of which

no appreciable energy contribution to the seaway.
2 Frequency of maximum energy.

there

summation

is

2U/2

(1

The broadness padepends on the even moments of the spectrum
gi\-en by

multiplies the quantities in (128).

rameter,

and

is

e,

mom4
where

(128a)

is

3 Existence of low-frequency swell.

A

used when the true spectrum is approximated by the
average energies in a series of frequency bands. The
"root-mean-square" (abbreviated mis) wave amplitude
is now defined simply as y/E.
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 correction factor to take into account the broadness of the
spectrum. This factor

useful information, .such as:
1

(128)

m„

/;

''E{oj)di^

SEAWAY

73

^E

is to be multipHcd in order
highest waves (or ampliof
\/n
the
average
obtain
to
Cartwright
tudes) is shown in Fig. 84 as a function of e.
and Longuet-Higgins apphed their calculations to five
sample records; a pressure record of swell, two records of
waves measured by a ship-borne wave recorder, a re-

The constant by which

cord of a ship's pitching, and a record of a shijj's rolling.
The values of t in these five examples were found to be:

0.41

Swell pressure

0.57 and

Wave-height records

.

67

0.48
20

Ship's pitching record
I's rolling record

.

It is seen that in all of these cases the

calculations are se\erelj^ reduced

narrow-spectrum

by the broad-spectrum

This is strange, in view of the fact that
corrections.
Jasper (1956) found excellent agreement between height
distributions of spectra of all shapes (and different parameters) and the Raylcigh distribution, without any corThis may be explained by considerrective measures.
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 freciuencies are very prominent and the
If the high
distribution approaches the Gaussian law.
frequencies are ignored, the Rayleigh law* will apply.
Since rrii grows faster than vu and im, as higher freas nii -* ???.2^/»io, it
quencies are added, and since e —»
is seen that the correction factor for an ideally narrowspectrum will not be unity unless all the high frequencies
The correction term of
in the spectrum are resolved.
Cartwright and Longuet-Higgins is well defined; aliasing
of energy and filtering of the signal seem to defeat its

purpose.

Rice

(K), derived the expression for the a\erage
In terms of
A'^o of zero up-crosses per second.

number
moments

of the

Fig.

84

highest

spectrum

Graphs of 7)(l/«), the mean height of the 1/wth
maxima as a function of e, and h = 1,2,3,5 and 10

/

-^ 0.5 as

t

—>

In this case, ripples ride

1.0.

and troughs of larger wa\'es so that there are ecjual
numbers of maxima above and below the mean level.
Pierson (19546) applied Equation (130) to Neumann's
crests

f as a function of wind speed,
appropriate to the fully de\'eloped sea state

spectrum and expressed
[',

f = 0M6{2TU/g) (Neumann)

(133)

spectrum function

and
1

iVo

and by

{mJnuyi-

(129)

1

=

(i;i0)

2ir{m(,/m2)^''

N,

The

total

number

of

maxima

N„,:,^ is

= V2T

(Neumann)

(134)

where T^ai denotes the period at which the spectral

definition the average apparent period
1^

r„,ex

expected to be

density is a maximum.
Pierson (1954/)) also considered the case of a sea defined by a Neumann scalar spectrum modified by inclusion of the factor cos-0, an estimate of angular dispersion

wave energy which is assumed to be boimded by
(— ir/2 < 9 < 7r/2). For this case, Pierson derived the

of

Nr,

T^ (wu/m,)"-

(131)

expression

2ir

The proportion, r, of negative maxima to the total
number of maxima (from Cartwright and Longuet-Hig-

Lo

=

9

g

(135)

gins, 1956) is

1

1

-

9

(mowu

^

[1

-

(1

-

e=)'

(132)

as e -^ 0; i.e., all the
For a narrow spectrum, r
maxima occur above the mean level. The sea surface is
represented in this case by a imiform, regular swell with
For a broad
gradually varying amplitude and length.

which states that the average distance between the sucdominant crests of the sea surface, when obser\'ed
at a fixed time as a function of space, is equal to two
thirds of the value computed from the classical formula
cessive

for the

harmonic wave period

Some
terest

T =

T.

of the statistics just given are only of general in-

and others may be computed

directly

from the
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The strongest justification for computing
waA'e record.
wave spectra however lies in the description of the ship
motions induced by the waves. This sul)ject will be discussed in detail in Chapter 3, Section 3.
Before the subject of wave (and seakeeping) statistics
closed, some ciualifying 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 E as given in (127). The record from
which E is computed may be regarded as a sum of sinuEach
soids whose amplitudes and phases are unrelated.
sinusoid may be in turn considered as a chance sample
from a population whose \-ariance depends on the true
energy density at that particular frequency. The total
energy, 7?, is the sum of the energies in all of the component sinusoids in the spectrum. The de\'iation of the
measured spectral densities from the true spectral
densities is given by the degrees of freedom (12(j) and by
Table 12. Since the spectral densities are independent
estimates, their deviations from the true estimates are

is

their addition is a much better estimate of
energy than the error associated with the inConsequently, confidence
dividual spectral densities.
bands resulting from say 50 degrees of freedom which
may appear to exhibit wide \ariation 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 remaining statistics, (129)
the sample was drawn.
to (132), depend on moments associated with E and accuracies shoidd be of the same f)rder of magnitude as for

brute-force method;

that is, the directional spectrum is
measured at sea enough times to provide an empirical
evaluation of the general angular spreading characteristics of ocean waves and this information is used to determine an empirical operator which may then be applied
A
to one of the spectrum formulations in Section 6.
substantial amount of research has been done on the
method of collecting and reducing wave data to directional spectra and some of this work will be reported
here.

Pierson (1952) was the first to try to show theoretically
wa\'e records cr)uld be used to obtain information on
As a simple case,
the directional properties of waves.
he suggested that a plane carrying a radar altimeter could
make a \'ariet.y of passes over the sea surface such that
the record showing the shortest waves would be indicaFlying very slowly and obtive of the mean wave travel.
serving the waves visually would resolve the problem,
through the Doppler effect, of estimating wrong by
Cartwright (1956) u,sed this principle on a
180 deg.

how

mean wave

direction; more will be
extended his idea of an airplane collecting wa\-e data, by flying rapidly over the
surface (/ ~' 0), to give a spatial definition of the sea
surface.
He derived an elaborate transformation and
in\'erse transformation between the freciuency and wave-

random and

ship to determine

the total

said on this later.

Pier.son

number domains

show that

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,,-) is given by
1

/'>

\

(I.S,,
2.S'„

this, it is seen that the proportional standard error
inversely proportional to the square root of the length

Froni
is

of the record.

8.7

The Directional Sea Spectrum.

Marks

(1954):

up

sum

of a

of

"The
an

sea surface

infinite

number

In the words of

is l)elie\-ed

to

l>e

made

of infinitesimally high

sine wa\'es traveling in different directions with different

random phase (Pierson
This surface, at any point, has a certain amount
of energy associated with it, and this energy is chstributed
among the component waves according to frec[uency and
It is this distribution of energy and the pardirection.
ticular direction of tra\-el of each of the component wa\'es
which defines the two-dimensional energy spectrum
/?(a), 9) where w = 'Iw'T is the spectral frequency and d
This is the property of
is the direction of propagation.
the ocean surface which must be measured."
As in the case of the one-dimensional or scalar spectrum, it is desired to find an analytical representation
that will best define the directional ([ualities of waves.
The most profitable way, at this time, appears to be the

frequencies added together in
1952).

to

the directional spectrum

it

was

possible to

compute

one could evaluate 77 linear
inhomogeneous simultaneous equations with 77 unknowns. It is belie\'ed that no attempt has been made
to apply any data to the matrix of this set of ecjuations.
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 possible methodology
the directional spectrum.
was not discussed, l)ut it did materialize a few years later
in the work of Longuet-Higgins (1957) and in Project
SWOP (1957). Both of the.se treatments will be disif

cussed.

One final method suggested by Pierson invol\-ed the recording of waves from distant storms at shore stations
spaced several hundred miles apart. With knowledge of
the dispersi\'e properties of waves and the geometry of
the originating storm, one conceivably could extrapolate
back from the measured swell spectra to the two-dimensional spectrum at the edge of the wave-generating area.
An investigation not imlike the one suggested by Pierson
here is being undertaken at the Scripps Institution of
Oceanography where attention is being paid to the frictional dissipative proce.s.ses in wave dispersion with distance, which was considered by Pierson to be negligible.
This work

will also

be discussed later in this section.

by Pierson ha\-e 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 propo,sed no less than eleven methods
These methods, through the
for such measurement.
mechanics of measurement, lend themselves best to ir-

The embryo

ideas set forth

SEAWAY
tallk^^ and indeed are so specified.
Barber's work also will be reviewed here.
Once there developed an appreciation for the energyspectrum description of waves, thef)reticians t'oimd it
difficult to wait for a definite analytical formulation of
8t. Denis and Pierson (1953)
the directional parameter.
concluded from the work of Arthur (1949), on variability
of direction of wave travel, that the energy in a wave
spectrum travels directionwisc according to a coK-d law
where 8 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

75

regular waves in model

=

E(cofi)

{-K/2<d<Tr/2)

-c.-^'^^'/'^-co^-'e,

Z! ^

The

gi\'en

r;

per unit area of the

cos

(u„.r

-|-

+

v„ij

wj.

+

y,

n =

T.C.. i-os

(a„x

+

+

i\.ij

ojj

mean square
is

= ff E{u,v)dMdv

lc„-

(140)

Thus the contribution to the mean energy from an
ment du dv is proportional to E du dv.

ele-

We shall write

//

E{u,

and

in general for the
the origin we write

n

du dv =

v)

(p,

g)th

moment

=

du dr

u^'r''E(i(, r)

mm

(141)

of E{u,

v)

aljout

m^.^

(142)

The.se quantities will occur repeatedly throughout the
following analysis.
It is a.-^sumed that they exist up to

orders re(iuired.

"The function

>/'(.«,

u,

n

urn

is

closely I'elatetl to the correla-

defined by

t)

//,

^'f-J-S-r'"'''''''''

.v.r.TWco 8:

Xv
On

E{ti, r)

(.c,

i/'

suljstituting
'/'(•(•,

+

(.»'

.',

//'

from (138)

=

y, t)

I]
It

.^

+

;/,

in

I'

+

f»' '•"»

("»'

—

(143)

Orf.f' d.y' dt'

the foregoing

+

>''M

we

+

find

""^)

which can be written
t)

=

\

\

E(u,

v)

cos (ux

-\-

vij

+

o)t)

du dr

(137)

(„)

+

"the

surface per unit time

If this is

where f„- = a„- -{- b„- and e = tan~'6„/a„, and then extended to a spatial cartesian co-ordinate .system, the resulting expression given by Longuet-Higgins for a continuous two-dimensional spectrum is
'?(.'•,

E

=

\l/(x, y,

c„

.sea

urn

tion function

=

directional

.v,r,7'-.

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-Khintchine relations, established 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 Fourier-series representation of the sea

?)„

oi-

by

all

surface as a function of time, given in (133).
written in the general form

(139)

the two-dimensional

v) is

According to Longuet-Higgins:
value of

Section 8.3 discusscil a fornnilation of the waxc six'cti'um
through the autocovariance and Fourier transform concept.

dr

l'^(it,i'}dii

sjjectrum of the waves.

(136)

This expression was used as the excitatictn in a statistical
approach to solution of the e(|uations of ship motions
Subse(|uently, there was
(see Chapter 3, Section 3).
some belief that the angular spreading of wa\'e energy
was not so great and the factor cos-6 in (136) was replaced by coa^d. This was accepted tentati\'ely until
actual measurements suggested directional measurements
which are not so universal but which depend on the wave
The matter is by no means settled.
freciuency (oj).
8.71
Extension of the covoriance transform method.

(luautity E(u,

=

f"'

€„)

(138)^»

n

(144)

the cosine transform of E."
li y = t = 0, the result is the spectrum of a record obtained as a line drawn on the stereophotograph of the
sea surface.
When the wave record is obtained from a
pair of stereophotographs, the elevations tj = r)(.r,;/) are
•so

that

xp is

for a fixed instant of

where

time

(t

=

0)

and the spectrum can

be expressed as
it

=

o)-

COS d/g

and

v

=

co-

sin d/g

number {k = 2ir/\) on
the .r and j/-axes, respecti\-ely, and co„ is a function of both
The amplitudes c„ are random variables such
u„ and
are the projections of the wa\'e

i\,.

that, in

"

This
>)

any element du dv
is

an

(X, y, t)

al)l)revi:ited

= X S

it is

assumed that

notation for

(„,„ COs(i/„,

X

+

V„

tlie
II

+

equivalent expression

W„n

I

-F tmn)

(138a)

used by some investigators. The formulation in (138) is that of
Longuet-Higgins and is retained in this discussion of liis work.

E

{u, V)

t/'(,r,

(27r)-

JJ

y, 0)

cos {ux

+

rij)

dx

dij

(145)

In the foregoing exposition taken from Longuet-Higgins (1957), the directional spectrum was represented in
terms of ])rojections of wa\'e numbers on the x and yaxes.
The presentation was oriented to show that the
measurement of the directional spectrum EiyU, r) lends
itself to determination from a rectangular grid consisting
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and

eciuations (144)

of course, only the

These equations represent,
(145).
mathematical foundation and were

converted to summations of
use.
Twenty lags were used

two
Range

of

X

A

finite intervals for actual
in

the analysis for each of

stereo-pairs.

good deal of

difficulty was experienced, because the
indicated a tilted sea surface.
large
amount of corrective calculations was thereby made
necessary.
The warpage of the negatives also caused
first

A

analj'sis

The completed spectrum, E{u, v), was converted to an E{oi, 6)-spectrum and was integrated with
respect to 8 in order to obtain a scalar spectrum for comparison with the wa^'e-pole data and with the corre-

difficulties.

Neumann spectrum. The final expression for
the directional operator is gi\'en by
sponding

0.25(1

-

7)

+

0.40 7) cos^e

(0.50

-I-

1.288 cos^e
(146)

Curves of
Constant

where
7

= exp[-

{u^U/gy/2]

Quoting from Pierson (Chase, et al, 1957, p. 240):
CO is small, the angular term in (146) becomes

"If
Fig. 85.

0.04 cos- e

Energy spectrum for a sea (idealized) (from
St. Denis and Pierson, 1953)

and j/-axes of a spatial picture of
This method is essentially that derived
earlier and used in the observed sea spectrum detemiination by Chase, et al (1957) which will now be discussed.
The first attempt to measure directional spectra at
sea is known as project SWOP, the complete designation
of which is Stereo Wave Observation Project (Chase, et
of Jines parallel to the x

1957).

Several pairs of aerial stereophotographs of an opensea surface, were made from two airplanes flying upwind
The
in tandem 2000 ft apart at an altitude of 3000 ft.
cameras in the two airplanes were simultaneously triggered 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 interThe grid intersecvals of 30 ft, giving a 60 X 90 grid.
tion points were used both for stereophotogrammetric
measurements and for subsecjuent spectral analyses.
The use of the same points for both purposes was important since the point height accuracy was estimated at
±0.5 ft while the contours drawm at the 3-ft intervals
were accurate to ±2.0 ft.
The spectral analyses were made in terms of wavenumber projections u, v, on the x and ?/-axes, as shown by

1.28 cos^ d

(147)

which shows that the spectrum is more peaked at low
than has been assumed in (136). Conis large, the angular term in (146) becomes

frequencies
versely if oj

the ocean.

al,

+

0.25 -f 0.50 co;

^

d

(148)

which shows that the spectnmi is more e^'enlj^ 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 particuIt is the only instance to
lar set of sea measurements.
date in which the directional spectrum was measured in
an open sea. The organization of the measuring expedition involved a ship

and two

airplanes; joint efforts of

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 reduction, and presimiably, the enterprise was very exseA'eral

pensive.

SWOP

There
leave

is

much

little

question that the methods of

to be desired from the economics

It is hoped that
(time, effort, money) point of \'iew.
the methods of Cartwright and of Barber, which are far
simpler in nature, can be made to 3'ield more information
on the directional parameter of a mnd-generated sea.
8.72 Miscellaneous Investigations of the directional
Alarks (1954) outlined a mathematical
spectrum.

for evaluating the directional spectrum from
stereo-movies of the sea surface. A fast, low-flying aircraft, photographs the sea surface with a stereopho tographic movie camera which effectively records the three-

method

dimensional wave form of a narrow path through the
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waves.

lines are drawn parallel to the direcand points are read on these lines as if the}^

Equispaced

tion of travel

were wave records made as a function of time at a fixed
point.
The«e records are averaged and a mathematical
filter is constructed which depends on the number of
original space records, the distance between them, and
The filter is then tuned
the point reading interval.
angularity 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 directional distribution of waves in the open sea using a .shipborne wa\'e recorder on the RRS Discovery II. The instrument ga\'e a wave record which could be analyzed to
Directional sensitivity was
obtain a scalar spectrum.
obtained by operating the ship so that each wave component (co, 6) was subjected to a "Doppler shift." The
ship was steered round a regular dodecagonal circuit at a
constant speed of 7 knots and wa\'es were recorded for
about 12 min on each of the 12 courses. Cartwright
presented his analytical theory and samples of two sets
Theoreticall.y, a complete evaluation of
of observations.
the directional spectrum E(io, d) is possible, but actually
the statistical variabilit_v in the spectrum estimates is too
great (12-min records are too short) to make such an

The situation is simplified if the
evaluation practical.
spectrum contains some isolated peaks at well-separated
values of w and d which are nf>t lost in the short samples.
Then the mean directions of the dominant wave systems
can be determined.
St. Denis (1957) proposed another method, based on
records to be obtained from several probes arranged along
The row of probes is to be oriented altera straight line.

nately in several directions. St. Denis' anal.ysis 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 experimentally.
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 pendulum). Quoting Barber: "In the experiment, each de-

was a pair of parallel vertical copper strips, partly'
immersed in the sea and fed with 2 volts (mains frequency) from a transformer. The current that passed
was proportional to the depth of immersion, varj'ing
with the waves, and a corresponding voltage signal was
conveyed to the analyzer. Two such instnmients were
hung from a pile wharf at separation of 2, 9, 18 and 27

was to be taken

The theory

of the analysis

was based on the

correlation

coefficient

R.„

= Jj^i"'
—

')

e^P

f^'('«-

+

t'y)]

du dv

(149)

CO

where x, // are the components of the distance between
two points at which water-surface elevations are measured and M, V are the projections of the wave mmiber k
on the X and y-a,xes. The average of expression (149)

long period of time.

In the ex-

Quoting further from Barber (1954): "It was desired
restrict the wa\'e measurements to discrete points
upon a line taken as the ;i--axis. Such results can give E
so long as attention is restricted to waves very near some
to

coo with corresponding wave length 2ir/ko.
It
then appears, to a sufficient approximation, that equation (149) inverts to a Fourier series:

frequencjr

^(A-o, e)

=

Eo

where

=

cos~'m/A-o, the direction of

6

+

sin d

H

c„

(unD

cos

—

(150)

6„)

wave progress

tive to the line of recorders, £"(^0, d)8d

is

rela-

the energy of

waves with number Ao and direction between 6 and d +
and c,„ e„ are the modulus and phase of the complex
correlation coefficient between wave elevations at points
separated by distance 7iD. The distance D should not
56,

exceed

tt/Ao

or half a wave-length.

The

expression

is

no waves have directions outside the
range 0°-180°. The factor sin 9 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 frequencj'-bantl and to produce the pictures in
Its free motions in all azimuths had ec}ual
Fig. 87.
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 moA'ing o\-er 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 wa\'e detectors cau.sed a spot of light to
move on a straight line, ^'ariations of the amplitude
and direction of irregular waves of the filtered frequency
coo 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
valid so long as

principal diameters

tector

feet in succession."

o\'er a

periment a 15-min record was taken for each pair of detectors in succession.
Since a very narrow frequency
filter was used, equation (149) applies to a single wave
number, k = ko.

C =
The

A

and B,

(.4=

-

B-)/iA'-

+

B'-)

(151)

theorj' leading to these results, the design of the

analyzer-pendulum, and the electi'ical network were described more completely in later papers by Barber and
Doyle (1956) and Barber (1957).
The foregoing outline can be completed by two additional quotations from Barber (1954): "Some preliminary experiments ha\'e been made in the Waitemata Harbor, Auckland, measuring wave direction by the correlogram. The photographs in Fig. 87 show statistical relations between wind wa\'es 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-sec waves were dominant; but because the fetch in the
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Fig.

87

Photographs showing

160

150

\20
90
€0
30
Pirection of Trovel (0)- Degrees

88 Distribution of wave energy with respect to
direction of travel relative to line of instruments.

Fig.

Curve

statistical

is

deduced from records
Barber, 1954)

in Fig.

87 (from

phase

relations between waves at points separated by
Attention is
2, 9, 18 and 27 ft along a fixed line.
confined to waves of period near 2 sec (from

Barber, 1954)

the fourth method distinguishes the proper directions of
the waves; the others cannot judge whether the waves
The fourth method
are coming or going, so to speak.
uses as few as six double detectors placed in a straight
line.

wind direction was

than elsewhere, it is not
expected that the curve in Fig. 88 will apply to open
"The E{kn, 6) curve in Fig. 88 was computed
water."
from the last three photographs in Fig. 87. It shows that
nuicli greater

the highest wa^•es 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 metliod has given reasonable
results."

appears that Barber developed the first simple and
methotl for measuring the directional wa^•e
spectrum. By the nature of a mechanical pendulum, he
was limited to measuring the directional characteristics
Sinuiltancous measof waves near a single frc()uencv coo.
urements at several frequencies would be possible, however, by using several electronic filters.
Barber is also the originator of eleven methods for
measuring the directional spectrum in the model tank.
Since these methods speak of specifically spaced detectors
making time histories, certain complications in applicaCertain of the methods may
tion to open-sea work arise.
conveniently be transformed to spatial systems which
It
suggests the use of aerial stereophotography at sea.
is also possible that a fixed network of probes at sea can
be arranged.
The first four methods deal with line arrays of deThey are, in the different methods: a) Rotectors.
tated; h) 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 recoi'ds which is then
averaged and filtered. The first metlK)d is in fact the
temporal analogy of the method of Marks (1954). Only
It

practical

The remaining

.se\'en

methods are correlation tech-

which depend on the geometrical orientation of the
probes.
They require fewer detectors and considerably
less computational effort; the results suffer, as a consequence.
In the words of Barber: "In my opinion, correlation methods are likely to be most useful where they
aim to use comparatively few measurements to find the
Here, they
outline or general character of the spectrum.
are more powerful than in the case of more orthodox
"array" methods.
"For routine analysis in the Model Basin, an 'array'
method would lie best. It could be almost automatic.
If the wave directions lie within an arc of 150°, then
Methods 2 or would serve to give an analysis in about
10 minutes.
^lethod 1 would serve if the waves were in
an arc of 170° and if a long sample were not necessary.
If random waves may come from any direction. Method
4 is neces.saiy, but it calls for a detector both for the vertical and the horizontal water motion.
"It may be worth using a correlation method while the
apparatus for a more routine method is being l.)uilt."
Gelci, Cazale, and \'assal (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 spectrum, E{T, d), in terms
the swell propagation.
of wave jDcriod, T, and direction 6, was j^resented in the
form
nicjues

)!

E{T,

e)

=

f{T) ^{d)

(149)

where
,p{e)

=
=
=

9/4,r
9,'87r

=
=

0.72

if

0.36

if

< < 20°
< < 00°
6*

20°

iie>

6>

60°
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For a

fully arisen sea

=
=

fiT)
'f{T)

9

if r < 0.315C/
209 T'
209 r^exp [-329(7'/L^ -0.315) =
if

T >

It is hoped that ideas for further research will stem
primarily from exposition of the shortcomings of the

]

0.315

U

Research Suggestions

(150)

existing

knowledge which were emphasized throughout

pre\ious text.
Generally speaking, two parallel
directions of research must be pursued:
(a) Development of semi-empirical methods.
(6) A long-range development of rational methods.
the

where the component wave period, T.
the grovuid wind velocity'

density E{T,

d) is in

U

ergs per

is

is

in knots.

cm= per

in

seconds, and

The

spectral

sec.

Present work. There are, at present, two known
attempts to provide further information on the directional-wave spectrum. The Woods Hole Oceanographic
Institution is using Barber's method 1, that of a rotatingThe obline array, affixed to a tower in Buzzards Bay.
ject is to learn more of the characteristics of the direcIn addition similar measurements az-e
tional operator.

8.73

A large amount of ob.servations 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 theoretical

The

methods.

water.

by a spectrum has been
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

tion to measuring the direction of

irregular) seaway.

planned for a fixed tower offshore in relatively deep
Here, open-.sea wa\'es are available, and in addiwave propagation, it
is hoped to learn something of the scaling properties between small and large waves in order to determine
whether sheltered waterways, generating relati\'ely small
seas, are natural test facilities for ship models.

At

the Scripps Institution of Oceanography, swell
at two points near the California

waves are measured
coast.

The

swell spectra result

from waves

tra^'eling

description of a sea surface

the

The discussion of energy Isalance in
Section 3, and the work of ]Munk, Section 4.4, and Phillips, Section 4.2, have also indicated that a spectral concept of the seaway is necessary in de\-eloping a rational
theory of wave growth.
In discussing spectra a distinction should be made between

A

Spectra defining waves as a function of meteorologi-

several thousand miles from the generating areas in the

cal conditions.

stallation along the route of

Additional detectors are planned for inwave propagation to study
further the angular decomposition of waves and their dis-

place, regardless of its causes.

persive characteristics as well.

on board a ship

South

Pacific.

wave attenuation

Trade-wand

effects

on

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, interpreted bj^ St. Denis and Pierson as the cos-S law.
2 Gelci, Cazale, and "S'assal's (1957) evaluation from
swell observations.
The rough estimate of the direc-

given by equation (149).
al, 1957); a directional
by equation (146).

tional energy distribution

SWOP

3
function

is

project's (Chase, et

is gi-\'en

Gelci, Cazale, and A'a.ssars evaluation appears to be
the only one based on statistics of many observations
over a period of se\'eral 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
indicated a broader .spread for high fre-

SWOP

On
quencies and a narrower one for low frequencies.
this basis a plausible hypothesis can be made that a
"j^oung sea" with large ratio of wind speed to wave
celerity, U/c, will have a broad directional spread and
that as U/c ratio decreases, the directional spread will
become narrow.

B

Spectra defining the sea state at a given time and

B

are needed because an observer
has the information to determme
Usually, rather tedious work is required of a
spectra A.
meteorologist before the wa^es 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

Descriptive spectra

rarelj'

state is .seldom defined

smned

by the simple wind conditions

as-

in deriving these spectra.

Development of Semi-Empirical Methods. At the
9.1
time of this writing there are four spectra formulations of
Tvpe A based on independent observations. The}' differ widely both in the indicated rate of wa\-e gi'owth and
Each specin the ultimate spectrum of fully arisen sea.
trum is an empirical evaluation of the observed data
Often extrapavailable to the particular researchers.
The
olation is resorted to, to eke out insufficient data.
demonstrated discrepancies between the different spectra ai'e evidence that a large amount of additional observations is needed.
The magnitude of the discrepancies, however, make it
improbable that a uniA'ersally valid spectrum formulation can be arrived at hy the purely data-fitting techThe ^'arious connic|ue which has been used heretofore.
ditions under which the wave data were measured must
be given more consideration, and, inasmuch as possible,
(juantitatively appraised.

The

three separate

param-

now, wind velocity', fetch, and duration, do
not appear to be adecjuate for une(iui\'ocal spectrum
definition.
A search must be made for other possible
eters used

SEAWAY
The reasonably indicated etfect of air-water
temperature difference should be included in the basic
The effect of
data, rather than left to be a\eraged out.
limited water depth on long wave components may have
Instrumental corrections may have
to be considered.
to be given more attention.
The author doubts, howe\-er, whether a simple empirical data-fitting techniciue 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
factors.

may

more nearly universally valid relationships.
of Hverdrup and Alunk, Section
5.1, was of this type and was outstandingly successful.
So also was the prespectrum work of Neumann, Section
well give

The prespectrum work

Reasonable energy-l:)alance equations can be set
5.2.
up, leaving the values of certain coefficients and parameters 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 deiinitions are a great advance in seadescription, they tend to concentrate attention on a
The dynamic
static concept of energy per unit area.
(energy-flow) concept of the prespectrum work of Sverdrup and Munk, and of Neumann should be blended
with the contemporary spectral-seaway concept.
The semi-empirical approach suggested in the foregoing requires data gathering in a suitable form.
Wave
spectra determined simultaneously for several positions
along the fetch will l)e needed. It will be difficult to
arrange such observations in the open ocean, and the
development of suitable spectrum formulations may depend on small-scale experiments in limited water areas.
A method of scaling to larger ocean waves may be formuThe
lated on a .semi-rational, semi-empirical basis.
necessarily more limited obser\-ations in the open sea
may then be used either for verification or for evaluation

way

of isolated crucial parameters.

Rational Approach. The word "rational" is relEsscnitially all research has to start from a cerThere is, however, a rather defitain empirical basis.
nite distinction between semi-empirical and rational
approaches in their objectives. The semi-empirical ap-

9.2

ative.

proach can be thought of as a stop-gap; the objective is
to arrive at a workable solution as fiuickly as possible,
aiming at the best a\'ailable approximation to the natural e\'ents but not necessarily seeking a profound
understanding of these events.'"
In the rational methods, on the other hand, a substantial understanding of wave generation and wa\'e behavior is sought. There is no desire to arrive at a solution quickly at any cost, rather, emphasis is put on a
thorough investigation of the phenomena iinoh'ed and
on steadfast adherence to the principles of hydromechanics.
The results of such investigations are freer of uncertainties of empirical observations.
*'>
The very u,soful pragmatic activity in .spectral representation
of the sea surface has been a regression in this respect from the presj)ectrum work of Sverdrup and Minik and of Neimiann.
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The phenomenon of wave growth under wind action is
a complicated one and research must l)e directed to uncovering its many facets before the whole solution can be
formulated.
Bowden's work cited in Section ;j.l and the
work outlined in .several sub.sections of Section 4 are on
isolated facets.
The evident weakness of the current activity is the lack of a comjirehensive guide which would
indicate the proper place
ity of the results

would

facets.
While the validdepend on improved knowlsuch a guide would be of great
ff)r all

still

edge of individual facets,
value in organizing and channeling miscellaneous activities.
Apparently the only attempt in this direction
was made by Neumann in his prespectrum wcjrk. Section
5.2 and Appendix B.
De.spite the fact that his study has
for its prime objecti\'e arrival at a directly usable semiempirical 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 overburdened with detail considerations.
One difficulty in developing a rational wave-growth
theory is described by the following free translation from
Neumann (195-4) attributed to A. Defant: "the unsatisfactory 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 cooperative developments of ob.servations and theory would
here, as everywhere, be very beneficial."
Since it is extremely difficult to find an indi\'idual posse.ssing all required 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-le\-el mathematics.
The multiplicity of the facets
of the problem permits utilizing theoretical work of all
degrees of complexity, and calls for a wide \-ariety of experiments and obser\'ations.
Only one thing is imiversally re(|uired; 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-flmiie experiments.

mary ol:)jecti\'e there has usuall.v been

The

pri-

to e\'aluate the tan-

gential drag force of a wa\'y 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 experiments the wind speed-to-wave celerity I'atio, U/c, is
usually too high and the experimental wa\'e steepness
H/X is also too high in comparison with the natural largescale phenomena.

The

empirically obtained spectra formulations,

the

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

theoretical

in

limited water areas are of

little u,sefulness.

E.s.sentially
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work should now be repeated with proper regard for the new theoretical requirements. As a minimum recjuirement, the obser\'ed waves must be presented in spectral form. Consideration must be given
to short-crestedness; i.e., to the directional spectrum of
There are indications that this may strongly
wa\-es.
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 affected by the degree of short-crestedness.
Velocity-gradient measurements in the air flow should
be made simultaneously with drag mea.'^uremcnts by

Comprehensive measurements in large sea wa\'es are
to make and are expensive.
Wind-flume experiments have the wall effects on water wa\'es and on
air flow which are tlifl^cult to evaluate with certainty.
While both of the.se acti\ities should be continued, it appears to the author that the most rapid progress can be
made by ob.ser\-ations in moderately large but limited
water areas and in pred(.)minating wa\'es of, say, 10 to 30
ft long.
The geography of the United States offers many
opportunities of locating and utilizing such areas. The
water mu,st be sufficiently deep to avoid wave distortion,
yet shallow enough to permit installations of poles or
towers carrying measuring instruments. Measurements

means

of water-surface inclination.

.should be

of such

measurements as an

all of this

Although the use

alternati\'e

method

of wa\'e-

drag determination has been known for long, the recent
work of Miles and Phillips has intensified interest in
them for a more complete in\'estigation of air-flow properties,

including the evaluation of air turbulence.

Corresponding measurements of water tiu'bulence also
may be useful in evaluating the transfer of energy from
wind and its dissipation in wa\'es. 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 wa\'e energy and the
turbulent energies of aii' and watei- which are cau.sed by
viscosities.

Condensed

List of

Wind-Flume Experiments, as describetl in Section
and more comprehensi\-e measurements taken as outlined in Section 9.2. As a minimum,
1

measurements at three stations along the flume are
needed to pro\'ide a possible means of separating analytically the sinuUtaneous 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 provide initial waves identical with the wind waves previously found at the leeward beach without generator action.
SuflScient flume height is needed to assure a normal wind-\-elocity gradient near the water surface.

Wind-Tunnel Experiments

sliould be

made on wave

surface drag, similar to Motzfeld's, Section 2.3, but with
short-crested waves and ol)li(iue long-crested waves.

Co-ordinated Wind-Tunnel and Wind-Flume Ex3
periments.
It would lie desirable to have correlated
wind-tunnel and wind-flume experiments, where the
wind-tunnel model corresponds to the wave structure
instantaneously recorded in the flume (refer to Sections
2.3

and

2.4).

Particular care

" Approximately
monograph.

in the

must be taken

order of presentation

in

made simultaneously

the wind direction,

at several stations along

and the simultaneous recording tech-

must permit correlation analy.ses. This is particuimportant for the e\'entual separation of the energytransfer problems from those of energy dissipation.
Care should be taken in choosing a site so a.s to assure
freedom from swells arriving from elsewhere and from
wa\-e reflections.
The results of observations should be
used in de\-elopment of semi-empirical and rational relationships, but it should not be assumed that small-scale
nic|ue
larly

seas

are

directly

equwalenl

to

ocean waves.

The U/c

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/c ratios.
ratio

Suggested Research Topics^

2.3 .shoulil be repeated

2

difficult

to repro-

the body of the

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 because the drag of a sharp-crested wavelet can be expected to diminish rapidly with obliciueness 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), l:)ut with a complete
record of wave and air conditions. Section 9.2, are
recommended. The.se 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
feasibilit.v and coiu'enience 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
u.sed in addition to the two at the beginning and the end
of a fetch.
The end stations must be located at rea.sonable distances from the shore in order to record sufficientl.v developed wa\-es at the beginning,-'- and to avoid

" The author can see Httle practical usefulness in the study
wave initiation. In his opinion, Roll's (1951) observations

of
of

waves, which were irregular from the beginning and traveled in
oblique directions to the wind, exhaust the \isefulness of initial
wave study. The author realizes, however, that many oceanog-
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roiitaniination

by

reflections

and by water shallowness

at
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relationships in a tm'bulent fluid flow in evaluating the
in waves liy internal (turbulent) fricand extending the work of Bowden, Sec-

The need for a complete air-flow
the end of the fetch.
description (velocity gradient and turbulence) at each
Measurements of
station must again be emphasized.
water turbulence and mean drift \-elocities are also de-

energy dissipation

sirable.

size

5

Manual

of Applied

Boundary Layer and Turbulence

Theories. It is unlikely that either practical oceanographers or naval architects will become fully conversant
with all aspects of turbulence or boundary-layer theory.
It is desiral)le that a brief and simple exposition of these
The primary oljjectives of such
theories be prepared.
exposition are to further intelligent planning of wavepropagation experiments and to guide the analysis of
observed results (not the development of advanced
Only relevant sections of the basic theories
theories).
needed in handling practical jirdblenis are to l)e discussed.
Effort should be
6 Boundary Layer Over Waves.
applied to establish air boundary-layer characteristics
over sea waves of different types. The sea types can
probably be roughly characterized by ///X and c/U ratios, more completely by Voznessensky and Firsoff's
spectrum and most completely by the actual spectrum of
The project may consist of a surthe measured wa\es.
vey of published data (further expanding the work of

Ellison, 1956) as well as analyses of the tlata of projects
suggested under 3) and 4) (refer to sections 2.7, 4.2 and
4.5).

Energy Dissipation in Waves. A poor understanding 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) P^nergy dissipation
by internal friction, and (6) energj' dissipation in waveThe first was ciuantitatively, although quite
breaking.
7

inadequately, investigated in the classical theory (Appendix A, Section 4.4 and as described in Sections 3 and
The second appears to exist now merely as an
3.1).

The whole

subject is complicated and several
idea.
separate facets jarobably could be in\-estigated in difSome of these will be listed in the folferent projects.
The author believes that an evaluation of the
lowing.

energy transmitted l>y wind and the energy dissi|3ated in
water may be obtained by analysis of the data olitained
from projects 3) and 4) for several sections of the fetch.
This iDelief is based on the apparently different rates of
growth of the two energies with wave steepness and with
The effects of the two different
absolute wave size.
functions in the algebraic summation may be estimated if
This
their sum is evaluated at several fetch values.
empirical separation of the two functions will be greatly
facilitated and made more certain by prior de\'elopment
of theoretically estalilished forms of these f\nictions.

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.

tion, verifying

tion

The

3.1.

objective

is

to derive functional

tionships between energy dissipated

and proportions

of

rela-

by waves and the

waves and then to generalize the
waves to a wave spec-

relationships found for harmonic

trum.

Water Viscosity in Waves. It is generally
that the importance of the fluid viscosity increases
with increase of the velocity gradient in a fluid flow.
9

Effect of

known
The

viscosity

is

significant only

when the

velocity gradi-

ent is large, usually in limited regions. A project can
be formulated in which the velocity gradient, known for
the orbital water-particle velocity in harmonic waves, is

by statistical methods to apply to wave
Both long-crested and short-crested waves must

generalized
spectra.

be considered. The results of this evaluation can be
applied to the prolilem of energy dis.sipation in two ways:
Expression for the prol)ability of exceeding arle\-els of water-velocity gradient can be established.
The energy dissipation by viscous forces can be
expressed in terms of \-elocity gradient by an assumed
(sufficiently broad) functional relationship with undetermined parameters. The parameters are to be determined later by analysis of the empirical data obtained in
(a)

bitrary

project 7).
{b) In the narrow regions of high-\-elocity gradient the
Xavier-Stokes' equation can be applied neglecting inertial forces and solving for the pure viscous flow.
This
may permit (|uantitative evaluation of the relationship
between velocity gradient antl 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
b.y applying the resultant functional relationships to the
empirical data of 7).

Viscous Conditions at Wave Crests. The projunder 9 can be carried out with particular
emphasis on the conditions at the crests of waves (in10

ects outlined

cluding wavelets) of

maximum

steepness.

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 conipute the wave energy in a wave spectrum by
11

a conventional linear superp(jsition 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 characterized 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 rejiresent the energy lost in breaking
waves. Cox and jMunk's observations, Section 4.3, may
be used as empirical information on the increased steepness of the leeward slopes of the wind-driven waves.
12

Towing-Tank Measurements of Wave-Energy
wave steepness are recom-

Dissipation as a function of
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The tank should be of
good wave generator,

mended.

rectangular cross sec-

waves
of low steepness progress without appreciable change of
form and amplitude. A good absorbing beach must be
pro\'ided so that progressive waves are not contaminated
by beach reflection. The wave generator should be programmed to make irregular waves with a spectrum not
The wa^'etoo different from a typical sea spectrum.
energy spectriun is to be measured at two or more stations in the part of the tank ^^'here the good conditions
called for above obtain.
It can be expected that the
tion with a

so that regular

difference in the spectral energy at the different stations

grow as the steepness of the generated wa\'es is increased 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
neces.sary in the experiments.
These towing-tank experiwill

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
sults

Energy Dissipation
of

project

in Irregular

should be generalized to
of the data of project 9).

Waves.

The

re-

waves
sbort-crested waves by means

obtained

12)

in

long-crested

Energy Transmission from Wind to Waves. None
work on the transmission of
energy from wind to water has presented a complete
solution but each has been an advance in a certain direcAll of these can be listed, therefore, as good
tion.
directions of further research: The work of
14

of the heretofore published

(a)

Eckart,

Section 4.1,

and

Phillips,

Section

4.2,

based on the random fluctuations of air pressures in a
gusty wind. ]\Iore ofiservations 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 wa\'e form and the wind \'elocity at anemomImprovement of the pressure-distribution
eter height.

function and introduction of wa\'e-facet velocity are sugLonguet-Higgins' (1956, 1957) work will be
gested.

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
possessing a \'elocity gradient.
Consideration should be given to variation of the velocity-gradient profile with location along the wave contour

solution

in

for

order to

flow

air

make

the solution applicable to waves of sigThe shape of small, usually sharp-

nificant steepness.

crested, wavelets carried

by

larger wa\'es

is

go\'erned

by

the algebraic difference between the gravity acceleration

and the acceleration

of the large-wave motions.

leads to expectation of steeper wa\'elets at the crests

This

and

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.
less steep

These should be measured on rigid models in wind tunnels
and also in observations of large natural waves.
Air-Velocity Profile Measurements. More meas15
urements of the air-velocity pnjfiles over waves are
needed for practical implementation of Miles-based projects.

General Remarks on the Pruhlem of Wave-Energy TransIt should not be assumed that only mathematically complicated work such as Phillips' and Miles' is
\-aluable.
Useful results can be expected at all le\^els of
simplicity or sophistication.
Generally speaking, complex 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 o^erburdened by details regarding
any one aspect of the problem. Although work on refined and sophisticated solutions must lie piu'sued in order to gain a more complete understanding of the phenomena, 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 research effort should also be applied to simpler and
broader approaches.
16 Combined Theory of Wave Generation by Random and Wave-Correlated Pressures. The three research projects covered under 14) apply to several individual 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 turbulence and the effect of the wave shape on the airpressure distribution are considered.
17 Simple Evaluation of the Wind-Energy Transfer.
A relatively simple e\-aluation of the energy transfer from
wind to wa\'es can probably be obtained bj' neglecting
the drag of waves of low steepness and considering only
mission.

the high drag coefficient of sharp-crested waves (Motzfeld. Section 2.3;
Johnson and Rice, Section 2.4) together with the distribution probability of these waves

and a suitable

statistical

definition of the

mean

facet

not be forgotten that Motzfeld's
data apply to long-crested waves, (project 2). Calculations can be made for typical wave spectra.
velocity.

18

It should

Directional Spectrum of Wind-Generated Waves.
of Phillips, Section 4.2, should be extended to

The work

provide a clear statement of the directional spectrum of
generated waves. Certain information on the directional distribution of waves was given in the work of
Eckart.
19

A Combined Hydromechanic
needed to

and

Statistical In-

the generalization to
short-crested waves of the energy transfer from wind
Matheinitially formulated for long-crested waves.
matically, short-crested waves are described by super-

vestigation

is

clarify

SEAWAY
position of long crested ones.

In making

fiiis

super-

assumed
short-crested wave form is ex-

position, the air-pressure coefficient cannot be
to

remain constant.

A

pected to have a lower pressure coefficient than the longJeffreys indicated a ratio of 1:2.
crested one.
This
feature appears to have been neglected by Miles, Section
The usual spectral definition of the energy j)er unit
4.5.
sea area does not appear to be sufficient in questions of
It appears to be necessary
energ}^ transfer from wind.
to consider the flow of energy, i.e., energy transport,
which occurs not only in down-wind but in oblique diThe mean transverse-energy flow can
rections as well.
be neglected in an infinitelj' 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 tra\-eling in wind direcThe action of a cyclonic wind
tion were considered.
should also be investigated. In this case, at each increment of the fetcii, 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 prol)lem presumably can be
approached by a suitable extension of any of the methods

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 generation by
cyclonic wind are desirable in connection with project
The scale of experiments shcjuld be .sufficiently
20).
large so that gravity waves can be generated and capillary waves could be neglected.
Cyclonic wind can be
provided by an upward suction through a bell-mouthed
duct placed at a suital)le cUstance above water. This is
to be supplemented by a few guide vanes or jets at the
listed

outer periphery

in

order to initiate the spiral air flow.

This project can lie considered as an extension of Wiegel,
Snyder and Williams' (19.58) work.
22 Additional Wave-Spectra Measurements. There
a wide disparitj- among the various spectra discussed
in Section 6, both in regard to the indicated rates of wave
growth and in the ultimate wave characteristics. Additional ocean-wave measurements and analyses are recommended, under ideal conditions corresponding clo.sely to
the conditions of spectrum formulation. The visual
observation-data analysis of Walden, Section 6.52
should be repeated using new w;ive data, instrumentally
measured and spectrally analyzed. This large project
requires, of course, prior completion of several lesser
is

projects to be outlined.

At the time
of Shipborne Wave Gage.
Tucker's (11)526, 1956) shipborne wave gage
appears to be the most suitable for ocean-wave recording
23

Theory

of writing,
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on weather-observation ships. A theoretical analysis of
its performance was given by Pierson (0-1957), 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 imll 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
iiigh-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 shovild

guarded against.
24 Calibration of Tucker's Gage installation on each
ship against an independent stantlard appears to be an
evident requirement.
It has not heretofore been practical because of the lack of such a standard.
The
problem may be solved by installing wave gages on
suitable oft'-shore structures (Texas Towers) against
which a ship's gage can be calibrated.
25 Installation and Routine Use of Tucker's Gages
on all w('ath('r-obser\'ation ships is recommended.
26 Shipborne Analyzing Equipment. In observations made heretofore with Tucker's gage, analysis of
the records was subsecjuently made on shore.
The collection of a large amount of wave data (and ultimately
synoptic oV)ser\'ations) recjuires that analyses be made
aboard ships and the spectral wave description be radioed
in a compact form.
The development of suitable, simple,
compact and rugged analyzing equipment for routine
shipborne use is therefore needed. Application of the
rapidly developing transistor techniciues appears to be
Ije

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 additional de\'elopment, .such buoys may be adapted to
measuring the directional-wave spectrum.
Developments 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 he set out

and

sul)st'(|ueutly retrie\-e(l.

28 Installation and Use of Wave-Measuring Devices
on Off-Shore Structures (Texas Towers) is recommended. By extending the techniques developed by
Barber (Section 8.72), the determination of a large
number of directional wave spectra is feasible and should
he 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 a\'oided.

Howe^'er, 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 recording must be matched, however, to the analyzing equipment to be used. Data are needed on a statistical basis
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of the type permitting mass analj^sis with
The \'arialMHty of sea conditions
the minimum of labor.
indicates that simphcity of data collecting and analyzing
In parfar outweighs the desire for extreme accuracy.

and must be

wave-energy distribution can be measured in
ordy a few discrete directions. Gelci, Casal6, 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 Spectrum 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 intuiti\'e analysis f)f a few wave records
A formal spectral analysis of
(see legend in Fig. 36).
ticular, the

In particular, this would
the evaluation of the constant C in
Neumann's spectrum formulation, Section 6.23.
(1955), Section 6.11, wave data
(6) Darbyshire's

these records

help to

recommended.

is

clarify

represent the only large collection of open-ocean instrumental wa\'e measiuements a\ailable to date. Reexamination of this material is recommended with par(i) verifying wind velocity over relevant
by re-examining meteorological conditions; (ii)

ticular regard to

fetches

the necessary (theoretical) corrections of
Tucker's gage indications, particularly for high-frecjuency
waves; (iii) making independent spectral analyses, and
(iv) experimenting with replacement of Darbyshire's
empirical formula by alternate, possibly more sophistiIn particular it is desired to bring
cated, formulations.
out more clearly the effects of fetch length and of wind
Also, it is desirable to establish the spectrum
duration.
form for a sea in the development stage, following the
example of Gelci, Casale, and Vassal (Sections 6.3 and
including

6.4;

Fig. 45).

The collection and analysis of open-ocean data
suggested in project 22) probably will take considerable
Meantime appreciable progress can be made by
time.
Spectral Analysis of Observations in Restricted Water
Areas of various sizes and at \'arious wind velocities,
30

A

oljjective of this analysis
the constant defining the spectrum
area is truly a constant or whether it depends on other
fact(jrs, particularly on "wave age" (i.e., the ratio of
predominating wave celerity to wind velocity), verifying

project

14).

particular

would be to find out

the conjecture

if

made by

the author in the fourth para-

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 velocIn
ity and a specified simple fetch and duration.
particular, the descriptive spectrum must have flexibility
in specifying the dominant wave period.
{b) Preparation of a photographic album of various
spectrally analyzed .sea conditions for guidance in visual
sea observations.^' The photographs can be labeled
and classified by the three ^'oznes.sensky and Firsoff
parameters.
(c) Establishing relationships among the actual spectrum of waves, the ^'oznessensky and Firsoff three-parameter spectrum, simple measurements of wave heights
and periods on a wave record, and the visually observed
This can be acsignificant wave height and period.
complished by theoretical considerations based on
mathematical statistics, in conjunction with the spectral
evaluation of wave records (in subprojects a and b).
The primary objective of this project is to enlarge the
collection of wave data reducible to spectral presentation, which is needed in the prediction of ship motions.
(d) A special study to bring out the physical significance of the sea irregularity parameter a in Voznessensky and Firsoff's formulation. There is some evidence
that in a "young sea" (large U/c) both the scalar spectrum and the directional energy distribution are broader
than in the case of a fully developed sea. This observation apparently permits the grouping of period irregularThe
ity and of short-crestedness under one parameter.
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 wa\'e 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

Furthermore classifying a large number of
reported spectra presents a problem. It does not appear to the author that it will be practical to report the
complete spectra. The spectrum forms most often observed may be reported with sufficient accuracy by the
irregular.

graph of Section 6.23.

three Voznessensky and Firsoff parameters which also

31 Development of Descriptive Wave Spectra, SecThe dcwlopmcnt of a compact description of a
tion 6.6
This should be suitable for
sea surface is recommended.

provide a simple means of wave classification. The less
fieciuent 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 Components. The spectra discussed in Section 6 are macroThey give information
scopic descriptions of sea waves.

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 \'oznessen.sky and Firsoff's
spectrum. Section 6.6. Additional work connected with
it

may

consist of

Evaluation of the three parameters for certain
spectra of measured waves at sea, such as, for instance,
Walden and Farmer's, Section 6.53(5). Attention
(a)

on waves
" This

sufficientlv

album was advanced at the
1958 meeting of the .Seakeeping Characteristics

idea of a photographir

August 6 and
Panel of

long to be significant for ship

7,

SNAME.
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motions and for swell forecasting. The resolution power
of the instrumentation used in their measurement and of
their spectral analj^sis

is

not sufficient to descrilie small

wavelets by which the sinface of the larger waves is
These spectra, therefore, appear to he of
covered.
doubtful value in problems of energy transfer from wind
This transfer appears to be primarily deto waves.
pendent on the small sharp-crested waves. Projects on
the measurement and analysis of these small waves are
therefore recommended as a prerequisite to imderstanding the wa\'e growth under wind action.
How small is "small" in this comiection is not known
now, and it is probable that it is defined not by absolute
It
value but in relation to the total spectrum energy.
appears to the author, howe\'er, that waves in the gra\'ity
range are involved here, and one should not artntrarily
identify "small" waves with capillary waves.
A study of properties of the high-frccjuencj' end of the
wave spectrum by Phillips (1958) can be mentioned as
an example. The prospective investigator should be
warned that the facet \-elocity 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 \'elocity in any spectrum.
It also should be remembered that the very high-frequency ends of all of the spectra listed in Section 6
represent an extrapolation of the empirical data, and

are therefore not

relial)le.

of very high-frequency

Pending actual measurement
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 subprojects 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
In particular, the
usual wave measurements are made.

small wavelets can be measured with I'espect to a fairly
large buoy riding on larger sea wa\'es which in turn are

recorded
(b)

b}'

plication to

(1958)
(c)

wave

Cox and Munk's, Section

4..",

by apand Schooley's

slope spectra.

Carrying out preliminary work on the wind-energy

transfer to
(14-6)

accelerometers.

^'erification of Phillips' (1958) formulation

but

waves using spectra as indicated in project
with a hypothetical spectrum possessing

Phillips' high-freiiuency 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

Sverdrup and Mimk and
small waves to large ones.
Neumann (prespectrum) have shown that waves must
grow in length in abs(_irl)ing the wind energy since they
cannot grow indefinitely in height. The detail mechanism by which the small waves are transformed into large
ones is, however, not known. Efforts to formulate and
to demonstrate a suitable theory arc recommended.
The energy transfer from wind appears to depend on

87

In comparison with these,
the action of small waves.
the long waves of moderate sharpness and approximately
trochoidal form have \'ery small abilit.y to absorb wind
The theory of large-wave growth must apenergy.
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
tanks.

reverse problem also has been observed in towing

Sometimes an apparently

i-egular

after running through a certain distance,

is

wave

train,

transformed

wave pattern containing components of
higher freciuency than the original waves.
35 Manuals of Applied Mathematical Statistics. The
introduction of spectral tlescriptions of waves and ship

into an irregular

much

motions brings about the need for knowledge of mathematical statistics.
It can hardly be expected that pracoceanographers, ships' officers, and naval architects
have the time and preparation foi- a profound study
of this subject.
It is recommended, therefore, that
short and simple texts on the relevant aspects of mathematical statistics be prepared. The text should have
direct practical use as an objective, and should avoid
theoretical discussions beyond those immediately needed
tical

will

understanding the practical ])rocedures. Tho.se engaged in research refjuiring a deeper theoretical insight
would be directed to the many existing textbooks and
The notation
articles on a higher mathematical level.
and expressions familiar to oceanographers and naval
architects should be used as far as possible, and the unfamiliar terminology of the specialized statistical texts
for

should be avoided. The text should preferably be arranged in a graded form, starting with the simplest possible use of mathematical statistics in oceanographers'
and naval architects' pi'oblcms, and progressing to the

more elaborate

ones.

Provision of Recording and Analyzing Facilities.
The practical application of the spectral C(jncepts of the
sea surface reciuires widespread use of suitable recording
and analyzing equipment. Heretofore, the work in this
field has been carried out only on a pilot-research basis,

36

making use

of the

few a\-ailable computing centers and

tedious manual measurements of
various records. Significant progress in practical utilization of the modern irregular-sea concepts depends to a

often

resorting

to

large extent on widespread availability of suitable re-

cording and analyzing equipment. The need for .shipborne equipment has already been mentioned under
project (26).
Suitable e(iuipment 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 individual 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
It is,
the forms of reported results will hinder progress.
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 unuecessaiy complications and costs, private industry maj^ be able to produce the equipment in quantity.
Simplicity, reasonable universality, and low cost are es-

much of
come from many

sential, since

to

two broad types

of

is

expected

In

general,

the valuable research
small

laboratories.

equipment are visualized:

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 computing machines. This equipment is particularity appropriate for small laboratories connected with uni\-ersi(a)

ties

or other institutions possessing high-speed digital

computing machines.

The author

meaning

of statistical confidence limits in application to

work of mathemaand oceanographers or naval archi-

practical problems requires the joint
tical

statisticians

tects.

Instrumentation for the Measurement of DirecWave Spectra. The need for measurement of
wave directional spectra on a ciuantity. 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, howe^'er, as an
independent project. To date. Barber's methods appear
to be the only ones suitable for mass collection of data.
Barber proposed se\'eral methods, but only one of these,

38

tional

the correlation one, was outlined in some detail in Section 8.72 where references also were gi\-en to all of Bar-

A certain rather ol)\'ious development of
Barber's correlation method is needed for the collection
of the data suggested in project 28)
ber's papers.

the most rapid progress in
research in oceanography and naval architecture will be
made if the analj^zed test data could be available to a
researcher while the physical obser^'ations are still
The electronic filtering technique
clear in his mind.
belie\'es that

under a) and recommended for project 26) gives
promise of such a rapid anal,vsis. B}^ u.sing transistor
techniques it also gives promise of a compact and rugged
equipment suitable for use on location in natural-wa\'e
listed

observations.

The author realizes that recorders, digitizers, and
analyzers have been developed by \'arious laboratories
and that many electronic components are available in
Nevertheless, no complete, compact
the open market.
and workable instrument package appears to e.xist, and
the cost and the needed specialized knowledge severely
limit the activit.y in this field.
37 Clarification of Confidence Limits. The confidence limits of spectral analysis are defined with respect
to certain, rather narrow, filters of the digital anal.vsis or
When these limits are given in the
electronic devices.
literature, as for instance in Fig. 71, it is often difficult
to find the frequency band widths to which they apply.
Furthermore, these particular freciuencj' 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 random sea conditions. Finally, there appears to be some
confusion in the literature between expressing the confidence in terms of wave-record-measurement subdivision and in terms of wa\'e lengths a\-ailable 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
For
the objective for which the spectrum is to be used.
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),
tabulation of such conor the mean wave period.
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

A

(a)

The directional spectrum should be obtained for
wave frequencies.
The variability of sea conditions, demonstrated by

several
(b)

Tucker, Section 8.44, requires that measurements for all
Also it would
frequencies be obtained simultaneously.
be desirable to obtain simultaneouslj' the records for
se^'eral pairs of gages needed for correlation analysis,
instead of the consecutive measurements used by Barber.
It appears to the author that available electronic techniques 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 anal\'sis to be made later;
(b) the multiple record should be passed alternately

through se\'eral frequencA' filters, yielding several singlefrequency multiple-gage records; (c) each single-freCjuency 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 randoml.y distributed twodimensional correlation function, ecjuation (149), would
be projected on the oscilloscope screen and photographed (e) the photograph for each frequency would be
interpreted in the same way as Barber's photograph,
;

Fig. 87.

be emphasized that sea-surface variabilit.y
unnecessary to describe in excessive detail a

It should

makes

it

spectrum from a

single observational run.
a statistical concept and the typical
spectrum is to be obtained as the mean of many individThis being the case, an excessive number
ual records.
of gage pairs and of calculated wave directions should be
It appears to the author that four pairs of
avoided.
gages and four wave directions will be sufficient.

directional

The spectrum

is

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 waveIn the
acceleration measurements by floating buoys.
latter case the use of telemetering equipment will be required.
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39 Directional Wave Spectrum Measurement From
Ships at Sea. Apparently no method of measuring tlie
directional wave spectrum on ships has been proposed
Nevertheless, effort sliould he applied to this
to date.
problem.
40 Energy Transport in Irregular Waves (Section
The static concept of the wave-energy spectra
8.8).
may not be adequate in problems of the energy transfer
from wind to waves. Thought nuist be given to the
mathematical and physical conseciuences of the energy
Defined with respect to
transport by irregular waves.

harmonic-wave components by the

classical theory, the

should be generalized by
The work suggested by this project
statistical theory.
can be considered as a further development of LonguetHiggins' (19J)6, 1957) work with particular emphasis on
flow (or transjiort) of energy in \'arious directions.
41 Waves of Extreme Steepness and Their ProperIn the analysis of danger(.)us ship stresses it is
ties.
important to know the ma.ximum steepness of ocean
waves of various lengths. A maximum height-to-length
ratio of 0.14 and a minimum inehuled angle of 120 deg
at the crest are indicated by classical theory (Section 3.2
A minimum
of Appendix A) for simple gravity waves.
included angle of 90 deg is indicated (Taylor, 1953) for
standing waves.
energy-transjiort

(o) Thefiretical

concept

research

is

needed to establish the

mean wave height for shortConcei\ably, 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.
(6) Ship-stress analysis requires not only knowledge
of the wave steepness as a function of wave length but
The methods
also of the pressm-e distribution in waves.
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-

maximum

steepness and the

crested irregular waves.

tion of pressure distributions in wa\'es of limiting steepness is therefore reconimended both for long-crested and

While the problem
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 speakDevelopment of a
ing, is valid only for very low waves.
nonlinear statistical wave description is needed to repreThis
sent the waves approaching limiting steepness.
project consists of: (i) the basic de\-elopment of nonlinear

for short-crested irregular waves.

may

methods and

(ii)

In defining the

their application to typical sea spectra.

latter,

Bowden's, Section

3.1

Umitation of

wave steepness by the balance of the energy received
from wind and di.ssipated in waves and Phillips' (1958)
definition of sharp wave crests by the condition that

the

= —g may

be useful.
Expressions for the wave slopes are available in the
These,
statistical work of Pierson and Longuet-IIiggins.
rj

(d)

89

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 lietwcen large wave slopes as observed and as
Wave steepness appears to
derived from linear spectra.
be connected with wave age, c/U, so that small-scale
data, as in Cox and Munk's, Section 4.3 sun-glitter measIt
urements, are not applicable to the present project.
must be based on full-.scale storm conditions.
42 Shape of Wind-Driven Waves. The sliape of
wind-driven storm waves may l)e 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 theoretically.
(b) Empirical e\'aiuation of tlie increase of the observed leeward slopes of storm waves over the slopes predicted from linear spectra.
(c) Empirical modification of the descriptive spectnun
formulation (such as Voznessensky and Firsoff's, Section
6.6) to generate an unsymmetric wa\'e form.
43 Restricted-Water Waves. Increa.sed 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
Theoretical and
the cause of certain ship failures.
empirical studies of the properties of these wa\'es are
desired.
It is necessary to know the pressure-distribuThe
tion pattern in these waves as well as their forms.
increase of sea severity near steep shores (for instance
It can
in the Bay of Biscay) is well known to mariners.
generally be attributed to the standing-wa\'e system
caused by wave reflections from shore, but a more thorough quantitative investigatif)n of the wave properties
is

needed.

The

Natural and Ship-Wave Interaction.

44

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

can be cited:

of interference-caused wa^'es
«)

Interference of the following sea with the trans-

verse stern wa\'e of a ship.

ing of a large

This

wave over a

may

lead to the break-

ship's stern

(Alockel,

3-

1953).
6)

beam

Interference of a ship's
seas.

The

bow waves with

obliciue or

interference breakers can often he seen

over a large distance in the directions of the oblique liow
and stern ship waves. This interference often increases
ship wetness and may be dangerous for a ship's superstructure.
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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= Jeffrey's sheltering coefficient (Section 2.1)
= wave age, i.e., the ratio c/V
= tangential-drag-force coefficient; y = Cd*/'2
S = an increment
= phase angle
e = ]iarameter characteristic of a spectrum's broad-
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f
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p
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T

ness (Section 8.0)

wave

V it)

T

ordinates

elevation;

of

wave record
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measured from mean level
wave-component propagation with
respect to predominating direction
= spread of wave diri'dions (Cox and Munk,

X

= wave

=

B

\p

(.r,

;/,

t)
01

direction of

a

a
(Tr

Section 4.3)

"u

= molecular viscosity
= turbulent viscosity
= kinematic viscosity m/p
= water density
= air density
= tangential drag
= time lag in s])ectral analysis
= three-ilimensional correlation function
= circular frequency = '2w/T = '2wf
= standard error
= total wave slope
= cross-wind wave sloj)e
= up/dnwii wind-wave s'ope

length
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CHAPTER

1

Hydrodynamic Forces

2

is a good example of a simple forced
motion is described by a linear differc(|uation of the second order

low, long wa^-es

Introduction

oscillation.

Chapter 2 deals with definition and evaluation of hydrodynamic forces acting on the hull of an oscillating
ship in waves.
The oscillating motion of a ship will be
discussed in detail in Chapter o.
However, the forces
and motions are so closely interconnected that a complete separation of these two subjects is not possible, and
a certain minimum information on motion has to l)e included in Chapter 2 as well.
The exposition given in Chapter 2, as indeed in all subsecjuent chapters, follows the policy outlined in the Intro-

duction to the Alonograph (pages W and \"). An attempt
has been made at a critical summarj^ of the existing state
of the art.
It is expected that the reader will be stimulated to further research by the realization of the scope
and the shortcomings of present knowledge of the hydrodynamic forces acting on a ship oscillating in wa\'es. A

summary

of suggestions for research will be pro\-ided at

the end of the chapter.

Because of the close relationship between the subject
matter of Chapters 2 and o, the bibliography for both
is placed at the end of Chapter )i.
The I'eader is asked
to refer to it whenever the reference gi\-es only the year
of publication, thus "Davidson and Schiff (194(1)."

When

a reference

is

made

to other chapters

it is j3 receded

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 \'elocities relati\-e to the hull is created when a ship oscillates in waves.
By x'irtue of the Bernoulli theorem, these water velocities
and their rates of change cau.se 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, x,
and z, and the components can be integrated over the entire area of the hull
so as to gi\'e the total resultant force in each of the.se directions.
The force components also can be multiplied
.(/,

by the distance

to the center of gravity of a ship,

and

gi\'e the total moment about each axis.
has been found that once the detailed derivation has
been carried out, the actual evaluation of the forces often
can be accomplished l)y 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.
Xevertheless, the basic concepts and terminology are defined in the same way as for a simple
harmonic oscillator. A can buoy in heaving motion in

integrated to
It

—

—
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ential

Its

as

+

65

-|-

=

cz

F,)

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 ma.ss m of the buoy itself plus
a certain imaginary water mass rn^, the acceleration of
which gi\'es a heax'ing force ecjual to the vertical resultant of all fluid pressures due to actvial 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^ = mil + k\),
where k, is the "coefficient of accession to inertia" in the
\'ertical plane.
The total mass represented by the coefficient a is known as "apparent mass" or "\-irtual mass."
The second term bi denotes the force proportional to
the instantaneous vertical velocity dz/dt.
The coefficient h is known as "damping coefficient" for a reason to

be discussed shortly.

In most cases

it is

assumed

to be

often not constant and in application to ship rolling, for instance, it often has been
In reality

constant.

it is

taken as depending on velocity s(|uared i- as well as on
i.
However, a satisfactory' description of many forms
of oscillation in nature is given bv the linear form of
Ecjuation

( 1

The term
and

)

cz is

coefficient c

the force proportional to displacement,
as the "restoring force," while the

known

usually

is

is

often referred to as a "spring constant."

In the
z.
present example of a can buoy, the constant c is the
hea\ing force caused by a change of draft of one unit;
This

i.e.,

is

1

a force exerted per unit of displacement

ft

in the

foot-pound .system.

The term Fo

cos wt on the right-hand side of equation
In the present simple ex(1) is the "exciting force."
ample, Fo is the amplitude of the buoyant force due to

wave

height.

water

velocities.

In a ship's case

it

also

will

depend on

In the forced motion with harmonic exciting force,
e(|uation (1), the motion, after sufficient time, is also a
simjile harmonic so that body position at any instant is
^0

where

oj

is

lag angle."
in

its

cos

(co/

-f-

()

(2)

the circular fre(|uencv, and t is the "phase
Term zo is the amplitude of motion defined

relationship to the amplitude of exciting force

Foby
zo

=

F„[{c

-

aco-)-^

+

6V-1-"-

(3)

HYDRODYNAMIC FORCES
what work

It is of interest to establish

osciUatiiig

body on the

is

done by an

fluid per cyele of oscillation.

Ou

the basis of etiuation (2)

= Jo COS [cot -j- t)
= — co2o sin
+ i)(U
= —wZo sin (o)t -\- t)
= —w-Zq COS (wt + e)

£

dz
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and exciting. The following sections of Chaptei' 2
be devoteil to the e\'aluation of these forces by theoTheoretical evaluation
retical and experimental means.
of hydrodynamic forces in harmonic oscillations has
been approached in three ways;
ing,
will

((j)t

z
S

(4)

a)

Comparison with

ellipsoids (in Section 2)

b) Strip theory (in Sections 3, 4

and the

by the acceleration

woi'k done, in the period T,

c)

forces

a

X
I

z

dz

—

and

5)

Direct three-dimensional solution for mathematically defined ship forms (Section 6).

Oio'^'zo-

In Sections 7 and 8 the forces in transient (slanuuiug)

X

sin

{cot

I

+

e)

+

cos [ut

c)dt

conditions will be discussed.

=

(5)

Jo
by damping
b

zdz

\

forces proportional to z

=

bu-Zi,"

I

sin-

(co^

+

2

= hooWT/2
by restoring

forces, proportional to

(())

z,

'T
c

Jo
f
I

z dz

= — c<j)Zu
sin (ut

+

e)

cos

(o)!

+

t)(lt

;7)

Jo
Thus, it is seen that the average amount of work done
on a fluid liy acceleration and l\v restoring forces is nil.
A body does the work on the fluid (huing 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 ou the fluid, and therefore take the
In
energy out of the body and dissipate it in the fluitl.
an oscillation of a free body this causes grachial diminution of the amplitude of motion, from which the
term "damping" has been deri\-ed. In a continued
forced oscillation the energy necessary to maintain it is
the frecjuency of the oscillation is Icjw enough, the
is negligibly small and the displacement of a
body 2 is in phase with the exciting force. E(iuations
(4) show that the \elocity z is 90 deg out of phase and
If

phase lag

the acceleration z

is

180 deg out of phase.
by water pressures can be di\"ided
The restoring force cz is caused by

forces caused

two groups.
The hydrodynamic forces
hydrostatic water pressures.
63 and m,z result from the velocities and accelerations of
water particles. These two forces are in I'cality two
into

components

of the resultant of all

hydrod\

iianiic (i.e.,

exclusive of hydrostatic) water pressures.
Confusion has occasionally resulted from

the

de-

damping Unre ami the inert ial
the hydrodynamic mass) force gi\en

scriptive definitions of the

(acceleration

of

In the recent literature there has been, therefore, a tendency to define these forces merely as the outof-phase (by 90 deg) and in phase (in reality ISO deg out-

earlier.

of-phase) components of the

hydrodynamic

foi'ce.

Eciuation (1) was introduced in order to define four categories of forces acting

Order of Exposition.

on an oscillating body, namely,

present

The forces and moments acting on a body can be e\ aluIn the fir.st method the pressure
ated bj' two methods.
p acting on each element of a body surface is (•om])ute(l
by

Bernoulli's theorem
d4>
(S)

P
where

(t>

is

the velocity potential, and q

is

the local fluid

by its motion.
taking components of pressures p in the desired direction and integrating o\'ei' 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 botly surface ami an imaginary control
surface taken at a sufficiently large distance fi-om the
body. The kinetic energy T is given by the expression
\elocity at the surface of the body, induced

By

.supplied b}' the exciting forces.

1.2

The problem (jf forct's and moments exerted by a fluid
on a body moving in it received the attention of hych'od.ynamicists at a very early date, and chapters on this
subject are found in all major books on hydrodynamics
References C, pp. 353-39.3; D, pp. KiO(see Chapter 1
The problem is usually formu201; F, pp. 4G4-485).
lated for a liody 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 l)e
:

X

The

Moments by Comparison

c)lll

Jo

Jo

Estimates of Hydrodynamic Forces and

With Ellipsoids

inertial,

damping,

restor-

(Lamb, 1-D,

p. 40)

^I'i

"*
on

,IS.

(9)

where n denotes the outward normal and .S the surface of
body over which the integral is taken. The force is
then found by different iat ion of the energy with respect
to the body displacement; for in.stance, the force A' in

a

the direction of the

.c-axis is

X =

dT/dx

(10)

In the application of either of the foregoing methods it
Also
is necessary to obtain the \'elocity potential <^.
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 o\'er a sur-
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The needed mathematical

face.

expressions reduce to

tractable forms only for deeply submerged ellipsoids.
Since the forces in this case are inertial, they can be expressed in terms of the "coefficients of accession to inertia" k, defined as

_

total inertia of a

body

floating in a fluid

,

,-

by body

inertia of fluid displaced

In connection with the objectives of the present monograph, interest is concentrated on prolate ellipsoids in
which the major semi-axis a is taken to coincide with the
.(-axis in which also the mean body-velocity ^'ector V
The minor semi-axes b and c (not necessaril.y ecjual
lies.
The
are then taken to coincide ^^^th the y and s-axes.
oscillatory motion of the body may include translations
along any of the three axes and rotations about any of

The
these axes.
different values for an}'

have
of those motions, and the symbol

coefficients of accession to inertia

k is supplemented by a suitable subscript. Treating
the motions of an ellipsoid of revolution (a spheroid),
Lamb (Chapter 1-D) designated by ki the coefficient of
acces.sion to inertia for accelerations along the major
semi-axis a (i.e., .v-direction), by fe 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-Krouko^-

sky and Jacobs (1957, also Appendix C to this monograph) and Alacagno and Landweber (1958). It has
been recommended' that symbols Av, k^, and k, be used
for translations along axes and /i'„, /.'„„, and k^. for roThis notation
tation about axes indicated by subscripts.
^\^lile conwas used by Weinblum and St Denis ( 1 950
\'enient for treatment of multicomponent motion of threedimensional bodies this notation may be confusing in
discussing two-dimensional flows in the strip theory of
In this case it is customary to take the
slender bodies.
.r-axis laterally in the plane of water and the ?/-axis verIn order to avoid confusion with the threetically.
dimensional analysis the notation k„ and k^ can be used) .

.

for the coefficients of accession to inertia in the vertical

and horrizontal (lateral)
with k-i of Appendix C.

A

Here

A-,

is

identical

(Chapter

1,

D,

soid.
It is

p. 155).

cients of accession to inertia or to

found

Curves

of the coeffi-

moment

of inertia for

various proportions of the ellipsoid axes can be found in
Zahm (1929), Kochin, Kibel and Rose (Chapter 1, C, pp.

385-389), and Weinblum and St. Denis (1950).
Since the exact evaluation of the coefficients of accession to inertia of ship forms is practically impossible, it
has been customary to estimate them b.y comparison
with ellipsoids of similar length, beam and draft. A
tj'pical application of this method is found in the work
of Weinblum and St. Denis.

motions of a general nature, in
which only the over-all proportions are in\-olved and the
details of the hull form are not considered.
In addition, the results are evidently applicable to investigation

of the

Subscripts r and h were used bv Landwelier and de
(1957).

motion

Macagno

on
Knowl-

of a ship, but provide no information

distribution of forces along the length of a ship.

edge of this distribution is neces.sary 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 h.ydrodynamic forces which are indicative of
what can be expected in ships and submarines. As
typical examples of this theoretical activity, the work of
Ha\-elock (1954. 1955, 1956) and Wigley (1953) can be
cited.

Evaluation of Forces

3

in

Heaving and Pitching by Strip Tlieory

As has been mentioned earlier, solutions of threedimensional hydrodynamic problems ha\'e 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 problem by a sinnmation of t«'0-dimensional ones. Losing
this method, solutions are possible for a much wider range
of problems and actual hydrodynamic conditions connected with ship motions can be represented more completely.
F. AI. Lewis (1929) appears to be the first to
apply this theory in connection with e\-aluation of hydro-

Nims

forces acting

on a vibrating ship. Hazen and
and St. Denis and Pierson

(1940), St. Denis (1951),

(1953) used the strip theory in connection with the analyThis theory was described more
ship motions.
explicitly later by Korvin-Krouko\'sky (1955c) and
sis of

Korvin-Kroukovsky and Jacobs

(1957).

Quoting from

the latter work:

"Consider a ship moving with a constant forward
(T') (i.e., neglecting surging motion) with a

velocity

train of regular wa\'es 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 [herewith].

Minutes of the first meeting of the Nomenclature Task Group
the Seakeeping Panel, SXAME.

'

of

clear that comparisons with ellipsoids are limited

to investigations of ship

dynamic

brief table of coefficients for spheroids will be

Lamb

in

directions.

In making these estimates for surface ships an assumpis 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 wa\'emaking on the free water surface 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 frecjuency
range, the coefficient k, for heaving oscillations of a floating body may be, on the a\erage, SO per cent of that
computed by comparison with a deeply submerged elliption

With

increase in time

t

the axes remain fixed in

space, so that the water surface rises

and

falls in relation

Solutions of h.ydrodynamic problems related to special
maticall}' defined ship forms will be discussed in Section 6.
'

mathe-
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integral forms used to obtain various coefficients

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
for the eciua.tions of

(5-1959).

by water pressures on ship secdampThey also can be classified by
ing, and displacement.
their cause as i-esulting from a ship's oscillation in smooth
water or from wave action on a restrained ship. Kriloff

The

forces produced

tions can be classified l)y their nature as inertial,

(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 comKorvin-Krouko-\'sky and Jacobs (1957) demponents.

onstrated

+ x,|,V,u,c

that

this

(within linear theory)

by water acceleration.
Fig.

1

Sketch illustrating notation used in connection with strip
theory (from Korvin-Kroukovsky, 195 5c)

subdivision of forces also holds
when the pressures are generated

This

is

the direct conseciuence of

the linear superposition of velocity potentials defining
It can be added here that the forces
various water flows.

and heaving are caused primarily
and water \'iscosity does not appear

in\'olved in pitching

This vertical disphxcement at any instant and
Imagine two control
.r is designated r).
from the origin,
planes spaced dx apart at a distance
and assume that the ship and water with orbital ^'elocities of wave motion penetrate these contrf)! surfaces.
Assume that the perturbation \'elocities 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 hypothesis' is thus an approximate one in the
sense that a certain degree of interaction between adjato them.

at

any distance

by potential

flows,

to be important in this connection.

The

sectional inertial forces will be discussed in the fol-

,i:

cent sections is neglected."
In analyzing ship motions

it is

generally necessary to

and one
Thus, considering hea\-iug and pitching of a ship, Korvin-Kroukovskj' and Jacobs (.1957) *
stipulated an .r, y, z-system fiuxed in space (with the x-yplane in the undisturbed water surface) and a $, ij, i'-sys-

stipulate

two systems

of axes, one fixed in space

fixed in the body.

tem

fixed in the ship.

origin of the latter

The

system

is

location in the ship of the
arbitrary, Init 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-wa\'e \'ertical

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 s and in pitching
When a ship is at a small angle of trim d, the draft
^d.

through the water slice dx, inThis gives an added vertical velocity

of ship sections, passing

creases with time.

component dV.
After the forces acting on individual ship sections are
evaluated, they are integrated over the ship length.
' The
mathematical part
monograph as Appendi.\ C.

of this reference

is

3.1 and the damping forces" in Section 3.2.
The action of dis]5lacement 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

lowing Section

elevations are inseparal)ly connected with water accelerations.
Inertial Forces Acting on a Body Oscillating in
3.1
Conformal transformations.
Smooth Water:
3.11
The work on added mass in vertical oscillations most

Lewis
often referred to is that of F. M. Lewis (1929).
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 a\-ailable in standard textbooks (Chapter 1, References C, D, and F). The added
mass of a cylinder is found from these expressions to be
ec[ual to the

mass

of

water displaced by

cient of accession to inertia

is,

The

it.

therefore, unity.

coeffi-

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

were determined. In
addition to Lewis' (1929) original work, the procedure
was described (with ^-arious extensions) by Prohaska
(1947), Wendel (1950), and Landweber and de Macagno
The resultant relationships were also given by
(1957).
coefficients of accession to inertia

Grim (1956).
The original half-immersed

circle of radius r is defined

complex form

in

' It will be .shown in Section 3.2 that
of inertial origin.

included in this

.\n independent evaluation
Lockwool Taylor (1930(;).

«

J.

of

damping

forces are also

added masses was

also

made by

no

k-a^
a
b
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Cross-Sectional Forms
Direction of Motion

Axis

of

Rotation

l-'i?v

^^
Za.

H-

R

HYDRODYNAMIC FORCES
Cross-Sectionil Forms

nertia Coefficient

Hydrodynamic Mass
Direction of Motion

Axis

per Unit Length
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m"

C=

per Unit Lengtii

HI

121

i=>

*^

Sol

CT

0.75

=

T='

V2

for Rotation

of Inertia

m"circle

of Rotation

Inertia Coefficient

Hydrodynamic Monent

= 0.\\lngcL*

0.936

siluafe

0,25

nga^

0.25

15)
:

0.755 TTga*

0.75

/5/

-r

=

2.6

T

=

1.8

-^

=

1.5

0.83
til

0.»9 Tjga^

0.89

/«/

^ Inga^

^

1

^

1.35

^•\^^l^y '^^
161

1.35 7rea2
/«/

^

2/rea^
12/

c3

1^1

O.lGnga^

0.76

= 0.059 7r£»a<

0.47

Za
121

O.iil

nga'^

O.fil

77

0.67

121

oa^

0.61

2a-

\m

=

0.85

2

[11

Regular

^ 0.055

Octagon

0.44

n-e a"

Tabulation of hydrodynamic masses, hydrodynamic moments of inertia, and inertia coefficients as calculated by [1] Lamb,
Lewis, [3] Proudman, |4| Weinblum, [5| Wendel, [6| determined experimentally (electrical analog) by Koch (from Wendel,

Fig. 5
[2]

1950)

added-mass coefficient was expressed as a function of a
nondimensional frequency parameter u-r/irg. The resuits can be conveniently interpreted as a correction
coefficient*
first used in ship-motion analHaving assigned
B. V. Korvin-Kroukovsky (1955c).
(following Lamb J the notation A-|,2,3 to the coefficient of accession
8

ysis

This correction coefficient w;is

by

j^^

^ added mass

of a

added mass

body

floating

on water surface

of a !iody deeply

submerged
(19)

to inertia of a submerged body in three directions, he used the
notation A-, for the added mass correction of a liody floating on the
water surface.
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The

values of coefficient

ki,

floating cylinder, are listed in

computed by
Table

Table 2

2.

I'rsell for

a

HYDRODYNAMIC FORCES
In estimating the force acting on a l)ody l)y the strip
theory, the foregoing relationship is applied to each section using the appropriate value of the coefficient /r.
A detailed (ierivation of the wave-caused force by

was gi\'en by Korvin-Kroukovsky and Jacobs (1957) and is reprinted in
Appendix C. In the derivation carried out for a semi-

means

of surface-pressure integration

circular ship section, neglecting surface elfects, the prod-

uct of the sectional volume and the mean presstu-e gradiSince A,, =
for
ent was found to be multiplied l)y 2.
a semi-circular section, the factor of 2 w-as interpreted
Cirim
as 1 -f A',, on the basis of G. I. Taylor's result.
(1957c) has confirmed this intuitive conclusion by appli1

cation

F.

of

M.

Lewis'

transformation.

'I'o

correct

for the surface effects neglected in the formal analysis,

Korvin-Kroukovsky and Jacobs (1957) interpreted

/(„

as kiki in evaluating the force exerted l)y the vertical
wave pressure gradient on a surface ship. The calcu-

wave forces on a ship's model were confirmed l>y a
towing tank test (Appendix 2 to Korvin-Kronko\'sky,

lated

1955c).

Attention should be called to the fact that the direction
of the pressure gradient

is

suc'h that the \ertical force

is

downward on a submerged body under the wa\'e
and upward under a trough. In a body floating on

acting
crest,

the water surface these pressure gradient (or inertial)
from the displacement force caused

forces are subtracted

by water-surface

rise in wa\'es.

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 gravity.
The water at wave crests ajjpears then to be lighter
and at wave troughs heavier than normal.

This modification of the effective weight of water

waves

is

in

often referred to as the "Smith effect," since

it by Smith (1883) in connection
with ship bending-moment evaluation. Estimation of
the wa\-e forces acting on a ship b.y the buoyancy forces
modified by the Smith effect is referred to as the "FroudeThe effect of the ship in disturl)Kriloff hypothesis."

attention was called to

ing waves

is

neglected in this case; i.e., the added term
Since its
is not taken into account.
a simple procedure, there is no justification

k in ecjuation (20)

inclusion

is

for neglecting

it

in the future.

3.15 Experimental data on inertial forces. Very few
experimental data are a\ailal)le 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

irrelevant

115

if

water were a truly non viscous

may

existence of a small viscosity, however,

making

in

The

fluid.

cause eddy-

certain experimental conditions, particularly

in the case of a l)ody

scale relationships

with sharp edges.

may become

In such a case

significant.

Moullin and Browne (1928) experimented with twonode vibrations of flat steel bars submerged in water.
The bars were from \/i to 1 in. thick, 2 in. wide, and 78
in. long, so that three-dimensional effects probably were
The vibrations were excited b.v an electroinsignificant.
magnet, and the added mass was obtained by comparison
of the resonant frc(|uencies in air

and

in water.

It

was

concluded that the added mass is ef(ual to the water mass
of the cylinder circumscribing the rectangular profile of
This is in agreement with the theoretically indithe bar.
cated added ma.ss of a thin plate considering the expected increase with thickness of the rectangular section.
2
Prisms oscillating on the water surface. Moullin
and Browne (1928) also experimented with bars V2 in.
thick and .3 in. wide, set on edge and partially submerged. They concluded that the added mass is independent of the vibration freriuency. This conclusion is
in agreement with theoretical expectations for high
frequencies.
Browne, Moullin and Perkins (1930) tested
the vertical vibrations of rectangular and triangular
prisms partl.v immersed in water. The prisms were
attached to a flat steel spring and were vibrated by an
electromagnet. A 6 X
X 54-in. prism vibrated at a
frequency of about 15 cps. This frec[uency corresponds
approximately (to scale) to the usual two-node frequency

The

of ship vibrations.

added mass (for a
was computed by a Schwartz-

theoretical

submerged

donlile i)rofilc)

Christoft'el

transformation.

The experimentally

deter-

mined added mass was found to be about 90 per cent of
Experiments were made with varithe theoretical one.
ous lengths of prisms and the authors stated that, above
a length/beam ratio of 4, the added mass was inde-

Todd (1933), in applying these
(1929) results to ship-vibration analysis,
attributed the reduction in added mass to the effect
jx'ndent of the length.

and Lewis'

length/beam ratio.
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 freciuency of a ship's pitching in head seas.
Theory
of the

It should

(Section 3.12) indicates that at lower frecjuencies a pro-

nounced dependence

of

added mass on frequency can be

expected.

on oscillation te.sts of prisms
submerged in water. The experimental data indicatetl added-mass values about 90
per cent of the theoretical ones computed for the submerged double profiles. ITnfortunately no information
was furnished as to the freciuency of oscillations. The
description indicates that the test apparatus was of the
same type used by Dimpker (1934) and Holstein (193()).
With such an apparatus, the high frequency of Moullin's
experiments can hardly be expected. Without information on the frequency, Prohaska's tests can be ac-

Prohaska (1947)

rejiorf cd

of several profiles partly
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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
on the frefjuency of oscillations to
permit evaluation of the added mass versus frequency
relationship.
The tests have generally indicated that
sufficient information

experimentally'

measured

added-mass

coefficients

of

bodies on the water surface are smaller than those for
deeply submerged prisms. Evidently, additional experimental research is needed. All of the tests described in the foregoing were made in small tanks and it
can lie questioned whether the test data were not af-

by wave reflections from tank ends. While waveabsorbing beaches have been used in towing tanks for
many years, it was not realized until recently how difficult it is to prevent wave reflections.
In the work just described a strictly pragmatical approach was taken. Reference should he made to Weinblum (1952) and Keulegan and Carpenter (1956) for
the less evident aspects of the inertial force and addedmass concepts. In particular, for bodies at the water
surface the hydrodynamic force is connected with wave
formation.
It depends therefore not only on instantaneous conditions but on the past history of motions as well.
Added mass becomes a definite concept only when correThe added masses
lated with a definite tj'pe of motion.
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 Prohaska, 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, 6) reported on experiments with a
harmonically heaving ship model restrained from pitching." The model had lines composed of parabolic arcs,
following Weinblum (1953), and had a prismatic coeffected

«

2

Ui

a

2
-a
-o

<

l_^
*•

Fig.

6

Poin+s on

Grims Low

Frequency Approximation

Variation of added mass coefficient with frequency
(from Golovato, 1957)

cepted only afs a rough confirmation of the order of magnitude of the added masses. The roughly indicated 10
per cent reduction in added masses is clearly caused by
the surface effects, since Prohaska's models spanned the
width of the test tank and three-dimensional effects were
absent.

Dimpker's

made

(19154)

and Holstein's (1936)

tests

at frequencies in the range estimated for ship

tions in waves.

These

tests will

were

mo-

be discussed in greater

damping (in Section 3.2)
added masses were determined. Holstein's measurements of added masses appear to be too erratic to be useful. Wendel (1950), estimated the experimental errors in these measurements
and demonstrated that added masses are considerably
smaller than indicated by the submerged-prism theory.
detail later in connection with

since

damping

Dimpker,

forces as well as

like Holstein,

made

cjuencies

governed by the

springs.

He

directly,

tests at a series of fre-

of the retaining
did not publish information on frequencies

but on spring

stiffness

stiffnesses.

The data given

in

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
Fig. 6 shows the coefof the harmonic exciting force.
versus nondimenarrow at
about A'j = 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 frequencies are somewhat uncertain because of model interference with waves reflected from the sides of the towing
ficient of accession to inertia k^ plotted

A

sional

frequency

tank.

At higher frequencies the

w{B/g)^^''.

to be independent of the

horizontal

coefficient

fcj

is

shown

Froude number.

wide range of frequencies and the picbe misleading unless the range important in

Fig. 6 covers a

ture

may

" The author understands that similar experiments also were
made with pitching oscillations, but the results have not yet been
published.

HYDRODYNAMIC FORCES
Data on the pitchingship operations is kept in mind.
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 X/L
= 1, the parameter o)(B/g)^^- varies from O.U to 1.5 at
ship speeds from zero to the maximum expected in
smooth water. At synchronism in pitching the paramThis narrow range of frerjuency
eter is efjual to 1.25.
parameters straddles the minimimi of the curve of added
mass coefficients in Fig. 6.

The

reader will find it instructive to jjlot the Ursell
data for the circular cylinder from Tal)le 2 on Fig. 6,
remembering that r = B/2. Both fc^-curves plotted as a
function of u{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 Golovato's curve does not asymptotically approadi the F. M.
Lewis value l)ut is directed much higher. This raises the
question of experimental reliability or jjcrhaps the presence 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 upstroke 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.
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IS

Calciila+ed Values

Measured Values
G

^

^
^-

^

J

L

J

I

\

I

L

20

^'L/gFig. 7 Comparison between calculated
A, B, a, h, for series 60, Cb = 0.60 hull

and measured values of
form (from Gerritsma,

1957^/)

Gerritsma (1957c, d) tested a Series 60, 0.60 block
coefficient model, 8 ft long,

by

sulijecting

it

to forced

heaving and pitching alternately. Fig.
7 shows a comparison of measured and calculated virtual
masses and virtual moments of inertia; i.e., ship masses
The calculated masses were
plus added water masses.
taken from Korvin-Kroukovsky and Jacobs (1957), and
are based on the strip integration of the product of F. M.
oscillations in

Lewis'

fc2

coefficients

and the

surface-effect correction

based on Ursell's data. The discrepancy
between measured and calculated data is small, and is in
In the Series 60 model the afterthe right direction.
body ship sections have large inclinations to the water
surface, and the surface effect caused by these inclinaA correction for this
tions was not taken into account.
effect (not known at present, see Section o.l2) can be
expected to increase the calculated added masses.
coefficient

A-4

It is gratifjnng to see that the discrepancies in virtual

masses in heaving and in virtual moments of inertia in
This indicates that the threepitching are similar.
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, k-tki. The
need for an additional correction for the effect of inclined
sides is indicated, and a correction for three-dimensional
However, the reeffect may be included in the future.
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 calculaThe failure of the data to approach
tion just described.

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 subjected to wave action. Three references can be cited
in connection with this subject:
Keulegan and Carpenter (1956), Rechtin, Steele and Scales (1957), and

Korvin-Kroukovsky (1955c, Appendix

2).

A

.study of

two, although they are primarily concerned
with the forces acting on offshore structures in shallow
water, .should be fruitful to a researcher in naval archiThe third reference appears to be
tectural problems.
the only work concerned directly with the forces acting
the

on

first

ships.''

The heaving

moment, and drag force
model were measured. A
Series 60, 0.60 block coefficient model, 5 ft long, was
restrained from heaving, pitching and surging by dynamometers attached at 0.25 and 0.75 of the model's
Tests were made in regular waves 60 in. long
length.
(i.e. X/L = 1) and 1.5 in. high at six speeds of advance,
exerted

l:)y

force, pitching

wa\'es on a ship

starting with zero.
Fig. 8 is a comparison of test data
with calculations made by Korvua-Kroukovsky and Jacobs (1957) using strip theory and added-mass coefficient

'2

Minutes

research

guidance

SNAME

of the S-3 I'auel of the
indicate that such
in progress at the Colorado State University under the
In this program added masses
of Prof. E. F. Scluilz.

is

and damping forces are measured on individual sections of a segmented ship model so that the distribution of forces along the body
length will be obtained.

" Additional measurements of the wave-caused forces recently
were published by Gerritsma (1958, 1960).
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damping of heaving oscillations of 60-deg wedge
mergence d (from Dimpker, 1934)

Fig. 1 1
Dependence of net logarithmic decrement, d — 6(i,
on submergence, i/, with frequency, w, as parameter for a
cylinder lOcmdiam (from Dimpker, 1934). 5 is the decrement measured in water,
is decrement measured in air in
5,,

Haveloc^k suggcstctl that a. ship section can he
replaced by a rectangular one of draft / corres])omling
= A/H, with
to the mean draft of the section; i.e.,
The resultant
sources di.strilnited along the bottom.
expression for the ratio A is
contour.

preliminary calibration

/'

A =
where'^

/co

=

ojc'/iJ '^'if^

2e-*-.i^

!l

tion under consideration.

''^

sin

(hy)

^^^^ h'^''

Fig. 9

beam

(22)

ments to
of a sliip sec-

taken from Korvin-

Kroukovsky (iy55a) gi\Ts a comparison of the ratio
A computed by three methods: As given for a semicylinder by Ursell (1949) (this agrees with Grim's values
for a semi-cylinder); as computed by a source distribution over the contoiu*; and as computed l)y a source
distribution over the bottom of a rectangle of the same
sectional area.
The results of all methods are in reasonably good agreement at low frequencies, but differ considerably at high fre(|iiencies.
iMirtunately, the frequency of oscillation at synchronism of normal ships is
generally in the region in which the disparity is not excessive, and both Havelock's and Grim's damping coefficients have been used with reasonable success.
It should
be rememl)ere(l that damjiing is most important in the
evaluation of motifin amplitudes near synchronism, and
that, at frequencies widely different from synchronism,
large errors in estimated damping have relati\Tly little
effect on the amplitude.
The effect of the damping on
the phase lag of motions is, howe^-er, mo.st pronounced at
fre(|uencies different from the synclironous one.
Experimental verification of the sectional damp3.21
ing coefficients. The complexity of advanced forms of
the solution of the foregoing problem, .such as Ur.sell'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
"

necepsary to distinguish lictween the frcciueiicy ay of the
oic of the wave encounter which
also the frequencj- of the ship-radiated waves.
It

is

oncoming waves and the trec[uency
is

these are modified l)y the wave formation.
Acceptance of this method depends entirely on succes.sful experimental verification.
H(jlstein
(1936) made expeii\'erify his

theory.

These were limited, how-

ever, to a rectangular pri.sm varying in degi'ees of initial

immersion, and were made in a small test tank 0.70 ni
(2.:-! ft) wide by 3
(10 ft) long.

m

The

\'alues of .4

directly observed
(half strokes) of

were established by comparison of

wave amplitudes with the amplitudes
the heaving prisms. The re.sults of a

number of experiments appear to be consistent, thus
The small size of the tank, however, makes the data questionable.
It should be remembered that to evaluate A the wave amplitudes
.should be measured far enough from a body for the i)rolarge

uispiring confidence.

gressive wa\'c system to be completely free

from the
standing waves. Furthermore, one must be certain that
the progressive waves are not contaminated by reflection from the test-tank ends.
These aspects of the test
are not discussed sufiiciently l)y 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 disturljance
can emanate from its sharp edges. This effect is not
pro\'ided for in the theory.
In his experiments Holstein also attempted to determine virtual masses, but the r(>sultant data were too
erratic to be useful.
Dimpker (1934) pulilished data on exjieriments with a
(JO-deg wedge and a cylinder with various degrees of
immersion. The wedge was tested with an initial immersion from
to 12 cm, and the lO-cm-diam cylinder with
an initial immersion \arying from
to 8 cm.
The
floating body was connected by springs to a motor-dri\'en
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 recoi'ded on a rotating drum.
The
damping was defined by the logarithmic decrement 5 as
a function of the frequency ca of the oscillation and the

mean submergence

sn

(/.

For a 60-deg prism the mean submergence (over the
is eciual to the beam at mean waterline.
Dimpker showed that data for tests at varying frequencies and submersions collapsed into a single curve
when plotted as 5/d- versus w"d. These amplitude and

oscillating cycle)

l|.

frequency parameters were initially defined in a nondimensional 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
Data for the cylinder are given
is reproduced on Fig. 10.
In this case the immersed shape varies with
in Fig. 11.
the draft d and it is not possible to make a generalized
plot.
It is interesting to note that the maximum damping occurs at an immersion of about 2.5 cm; i.e., halfThe decrease of damping with further immersion
radius.
is in agreement with the general tendency shown by the
theories of Holstein and Havelock (increase of / in equation 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 recalculation.

Unfortunately, the e.xperiments of Holstein and Dimpker appear to be the only published data in direct verification of the theory in regard to sectional damping
Verification of other theoretical methods
coefficients.
is indirect.
This consists of calculating ship motions
using the coefficients evaluated on the basis of the previously mentioned methods and of accepting the successful 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) justified his theoretical damping curves by an analysis of
coupled pitching and heaving oscillations of several .ship
models. The oscillations were induced by means of rotating 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

Korvin-Kroukovsky and Lewis (1955)
and Korvin-Kroukovsky (1955c) previously made simiin towing tanks.
lar use of

Havelock's

coefficients.

Direct measurements of damping on a ship model were
made by Golovato (1957a and 5) and Gerritsma (1957c and
d, 1958, I960)."
The ship model used by Golovato was a

OL
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Fig. 13
Comparison of measured damping in pitch with one
calculated by strip theory using Holstein-Havelock method
(from Gerritsma, 1957£')

14

Variation of damping coefficient with frequency
(from Golovato, 1957)

heaving and pitching motions

is

rather uncertain.

The

magnitude and the functional dependence of the
damping on oscillation frequency can be estimated
roughly.
Neither of the two available methods of caliiriier

of

culating, Grim's or Holstein-Havelock's, gives uniformly

waterline

methods

is

not taken into consideration in the available

of calculation.

In Golovato's tests the calculated damping greatly exceeded the measured damping, and Grim's theoretical
method gave the better appro.ximation. With the

measured and calculated
heaving
test indicates an apparently excellent agreement with the
Holstein-Havelock method. Fig. 7 shows that Grim's
different rates of increase of

damping

for a practical ship form, Gcrritsma's

method underestimated the damping in heave. The
word "apparently" was used advisedly. Were the increase of damping due to inclined ship sides taken into
account in calculations, both curves of theoretical damping in Figs. 7 and 12 would be displaced upwards.
Examination of Figs. 7 and 13 indicates that the relationship between calculated and measured clamping in
is drastically different from that in heaving.
In the case of pitching, Grim's method is foimd to agree
with the measured data, while the Holstein-Havelock
method exaggerates the damping. The calculatetl damping would be further increased if ship side inclinations
were taken into account.
The shift from agreement to disagreement of the calculated and measured damping in the cases of heaving
and pitching oscillations indicates a strong three-dimensional effect.
However, application of the three-dimensional 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 l>e displaced upwards, while the heavedamping curves would not be affected.
To summarize: Prediction of the damping of a ship's

pitching

Fortuitously, one or the other will
be preferable in a particular case.
Currently available
calculations of three-dimensional effects (Section 3.23)
satisfactory results.

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 c\'aluating the

damping character-

istics.

Experimental measurements on idealized ship forms
be misleading if used directly as an indication of
normal ship behavior. Tests on such models are, however, recommended, but only for comparison with calculated values since more advanced methods of calculation
can be used for such mathematically defined .ship forms
than is possible for normal ship forms (Section G). 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 measured damping when comparison is made of mathematical
and ntjrmal ship forms, and of pitching and heaving motions, indicates that the phenomenon is caused by a complexity of conditions.
A research program should be
directed therefore towards resolving this complex phenomenon into its (not now known) parts and towards subsequent analysis of these component parts. Two general directions of approach can be visualized.
In one,
tests similar to Golovato's and Gerritsma's would be conducted on a \-ariet}^ of ship forms, ^^arious 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

may
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A/L
X/L
Fig.

1

Maximum

5

heaving-force coefficient for submerged
Solid curves
5 in varying wave lengths.

spheroid of L D =
indicate Havelock's (1954) solution, circles Korvin-Kroukovsky's strip-method solution. C. = (heaving force) /V?
(from Korvin-Kroukovsky, 195 5i)

method

call^ for tests

and analyses

of special ship

forms

designed with the specific purpose of isolating various
theoretical features.
Under this program only a few
These will inditests on normal ship forms are needed.
cate the target for the investigation and will pn)\'iile the
final check on the ultimately synthesized information.
Under this analytical and experimental program, tests
of mathematically defined ship forms will play an imporThe research program should include intant part.
vestigations of prismatic bodies (two-dimensional flow)
as well as three-dimensional forms with \'arious types of
sections and different distributions of sectional types and
areas along the ship length.
This subject will be discussed further in Section (i.
It appears that inclination of ship sides at the waterline is one qualitati\'ely evident factor which affects
added masses and affects damping characteristics to a
greater degree.
The physical conditions of this prf)blem
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 (1934) 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 exposition have been based on the assumption of linear
differential equations of motion with constant coefficients.
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 instantaneous mean draft of the ship sections; i.e., the factor/ in the exponent of equation (22). The analy.ses of
Golo\'ato and Gerritsma gi\'e a certain mean ^'alue of the
damping to be used in a linear theory. This mean \-alue,
however, may be affected by the nonlinearity in sectional
properties.

The ultimate amplitude
ference of

many

ratio

A

is

the result of inter-

wa\'e systems which ha\'e their origin at

different elements of the

body

area.

Such an

interfer-

Fig. 16 Maximum pitching-moment coefficient for submerged
spheroid (see caption Fig. 15). C,,, = (pitching moment)/
Lvfl (from Korvin-Kroukovsky, 1955b)

ence can be very sensitive to the varying conditions at
the generating elements.
Not only the ratio A for twodimensional sections but three-dimensional corrections
as well can be affected.
Havelock's and Vosser's threedimensional 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 account the draft and beam \'ariations 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 mentioned that the strip theory is approximate in that certain interaction Ijetween 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 certain 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 sul^merged
spheroid mo\'ing under waves (Korvin-Kroukovsky,
19.556), and compared with results f)l)tained by more
precise methods used by Haveloek (1954) and Cummins
These more precise methods cannot be applied
(1954).
to a normal ship form in waves but can be used for ellip-

The results are shown in Figs. 15 and 16. The
agreement appears to be satisfactory for all practical purposes.
Attention should be called to the fact that in the
strip method as used by Korvin-Kroukovsky (19556, c)
soids.

'* This assumption is justified by the fact that shij) motions are
represented mathematical!}' bj' the double integral of forces with
respect to time.
The motions, therefore, reflect primarily the
mean conditions and are not verj' sensitive to instantaneous force
changes.
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frequency

may

occm- in a following sea.

This condition

not critical for heaving and pitching motions, but
become of interest in an analysis of six-component

is

The

tion in C|uartering seas.

interest in this case

may
mo-

is in-

direct and is connected with the effect of bow submersion
on yawing and yaw-induced rolling. However, the
frecjuencies of encounter in quartering seas of significant

wa\'e lengths are usually a fraction of the resonant freLarge errors in dampquenc.y of heaving and pitching.

ing estimates, therefore, have little influence on the motion estimates.
The peculiar behavior of the damping in pitch at low
frequencies was determined analytically by Havelock
(195S) and was recorded by Golovato (1958) in tests on
Golovato's results are shown on Fig.
a parabolic model.
19.

3.3

Integration With Respect to Length.

An

individ-

ual ship section of length d^, at a distance ^ from the
origin, has a simple vertical motion lioth in space and in
relation to the rising

and

It is sub-

falling sea surface.

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

0.8

a)(B/g)5
Fig.

three are
Inertial (proportional to acceleration).
first

Damping

19

Damping

in pitch versus frequency in region of low
frequencies (from Golovato, 1958)

(proportional to vertical velocity).

Displacement (proportional to changes of displaced
water volume).
The wave-caused forces also can be considered as composed of inertial, damping and displacement components.
In the classical wave theory, howe\er, the inertial 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/d^, the integrations have the general form (with

reference to Fig.

1)

Heaving

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
possible only in special cases of mathematically expressed ship lines.
An example of such a procedure can
is

be found in Weinblum and

For norSt. Denis (1950).
mal ship forms, these integrations can be carried out
either graphically or numerically by methods familiar to
naval architects.

force
(23)

Pitching

A more

moment

4

Forces

in Lateral

Motion

In the present discussion the term "lateral motion"
yawing and side sway. (The rolling motion is
to be discussed separately.)
As in heaving and pitching, the forces invoh'ed in these motions can either be
estimated for a body as a whole by comparison with
ellipsoids, obtained experimentall.v for the body as a
refers to

All integrations are carried out over the ship's length.
Since dF/d^ consists of three components, the integration
yields the three coefficients a, b, and c of equation (1).
Likewise integration of the wave force yields the coefficient Fo of equation (1).
Two separate equations for
heaving and pitching of the form of ecjuation (1), each
containing four parameters, are referred to as "uncoupled
equations." In reality heaving motion also causes certain pitching moments and pitching motion causes certain heaving forces.
These cross-coupling effects are
represented Idj' coefficients resulting from an integration
of the form

Cross coupling force or

moment

/f

-'*

'^:4)

whole, or computed theoreticall.y by means of the strip
In \'iew of the extreme scarcitj' of the available

theory.

be treated together in this section.
coefficients for the entire ship
were given for six models in the work bj' Da^'idson and
Schiff (1946) as part of a theoretical and experimental

data,

all

of these will

Data on the

force

smooth water.
These data have been deduced partly from measurements made on the rotating arm and partly from obserinvestigation of ship stability on course in

vation of the turning radii of self-powered, free-running

HYDRODYNAMIC FORCES
with measurements of the rudder
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 co\'ered in
The difficulty in using such data for
this latter work.

models

in conjunction

forces.
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masses and damping
all

frequencies,

is

in

and

lateral

rolling

Although Grim's work goes a long way toward supplying the desired information for normal sections, it still
is necessary to obtain information on the effect of ap-

pendages.

should be noted that hydrodynamic solu-

It

two extreme
and pitching, where the
hull can be represented by sfiurces and sinks or doublets;
and (b) an airplane wing described by a distriliution of

practical design purposes lies in the fact that the results
cannot be generalized readily, while the number and
types of models tested are not sufhciently large to cover
Such empirical data, oball practical reciuirements.
tained without an underlying hydrodynamic theory, are

tions have been obtained successfully in

particularly difficult to interpret because of the complicated relation.ship between the hull's contributions and

for a

that of the appendages, such as skegs, rudders, and propellers.

In the case of lateral motion the principle of comparison with ellipsoids is identical with that described
earlier in connection with motions in the plane of symmetry; i.e., surging, heaving, and pitching. Davidson
and Schiff (194G) used the coefhcients 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

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 resulting from changes in displacement and distribution of
the lateral (with respect to ship) components of wave
The
orbital velocities were obtained on a strip basis.
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 recentl.y by Grim
LTsing mathematical definitions of ship
(1953a, 1956).
sections previously developed by F. AL Lewis (1929),
Grim found the solution for inertial and damping forces
Landin motions in lateral directions and in rolling.
weber (1957) and Landweber and de Macagno (1957) also
presented derivations of added masses and added moments of inertia in lateral motions. The results were
obliciue

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 yet 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 freciuencies. It has not yet been possible to evaluate the hydrodynamic forces in lateral motion and in rolling for the intermediate range of fre-

Grim (1956) considered that the deri\'ation
valid for the low frequency is directly applicable to ship
quencies.

motions among waves. Wendel (1950) and Landweber,
on the other hand, gave added-mass data for high frequencies, and their data may be considered as directly
applicable to the study of ship vibrations.
Further research, directed to evaluation of added

motions at

needed.

cases:

(a)

A

ship in heaving

No satisfactory approach has been de\'eloped
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 replacing a true section with a polygonal one and applying a
vortices.

Schwartz-Christoffel

transformation.

Following Grim

(1956), the results of such an analysis may be assumed to
be valid for low frecjuencies. Alternately, the added

masses of ship sections formed of curved lines in conjunction with deadwood, skegs, or propeller bossings can be
obtained by electrical analogy (Section 3.11). I'nfortunately, no method of evaluating the damping properTheoretical
ties of such sections appears to be available.
and experimental research in this field is needed.
Well-separated appendages, such as spade-type rudders, 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 factor for increase of effective span due to abutment against
Also, an assessment must be made of local
the hull.
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 regard to pitching and heaving applies to rolling as well.
In the simple e(|uation of motion (1), the heaving displacement z is merely replaced by the angle of roll, designated by
so that it becomes
(f),

A(f

The

forces

+

B(j)

+

C(t)

= L

cos

o)t

(25)

and moments are caused by changes in
in tiu'u caused by the angle of roll 0, veThe resultant
and acceleration in roll

water pressure,
locity of roll

moments

(/),

(j>.

correspondingly classified as restoring,
damping, and inertial ones, the latter usually expressed
in terms of the added or hydrodynamic moment of inertia coefficient fcu.
The amplitude of the rolling moment
As in the case of pitching, all
is here designated by L.
forces and moments involved in rolling also can be conare

sum of forces and moments caused by ship
smooth water and those exerted by waves on a
Direct data on the forces and moments
restrained ship.

sidered as the
rolling in

in rolling are

extremely scarce.

Most

of the practical
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Curves of declining angles in rolling oscillations of two ships
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20

derived from analysis of ship iiiotion wliich is assumed to be generally expressed by such differential
equations as (25). The literature on the subject is
term of
divided into: (a) Rolling in still water (i.e.,
equation 25 equal to zero), and (6) rolling in waves.
When a ship rolls freely in smooth water, a small heav-

data

is

RH

It has been shown,
ing motion and side swaying occur.
however, (Ueno, 1942; Grim, 1950) that heaving in this

case
is

is

small,

and

side sway, although

If

the second

moment

symmetry, and V

GB

known, the

is

GM

is

measured,

GM

GM

For larger heel angles,

restoring

mom ent

fined l)y the concepts of "metacentric height"
of "righting

tects

and

moment

is

GM

GZ follows some other law than sin
In order to use the simple form of equation (25),

GZ =

GM

will

is

</>

(26)

where the right-hand part of the equality is \'alid only
Here A is the weight of a ship.
for constant GM.
For small angles 4>, sin 4> = 4>- Substitution of equation (26) with sin <i> = 4>, for C4> 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

GZ =
and

sin

(/>

(

G:M

-I-

^

4>

+

BM tan=

can be computed by the expres-

sion

GZ = GMo
angles

GMo

is

(29)

F{<j>)

the metacentric height for very small

</>.

5.2 Inertial Moments. Once a metacentric height is
known, the effective moment of inertia of a ship in rolling
is defined by

T =

^'

(30)

(gGUyiwhere

T

gyration.

is

the natural rolling period and k the radius of

Once

GM

is

known from

static inclining ex-

periments and the natural period of rolling

BM

= IJV

(28)

in general

where
sin

and showed that

and

These are familiar to naval archinot be elaborated on here. The righting

L = AGZ = AGAI

4>,

corresponds with reality for a ship with slight tumblehome sides. This was the usual hull form of the battleFor a wall-sided ship
ship of his day.
this

de-

arm" GZ.

at small roll angles

GM

does not remain constant

velop.

Moment. The

Equa-

and the righting arm

Froude (1861) assumed

Restoring

determined.

determined.

is

believed true providing the centers of gravity of all ship
If the principal axis of inertia is
lie on this axis.

5.1

is

tion (26) is
by inclining a ship through small angles. If a known
heeling moment L is applied and the resulting heel angle

4>.

inclined appreciably to the fore-and-aft axis of a ship, a
significant yawing component of motion also will de-

waterplane about

of the
is

the basis for experimental verification of

aft axis passing

sections

W.

the displaced volume.
the height of the center of gravity over the center of

buoyancy

more pronounced,

motion as a pure rotation about the fore-andthrough the center of gravity. This is

is

the axis of

It is believed permissible, therefore, to

also small.

treat the

where /„

water (from

in still

(27)

k and the virtual

moment

of inertia (/

=

T is observed,
k-A/g) can be
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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
The
sections will be found in Koch's (1933) paper.
depth of water must, therefore, be taken into account in

70

Seconds

;ill

rolling experiments.

vil)rati(iii iiiid

5.3

Damping Moments.

W. Froude

It

(1861, 1872, 1874),

damping

that the value of

has been established by
and confirmed by others,

B

coefficient

for a bare hull

depends mostly on dissipation of energy in waves and
In Baumami's
only to a small extent on viscous forces.
(1937) experiments with rolling circular cylinders, it was
observed that, once excited, oscillations damped out
Bilge keels can cause a large dissipation of
very slowly.
energy by \'orticity, as will be shown in Section 5.33.
The primary sovu'ce of information on damping to date
has been the observations made on the rate of amplitude
decay in rolling in smooth-water oscillation. Such experiments were first conducted by W. Froude (1874)
and thereafter by many others (for instance, Ciawn,
Fig. 20 shows the plot of roll
1940; Williams, 1952).
of oscillations as oliversus the number
amplitude
Fronde found
tained by Froude (1874) for tuo ships.
closely
by a curve
were
fitted
experimental
data
the
that
of the type
"

30

25

20

Seconds
Fig. 2 1 Curves of declining rolling oscillations in still water for
a destroyer at zero speed (from A. M. Robb, "Theory of Naval
Architecture," 1952, p. 2 59). (.a) Full-size ship, (b) complete

model,

(f)

naked

hull.

/(.

(/>

Linearized envelope curves are
by solid lines

shown

-d4>/dn

=

+

d<t>

/></>-

(31)

where the coefficients d and h were different for various
and are shown by the legend on the figure."' Also

ships

computed.

ment

In general, /

=

lo

+

of inertia of the ship itself

I", where /o is the moand /" the added or hy-

drodynamic moment of inertia. Or, if
of inertia of the water displaced by a

/' is

the

ship, I"

moment
= l^.J'

coefficient of accession to inertia in roll ^-^j- can be
estimated roughly by comparison with ellipsoids, or can
Generally, it is small,
be computed by the strip theory.
and Manning (1942, pp. 21, 27) indicated that direct
use of equation (I^O) with ship's radius of gyration /; was
Grim (1956), considering low oscillation
satisfactory.
frequency, listed the expressions for ccjmputation of the

The

accession to inertia fc^x for ship sections defined by F. AI.
As an example, for a ship secLewis' (1929) formulas.
tion with a draft 0.4 of the beam and a section coefficient
The coefficient of acof 0.93, kri is found to be 0.07.
cession to inertia k^^

is

increased, however,

by the addi-

shown are the best

ffis using only the first (linear) or
the second (c[uadratic) terms with a suitable adjustment
The adjusted coefficient will be desigof coefficients.-'nated by a. The reasonably good fit by a single linear

term should be noted. Froude and many suliseciuent
writers emphasized the nonlinearity of the damping
coefficient as shown in equation (31).
Linear approximation. The linear approxima5.31
tion to the extinction v\w\v {d4>il>i

=

ac^) is

particularly

valuable because of its direct connection with the damping coefficient B in the linear differential equation (25).
This equation can be rewritten for free oscillations in calm

water as
(/)

-|-

2x0)00

+

'JJo'</

(32)

t-here

tion of appendages, particularly bilge keels.

In the asymptotic case of a high fre(iuenc3', the rolling

draft/beam ratio 1 '2 is
equivalent to rotation of a submerged square prism.
For this case Wendel (see Figs. 4 and .5) computed /o„ =
of a rectangular ship section of

The addition of bilge keels, 0.083 of the beam in
width, gave a computed Avi = 0.63 (by interpolation of
T. B. Abell (1916) found experithe data in Fig. 4).
mentally the corresponding values of 0.28.5 and 0.72 for
The water viscosity effects did not, therefore,
/i:„.
change significantly the values of the added masses.

0.276.

'"
A Ijar has been placed over the letters as a reminder that
they should not be confused with the coefficients n,A and b,B in
The coefficient
the differential equations of motion 1 and 25).
B in the latter case is defined as a function of equation (31); i.e.,
B = B{<t>) = f{drt>/d'i)- The symbols <i and b used by Froude in
Fig. 20 correspond to il and h used in this monograph.
^' This jirocedure is to lie contrasted with the one used l),y
Golovato (l(t57a,6) wlio linearized the similarly expressed damping in heaving merely l)y letting b = 0, and not changing the value
of d.
It will be understood that the word "linearized" as used
(

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 jiroblems.
in
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43

so

Nur^te'- of Swings

Fig.

forward speed on rolling of model of "Royal Sovereign" class of battleship
(from A. M. Robb, "Theory of Naval Architecture," 1952, p. 278)

22

Effect of

B/A = 2kwo
0)0= = {27r/T)-

B =

C/A =

=

coo

ciiTular frequency

undamped

free

of

oscilla-

tions

T =

period of undamped oscillation.
increases the period of oscillation so that

Damping

it

becomes

=

T,

The well-known
ticular case, in

T/{1

K-y^-

(33)

solution of ecjuation (32) for a par=
^
is taken at the ma.ximum

when

i.e.,

</)o;

4>

=

4>oC~'"''

=

d(i>/dt

cos

(M)

is

shown

in Fig. 21,

It

p. 259).

=

<p

0oe

--''"'

(35)

On

the other hand, W. Froude (1874) shows that decremental equation (31) when linearized, a = a and b
= 0, corresponds to the equation of the en\"elope curve

n

1
00
-= log --

=

the ecjuations of motion are few and not clear. A good
but very brief one was given by Williams (1952).
much more widely used method in general vibratory

A

problems

is

the "logarithmic decrement" defined as

(36)

<p

2a has been written above instead of Froude's a, as
Froude recorded n in half-cycles while counting in whole

now customary.

Ecjuation (36) also can be

expressed as

From comparison

any two succeeding
is measured
by the slope of log 4> versus the number of cycles of oscilIt is related to the nondimensional damping
lation n.
coefficient k, and to the coefficient a of the linearized
decremental equation by

where

4>i

and

oscillations.

</>2

are amplitudes of

=

0uc--^"

of equations (35)

(37)

and

(37)

it

follows

that

coefficient of

decrement

2a

(41)

5.32 Empirical data on damping in roll. In the current literature on ship motions, strong emphasis is put on
nonlinearitj' of damping, and reported \-alucs of the coefficients a and b are shown to vary widely and irregularly.
Their relationship to a ship form is hardly ever disHowever, if the coefficient a of the linearized
cussed.
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 4>
= 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
This fluctuation is surcent for those with bilge keels.

=

(38)

TTK

damping

B

in

equation (25)

is

considering the fact that neither the

forms nor the details of keel and bilge keel
The powerful effect
constructions have been considered.
of bilge keels on rolling is brought out vividly by the

details of ship

table and also

a

logarithmic

Tiie

prisingly small,
4>

(40)

{<t>l/(p2)

,

2a

and the

descriptions of the relationship of these coefficients to

log

appears to consist
of a series of nearly sinusoidal half-cycles, the amplitudes of which diminish as shown by the exponential
If the rate of amplitude defactor in equation (34).
crease is not too rapid, the tangency points of the envelope curve to the oscillatory curve can be taken approximately at cos ccqI = 1. Substituting the value of
too in terms of the period T and expressing the time in
terms of T, n — t/T, the equation of the envelope is
obtained as

is

(39)

The foregoing has been presented in detail since the
decrement al e(iuation (31) is widely used in British literature, and most: of the practical data on damping of ships
in rolling is available as coefficients a and b.
However,

0, is

o>t

versus time

plot of roll angle

taken from Robb (1952,

cycles

= 4Aa/T

which

initial inclination

The

-

/1.2/.CO0

The
^'

by

Figs. 21

effect of the

and

22.

forward speed on damping in

Corresponding to the mean value for a

fairly

heavy

roll

rolling.
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Roulis en eau
calme au point

Modele avec quiUes
de roulis

fixe

Ms 00226

T=0.40

Peri ode
4,0

Ts= 4.395(1)
des poids +ournan+s
4.5

S.O

forward speed on steady rolling of a ship
Rolling in smooth water was induced by harmonically oscillating moment approximately
equal to moment produced by waves of height/length ratio of
0.0226 at zero speed. Speed parameter y = 27rK/.gT where V
T, = 4.395 is natural period
is speed, T period of rolling.
Fig.

23

Effect of

model (from Brard, 1949).

for small angles of roll

Coefficient a of the Linearized Decremental
3
Equation for Several Ships at Zero Forward Speed

Table

Source uf
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can be

coiif^idered

as applicable to rolling but

not to

A'ibration of ships.

The brief summary in the foregoing paragraphs is
entirely inade([uate to illustrate the importance of UrThe mathematical formulation of
(1949(7) paper.
the water flow presented in this paper is the fundamental
information on the basis of which added mass and dampsell's

ing forces and

moments can be

deri\-ed for

many

non-

circular cylinders.

5.34 Effects of viscosity and frequency. T. B. Abell
(1916) made experiments on attenuation of rotary oscilla6 x 6-in. prism was suspended
tions of a sciuare prism.
vertically in a water tank with ends fitting closely to the

A

tank bottom and to the boards covering the water surThese boards prevented surface-wa\'e formation,
so that the water flow corresponded to that at an inThe prism was
finitely long prism in an infinite fluid.
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
Various initial deflections
radially disposed masses.
and various fre(|uencies were tried. The rate of attenuation of oscillation was expressed by equation (31), and
the resulting coefficients a and b are shown in Table 4.

T. B. Abell called attention to the fact that, with viscous resistance proportional to the square of the velocity,
the product b4>-T- is constant.
For a series of experiments made with constant initial amplitude <j>o, the
damping cofhcient b will \-ary with frequency, but the
product bT- is expected to be constant. This expectation 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 experimenters, and the coethcients a and b have usually been
reported without regard to the oscillation frequency.
For the sake of consistency the \-alues bT- .should be reported instead of b.

face.

6

Direct Three-Dimensional Solution Including

Wavemaking

Apparentl\' the uK^st complete analyses of the hydroforces and moments acting on a svirface ship

dynamic

waves have been made by Haskind and
Hanaoka. Haskind's (1945a, b; 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

oscillating in

Ship-wa\'e formation, resistance, dampwaves were treated by Hanaoka
(1951, 1952, 1953), but most of this work has not yet
been translated from the Japanese, and therefore is

not analyzed.

ing and motions in

Table 4

(From T.
Period

Small
-amplitudes

T
No keels

a

3.35
2.94
2.58
2.14

n 031
04

With

042
054

B. Aliell, 11(16)

—

.

—

largely inaccessible.
h'r-

007
0091
0157
0122

0007
0007
0007
0007

2098
2062
2066
2000

0Uiti4

0.02380
0305
0430

keels

3.54
3.15
2.82
2.41

0.0954
0.1278
0.1584
0.1996

0.017
0.026
0.053
0.083

The attenuation is expressed in
The upper half of the table refers

1

.

196

1.266
1-260
1.106

degrees per full cycle.
to the bare prism, and

the lower one to the prism with V2-in-wide bilge keels at
the four corners.
Since the time of Froude (ISlil, 1872, 1874) it has been

understood that the linear term of equation (31) is
caused by the energy dissipation in waves and the ciuadUnder the conratic term by the effect of A-iscosity.-*
ditions of Abell's experiments, therefore, a zero value for
No explanation has been found
a would be expected.
for the existence of the small values of a

shown

in

Table

4.

Ideal fluid conditions are approached in the case of the

bare prism at small amplitudes and low period, in which
case both a and b are small.

The

coefficient b

appreciable at large amplitudes, and

by

is

At the NSAIB Symposium (1957)

a broad outline of his work in English, but the exposition is too sketchy for complete understanding without reference to his previous, more detailed work.
This \\ork includes also calculation of the

Hanaoka presented

Large amplitudei-

becomes

greatly increased

bilge keels.

" This opinion appears to be contradicted by Watanahe
Inoue(1958).

an<l

bending moments acting on a ship's

A

hull.

\-aluable exposition of the basic principles of ship-

motion analysis was given by Fritz .John (1949). Other
investigators have not treated the l)road problem of
ship motions, but have concentrated instead on elucidaWigley
tion of certain aspects of the broad problem.
(1953) and Havelock (1954) determined the forces and
moments acting on a submerged ellipsoid moving under
waves without oscillations. Havelock (1955) also discussed the coupling of heave and pitch due to speed of
advance, in support of the findings of Haskind (1946).
Havelock (1956) and ^^ossers (1956) compared damping

computed by three-dimensional theory with that obHavelock (1958) discussed
tained by the strip theory.
the effect of speed on damping.
In the approaches
Statement of the Problem.
6.1
taken by the foregoing writers, a frictionless fluid is
exists and satisassumed, so that the velocity potential
This velocity potential is to be
fies Laplace's equation.
</>

evaluated subject to the "boundary conditions." The
boundaries are formed by (a) the mo\'ing surface of the
ship, (b) the wave-covered free surface of water, (c) the
ocean bottom, and (c/) the infinitely distant parts of the
ocean in fore, aft, and lateral directions. The last two
No vertical velocity of water
are simply expressed.
At infinite
{b<j>/c)z = 0) exists at the ocean bottom.
distance all space derivatives (i.e., fluid perturbation

HYDRODYNAMIC FORCES
velocities) vanish,

i.e.

=

d(f>/d.c

The term "perturbation

d4>/d!j

velocities"

=

is ii.sed

d<t>/dz

=

0.

here to desig-

nate fluid velocities caused by the presence of a ship.
The boundary condition at the free water surface consists of statements that the air i)re.ssure is uniform and
that surface particles of water remain on the surface.

This

is

expres.sed in .suitable mathematical form in terms

of the velocity potential

131

the ship to the surface clement

ment

the fluid-velocity

that

element of ship surface

component normal

To give

face itself in the direction of its normal.
illustration, consider a

through
of the wedge.

initially

an

to

etjual to the \-elocity of the sur-

is

a simple

wedge moving with velocity

calm water.

,£)</)

.

V

IS

of

a

the rotation of this, initially imagined as
.r-axis.
The boundary con-

cos a cos

-\

ox

l3

— cos a sm

V

13

sin

a

=

(45)

oz

The next step is to introduce oscillations of a ship
usually described by six components three translational
ones along the .c, y, and ^-axes, known as surging, side

—

swaying, and heaving, and three rotational ones, rolling, pitching, and yawing.
Haskind (194(3) wrote, in
vector notation,
U„(i\I,t)

=

Un +

Q

X rn

(46)

t'„ is the normal velocity of the surface element as
a function of the position of the element il/ and time /.
U is the resultant velocity vector of all translational l)oily
motion, i.e.,

where

U = U^i+
and

il,

is

U,j

+

l\k-

the resultant angular velocity \-ector of the body

rotations about three axes,

=

U,i

i.e.,

+

l\j

+

l\k

k, and n arc the unit vectors along the co-ordinate
axes and normal to the ship surface S, respectively.

i, j,

r

=

OM

is

+

parts:

<i'*(x,y,zj).

(47)

is

train,

known

the

and

4) is

d*
The

=

a/t

i'JM.I)

- d**/dM

(48)

forced oscillations of a floating body which are
damping the free oscillations can be

established after

taken as

c =

r*c'"';

n =

r„

n*c'"':

and the time-dependent

ijotential

(/(

$ can

correspondingly

be taken as

=

<j>(x,y,zj)e-

(4'J)

6.2

is the circular fretjuency.
Evaluation of the Velocity Potential 0.

co

ation of the fujiction

4>

is

a difiicult

K\alumathematical prob-

lem for the solution of which the reader is referred to the
works listed under the authors mentioned pre\'iously.
Evaluation of the function apparently has been possible
in only two applications; i.e., to submerged ellipsoids and
to "thin" or "Alichell" surface ships.

OIJ

+

two

potential of the simple harmonic
an as yet unknown potential due to
The boundthe presence of the body and its motions.
ary condition is then expressed as

wave

where

element about the
dition then becomes

— sm

of

(,-t^)

Ol/

vertical,

<P(.f.n.:J)

*(.r,.v,^,n

sin

As a somewhat more complicated example, consider a
surface element of a normal ship mo\ing forwartl without oscillations. This can be described by the angle
a of this element to the fore-and-aft :r-axis, and by the
angle

where $*

1'

the velocity potential by the vectorial sum of the foreand-aft and lateral components as (d<^,'d.c) sin « -|The boundary condition is then
{d4>/dy) cos a.

— sni a + — cos a
OX

=

<i)„(.r./y,,r,0

Let a be the half-angle

The component of the mf)tion of the
wedge surface normal to itself is then expressed on the
The fluid velocity
basis of body geometry as V sin a.
induced by the foregoing motion is expressed in terms of

d4>

composed

total potential $o as

<f).

on the botly surface

Expression (4(j) thus is a geometrical description of
the normal velocity of an element of body surface just
as r sin a 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 con\-enient to consider the

The bounilary

condition at the shi])'s surface consists
of the stipulation that water flow is tangential to the
Mathematically, this is expressed by the statesurface.

J\I

,S'.

the radius vector from the center of gravity of

Wigley (1953) and Havelock (1954, 1956) have concentrated on analysis of forces acting on submerged ellipThe results of their work can
soids moving under waves.
be applied directly to sulimarines and torpedoes, and are
t[ualitati\'el3' indicati\-e of what can be expected in the
case of surface ships.

Haskind (1946)

first

de\'eloped \'arious basic expres-

wave formations and for hydrodynamic forces
and moments acting on an oscillating surface ship in general form.
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 //-function for a given freeiuency
depends on a body's form and is given as a doulile intesions for

gral taken over the surface of a ship.

This function gen-

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-

prohibitively complicated, but

erally

is

come

tractable after

making simplilying assimiptions

formulated by Michell (1898) in his theory of ship-wave
resistance.
In the first of these assumptions a ship is
considered as ha\ing small beam/length and beam/draft
ratios so that it is possible to assume that angles a and
Thus, sin a = tan a =
l3 in equation (45) are small.
the
half-breadth
dy/dx, where y is
at the water sur-
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Fig.

Ratio of added mass to mass of ship model:

26

1

— experimental curve, 2 — theoretical curve

(from

Haskind and Riman, 1946)

Fig,

27

—

Variation of damping coefficient with frequency: 1 experimental curve, 2
curve (from Haskind and Riman, 1946)

functional relationship between damping
and ship speed was similar to the measured
The computed values were, howe\'er, much larger

computed

coefficient

one.

than the experimental. Newmann's (1958) report
however, a preliminary one and the subject is being

is,

in-

6.3

Experimental

— theoretical

An idealized ship
the experimental verification of

Verification.

model was also used

in

The
b.y Haskind and Riman (1946).
was limited to heaving motion. The ship
shown in Fig. 24, are defined by the equation

Haskind's theory
\'erification
lines,

vestigated further.
is small corresponds
low prismatic coefficient.
However, the assumption that angle ^ 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 Wigley, and the ship-motion theories of Haskind and Hanaoka give reasonably good results despite this discrepancy. This is explained l>y the fact that the paits of a
ship's surface nearest the free water surface are most significant in causing wa\'es, while deeply submerged parts
have less effect. In all cases where comparisons of theo-

The assumption

that

angle a

2/

= ±

A'(.r)Z(^)
.f

(50)

closely to reality in ships of

and experimentally measured wa\'e resistance
were made, the idealized ship lines were such that a

where X{.x) is a function giving the shape at the waterline, and is taken as a fourth-degree parabola
A(.v)

(51)

1

ij are distances from the midship section and plane
symmetry, respect ix-elj'. L is the length of the ship.
The function Z{z) gives the shape of cross sections and
defined by ec|uatinn

X and
of

is

Z{z)

1

-

(52)

kl

retical

were tangent to the vertical at LWL; i.e.,
the angle /? approached zero. A very large angle /3,
which is not compatible with Michell's assumption, occurred only at the bottom of a ship's surface where elements have relatively small effect.
ship's sides

where d

is

the draft and bd designates the extent of the
below
as .shown in Fig. 24, where

vertical ship side

LWL

dimensions are in millimeters. The model used was
(0.82 ft) wide and had
2000
(6.56 ft) long, 250
The model was restrained from
loo
(0.44 ft) draft.
pitching and was oscillated in heaving by means of a
all

mm
mm

mm
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pears to be some 40 per cent abo\-e the experimentally
measured one. The error in the added mass appears to
be approximately 80 per cent.

Computations of Haskind.

6.4

While the formula-

tions of Haskind's (lU-16) 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-

The Z(z)-function

tion (50).

where

1

(54)

LWL

The

the depth l)elow
antl d is the draft.
related to the section coefficient P by

^ is

index n

—z

=

Z{z)

is

n

The forms
values of

n

tion;

28 Variation of correction coefficient for damping in
heave in short vt^aves, kr(/\) with ratio of draft /wave length
with section coefficient, fJ, as parameter (from Haskind, 1946)
Fig.

=

(55)

+

1

of ship sections corresponding to various

shown

are

/3

n =

ticular,

defined in this case as

is

1,

/3

0.5,

|8

in the insert in Fig. 28.

(In par-

= 0.5 represents a straight-sided V-sec= 0.33 represents a concave-sided V.)

Attention should be called to the fact that use of equation (50) gives ship lines with the same \'alue of the index
n, or section coefficient /?, 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
(66)

"'"-'^ly-^
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

The measured dependence of these on
frec[uency u are shown in Fig. 25.
Here m"
added mass and b the coefficient of damping

(194(j).

the circular

denotes the
force, corresponding to b in etiuation (1).
Comparison
of the calculated and experimental values is given in
Figs. 26 and 27.
Here the ordinate m"g/A is the coefficient of accession to inertia, where A is the displacement.
The ordinate in Fig. 27 is the ratio of the damping b at a
gi\'en frecjuency co to the asymptotic \'alue S for \'erv long
waves; i.e., small values of w, which Haskind defined
theoretically by the equation

where b is the damping due to very long waves given
by equation (53). K2'^{d/\) is the correction coefficient
for the wa^-e length as compared with the draft d of a
ship; values of

most important

in ship operation in

of section coefficient

The

shown

Superficially, the curves in Figs. 26

ment.

The general trend

28

is

notewortlty.

wave length as
compared with ship length depends on the form of the
waterlines.
Haskind made computations for water lines
defined by the eciuations
X{.x)

=

1

for

<

X{x)

.1-

1

<

yl

-

for yl

^ X ^

I,

(57)

1

where

The experiments

in Fig.

correction coefficient k,{L/\) for

(53)

where Au, is the area of the waterplane.
were made at zero forward velocity.

ratios

head seas are from

It is suggested that the reader concentrate
0.75 to 1.5.
his attention on the corresponding range of d/\ of 0.05
The rapid increase of damping with decrease
to 0.08.

1

- 9

The L/\

are gi\'en in Fig. 28.

it

/

is

the half length L/2, and y

parallel section.

The

coefficients

is

y and

the proportion of
m define the full-

ness coefficient a of the waterline

and 27 show agree-

m

1

wide range
of frequencies oj is well represented.
This wide range,
however, is of fittle practical interest. For a ship of the
Mariner type in head seas the parameter ui-L/'lirg will
range from 0.6 to 2.5, with the value of 1.8 approximately
corresponding to the synchronous condition. At this

Again it should be
are repi'oduced in Fig. 29.
7 =
emphasized that the range of L/'\ \-alues is much wider
than is needed, since the practical range of L/\ is within

value of abscissa the calculated damping coefficient ap-

the limits 0.5 to 2.0.

of \'ariation over a

1

The values

of the

+m

1

+

coefficients

(58)

7'"

kj(L/\)

for

the case
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in the case of the simpler strip method (see concluding paragraph of Section 6.oj. 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-dunensional flow) is establishment of corrections to account for the actual three-dimensional flow.

than

A

beginning in this direction was made by Havelock
and Vossers (1956) as shown by Figs. 17 and 18.

(195(i)

Ha\elock treated a submerged spheroid. A^osser's treatto a Michell ship and was made on the basis
of Haskind's methods, but no details of the process or the
Correction
exact ship model used have been published.
It is also
coefficients were given for the entire ship.

ment applied

through the ship, followed by a rapid vibi'ation 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 M-eakened by fatigue,

if

slamming

"Damage

is

frequent.

by slamming has occurred at the forward end of the ship only, in all cases
within the knowledge of the author. This damage was
situated between l/9th and 1/lOth of the ship's length
from the forward perpendicidar and occurred to the bottom 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
to the hull structure

ship's girder.

necessary to evaluate a correction for each strip for calPresumably this evaluculation of the load distribution.
ation can be obtained by differentiating Haskind's expressions for forces and moments with respect to ship

"Wien slamming becomes severe, the experienced shipmaster invariably reduces speed, which immediately
The author has never heard
eases or stops slamming.

length.

wa3'.

of a ship

slamming when

drifting unpropelled in a sea-

tors for conversion to three-dimensional flow

appear that the hydrobrought into existence by
the ship's forward motion through the water, play an
important part in creating slamming forces.
"It 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-

different for such

lieved that this

Haskind treated ships with

affine sections.

It

would

be desirable to develop a similar treatment for ships with
convex form amidships changing gradually to wedge
and hollow sections at the ends. This would correspond
full

to

normal practical

ships.

Concei\-ably correction fac-

would be
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 assumpIt would be desirable to
tions appear to be admissible.
repeat the experiments for a model with V and concave
sections, thus distinctly violating Alichell's assumptions
at the load waterline.
stern of actual ships

form

Such sections are common at the
and appear at the bow of JMaier-

ships.

would make direct use of Hasand do not call for ad\'anced mathematical knowledge. A project on a higher level would
be to find a mathematical ship form for which the
Kotchin-Haskind //-function can be e\'aluated without

The

projects outlined

kind's material

This apparently is
resorting to Michell's assumptions.
a straightforward process for a submerged spheroid, and
conceivably a suitable mathematical definition could be
formulatecl for a surface ship which would bear a reasonable resemblance to a normal practical form.
The general derivations of Haskind have been applied
only to "longitudinal" or "symmetrical" motion of surgheaving and pitching. The material also can be applied to combined rolling, yawing and side swaying.

ing,

It

would,

dynamic pressures on the

Forces Caused by Slamming

As a

definition of slannning the following cjuotations

Kent (1949) can be used:
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
Each 'slam' causes a shudder to run
of the vessel.
from

"It

J. L.
is

is

hull,

the general experience of shipmasters.

would appear that the ship and sea conditions conducive to heavy shunming are:
Maximum heaving into and out of the water
(1)
Considerable height of ocean waves
(2)
"It

(3)

Light draught

High ship speed
Shape of ship form forward
(5)
Irregular sea; i. e., two or more
(6)
at the same time.
(4)

swells occurring

The blows delivered to the ship's hull will prob(7)
ably occur between l/8thand 1/lOth 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
Ship motions leading to slamming
process of slamming.
Towing-tank experiwill be discu.s.sed in Chapter 3.
ments as well as observations on ships at sea ha\'e sho\vn
that the force in slamming is of the nature of an impulse
manifested by a high value of acceleration with a very
Only a small amount of the ship's kishort duration.
netic energy is absorbed, and recorded traces of heaving
and pitching motions continue without perceptible
change. Oscillations initially excited by a slam are
superposed

7

therefore,

o\'er

the strain records in ship bending,

which are continuous in the mean. These oscillations
appear to have the natural two-mode vibration frequency

On a typical cargo ship at light draft the vibrations persist through 30 to 60 cycles, or between 15
and 30 sec. They are thus superposed o\'er se\^eral
cycles of the primarj' bending stress, which ha\e periods

of a ship.

of the order of 6 sec.

Expanding Plate Theory in Landing Impact of
7.1
Seaplanes. While hj-drodynamic 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 pressures, occur as the bottom strikes water on its downward
motion after emergence. This is similar to impacts
As a consequence the
sustained when seaplanes land.
principles developed in the seaplane field can be used
with only a few modifications.
Seaplanes generally have V-shaped bottoms in order to
The sections are often modialleviate landing shocks.
Quantitative evaluation
fied by giving them curvature.
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 jiattern 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 prcssiu'es, and the total water reaction are obThis theory has been used by Mayo (1945),
tained.
Benscotter (1947), and Milwitzky (1948) for the analysis
of the entire seciuence of seaplane impact; i.e., in defining the wedge penetration, velocity and acceleration
during impact as functions of time.
Were the water surface not disturbed, the wetted semibreadth^* Co would be connected with the instantaneous

draft z

Representation of water flow pattern induced by falling
half of a flat plate of half-breadth C
equal to instantaneous wetted half-breadth C of wedge (following Wagner, 1931)
Fig. 31

wedge by flow about lower

by the following
y

=

2/tan

(61)

fi,

where fi is the angle of deadrise. However, the water ou
the sides of a wedge rises as the wedge displacement increases.
Wagner (1931) found, on the basis of the expanding-plate analogy, that the actual wetted semibreadth

is

C =

tCo/2

(62)

if the vertical velocity of the falling wedge
the rate of propagation C at the edge of a wetted
area in the horizontal direction is

Likewise,
To,

C =

- Vo/tan

(63)

(3

Thus, at small angles of deadrise /3, the horizontal velocity of the point S at which the water meets a body surface is very large. Fig. 31.
The local pressure at the
point is approximately
V.

= PCV2 =

\ p

f'o/tan

(64)

This simple expression shows that the peak of the unpact
pressure increases rapidly in magnitude with decrease of
the angle of deadrise /J.
The foregoing relationships have been given for a sim-

V- wedge with straight sides. Wagner (1931) has
shown that, if another body form can be represented

ple

^ The

+

Byx-

-I-

B.x^

+

...

+

B„.v"+'

(65)

the corresponding ratio I'o/C becomes

v„/C

M.
ci])le

=

B^x

=- Bo +

BiC

+

- B.r-

4-J

B^C^

+

(66)

by
Co

s

=

series

notation often

in this section.

u.scil

in aeronautical literature

is

retained

toms.

Todd (1954) and Bledsoe (1956) used this prinevaluating the impact pre.ssures on ship botSmall initial deadrise and a sharp turn of the

A.
in

few terms with high powers.
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 gootl approximation the total force exerted liy water on a plate. It
does not, howe\'er, 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 pressiu'es near the edge of a wetted area is connected with formation of the spray jet in which water is quickly accelerated to a high velocity.
The complete mathematical solution of the timedependejit flow about two sides of a penetrating wedge
with two spray roots, i.e., two regions of spray generation, 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 pressure distribution over a flat planing surface.
Furthermore, a numerical solution has been given in the case of
a penetrating wedge with two spray roots (J. D. Pierson,
bilge necessitated use of a

7.2

1950, 1951).

The work
difficult to

of

Wagner was written

in

German and

is

understand because of extreme condensation
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and
and

torccs.

Excellent agreement between experiment
was secured as shown in Pig. 32.

calculaticjns

In view of the success of this correlation, a series 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 fullness, or block coefficient, on slamming pressures.
The
results of the calculations agree with practical ship observations in that, other conditions t)eing e([ual, slamming
pressures increa.se rapidly with ship fullness.
While these artificial experiments were necessary for
verification of the ship-slamming theory, other experiments wei'e 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) previously had concluded that slamming does not occur in
regular seas and that it was necessary to create a complex sea containing several wave lengths in order to make
Since facilities were not j'et available
the model slam.
for making reproducible irregular seas, Szebehely and
Lum obtained slamming in regular wa^'es by using steep
regidar waA'es with a length-to-height ratio of 16.7.
Results of two tests with towing forces of 1.2 and 0.8
lb are gi\'en in Pigs. 33 and 34.
The most important observation 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 occiu'rence of slamming. This is important since
it permits definition of the conditions leading to the
slam by means of ship-motion calciUations made without
regard to the slam itself. The severity of slamming depends on the relati\-e vertical \'elocity 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 Pig. 34, the wave vertical velocity at
the instant of slamming is either nil or slightly downward
The resultant
i.e., deductive from the bow A'elocity.
slams arc \'ery light. When speed is increased by using
a 1.2-lb towing weight as shown in Pig. 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 ^-elocity of the .ship bow.
theoretical computations of

0.3

0.2
t

"in

Seconds

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)
Fig.

of the mathematical analysis
ate steps in the development.

and omission
It

of intermedi-

has lieen presented

in

English and expanded by Pier.son and Le.shno^•er (1948)

and

J. 1). Pier.son (ID.'iO."

ID.")!

).

Adaptation of Seaplane Impact Theories to Ship
Slamming. Seaplane impact theories ha\'e been adapted
to the pi'oblems of ship slamming; by 8zel:)ehely (lU.j'2,
1954), Szebehely, Todd and JAim (1954) and Szebehely
and Todd (1955). An extensive bibliogra])hy on slamming was prepared by Szebehely (1954).
The problem of slamming can be divided into two distinct parts; i.e., the study of ship motions leading to
slamming, and the generation of pressure.s and forces in
Both are treated by Szebehely
the process of slamming.
and Todd (1955), but only pressures and forces will be
treated in this chapter, while motions will be dealt with
7.3

next one.
Neither the mathematical theories nor the experimental data were adecjuate at the time to permit Szebehely to correlate actual ship slamming in wa\'es with
theory.
Therefore, it was necessary to devise artificial
experiments which would be amenable to mathematical
The first of these by Szebehely and Brooks
analysis.
(1952) consisted of dropping a ship model onto water,
while maintaining it in a horizontal position. The
second, a more realistic one, was de\'ised and analyzed
bv M. A. Todd (1954). The experiments were performed 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
The model was pivoted at a point 2.o ft
draft of 1.09 in.
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 accelerometer placed 10.5 in. aft of the forward perpendicular at
the model bottom. Ecjuations of model motion were developed using Wagner's principle of series expansion to
in the

define the hull cross sections

and the resultant pressures

These two

tests bring out clearly the fact, well

known

slamming can generally be eased by a
speed.
While the tests were made in ab-

in practice, that

reduction of
normally' high regular waves, the results appear to agree
qualitati\'ely with actual obser\'ations in a complex .sea,
as well as with E. V. Lewis' (1954) towing-tank tests in
irregular

waves shown

in Pig. 35.

and Lum (1955) have been
confirmed by tests made by Akita and Ochi (1955). In
the latter case, sustained and .sex'ere slanuning was obtained in regular waves in a towing tank by using a flatbottomed shij) model with full ends in plan view at an
extremely shallow draft. An example of the test results is given in Pig. 36 where the sequence of events is

The

results of Szebehely
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Regular

X

seas:

=

Ballast condition:
Fig.

33

Towing tank record

Experimental motion study, 1.2 lb towing force
Natural periods: (T„)n 0.65 sec;
\/h = 16.7
Gyradius: 1.394 ft
A = 38.19 1b

= 0.70

sec

of slamming of a model of liberty ship in steep regular waves (from Szebehely and Lum, 1955)

ahox-c pilchinj;;

The slam occurs at

the instaut 4 at wliich the pitch
angle is barely below level i.e. the downward bow \'clocity
Heaving is on the decrease,
is nearly at its highest \'alue.
but is still high. Maximum pitching ^-clocity is combined
with the downward heaving velocity to give a high tlown;

(T„);

5 ft,

to be read in the order of numlier.s just
trace.
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,

ward velocity at the bow. In this case a large metal model
was used, nevertheless the vibrations after slamming de-

of a

body; and

(6) u.se of

the methods employed by .Mayo

(1945), Benscotter (1947) anil Alilwitzki (1948) in for-

mulating the ecjuation of motion for a falling body decelerated by water forces.
Li the latter sense the experimental conditions were analogous to a seaplane landing in that the entire kinetic energy of the falling body
was absorbed by the hydrodynamic forces generated in
H(nve\'er, although the slamthe process of the impact.

On a full-size ship they last longer, so
that nearly the full value of stress due to slamming is
superposed on the primary bending stress. On a small
wooden model used by Lewis (1954), on the other hand,

ming

the vibrations were cjuickly extinguished.

work should be used in an analysis of slamming in waves.
Since the bottom area affected by slamming pressures
will be more limited than in still water becau.se of the

cayed rapidly.

and Lum (1955) and Akita and
up the intentional artificiality of the
test conditions and calculations used by 'SI. A. Todd
One can consider Todd's work as compo.sed of
(1954).
two parts: (a) Use of Wagner's (19;51) method in evaluating hydrodynamic forces for a given vertical \elocity

The work

Ochi (1955)

of Szebehely
point.s

force in

waves

is

large, its duration

is

so short that

amount of kinetic energy is absorbed, and
the pitching and hea\'ing motions continue es.sentially as
)nly part {a) of M. A. Todd's
if the slam did not occur.

a negligible

(

curvature of the wa\'e profile, fewer hull stations will ha\-e
Thus, the problem of expressing the
to be analyzed.
forces occurring in slamming is basically simpler than in
the artificial case of slamming due to pure pitching in
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-0.

-2

Regular

seas:

X

=

Ballast condition:
Fig.

34

Towing tank record

5

Experimental motion study, 0.8 lb towing force
Natural periods: (T„)g = 0.65
\lh = 16.7
38.19 1b
Gyradius: 1.394 ft

ft,

A=

Szebehely and Todd (1955) pointed out that occurrences of high local pressures may not coincide with the
total force felt at a slam, but they did not pursue this

important topic further.

(T„).

=

0.70 sec

of slamming of a model of Liberty ship in steep regular waves (from Szebehely and Lum, 1955)

smooth water. The difficulty shifts to the evakiation of
ship motions and the definition of the ship-water surface
rehxtionship at the instant of slam.

erated, in accordance with

sec;

High local pressures are genWagner's theory, whenever a

ship section of small deadrise penetrates the water surface with sufficient vertical velocity.

If

the draft of a

ship

and the heaving and pitching motions are such that

iiigh

pressures are generated successi\'ely 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
This force
occurs at a very small instantaneous draft.
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 evident in Figs. 33-36. This condition of parallelism also
is more readily fulfilled at shallow draft than at deep

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 performance 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).
C)chi's (1956) experiments in a towing tank on U and
V-section form ships, Fig. 37, demonstrate that slamming 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 fixe 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
A characteristic result of these
of M. A. Todd (1955).
calculations was the extremely high value of the peak
pressure.

Quoting Bledsoe:
maximiuii pressure
of ....-''

is

not in

ity of the ship to

"The absolute magnitude
(for

itself

of the

example, 1450 psi for Station
too significant.

The

3,

susceptibil-

damage depends not only on the mag-

draft.

nitude of the slamming pressures but on their extent and

Slamming appears to be one of the main reasons for reducing a ship's speed in bow seas. The work of Szebe-

2' Figure referred to is not reproduced here.
It gives the pressure distribution on the 0.75 block coefficient hull.
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Lw = 600 en
Hw= 23cm

Fig. 36
Towing-tank record of slamming of a flat-bottom
shallow-draft ship model in regular waves (from Akita and
Ochi, 1955)

up
ft

to the time of niaximuin force
full

scale.

The presence

was

of the order of

Vs

0.8

of sharp-crested wavelets

ft high would have increased the length of the shockabsorbing tra\'el threefold, and would considerably reduce the impact force. Theoretical and experimental research 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 discus.sed iu Chapters 1 and

1.2

2.0

l.G

Ship Speed

Vm

2.4

M/sec

2

3.

7.6
Forces Generated by a Bow Flare.
stated earlier, strong slams usually occur

As has been
when the de-

bow is high and the ship-wave
phase relationship is such that the water surface is rising
to meet the bow.
In natiu'al irregular seas this usually
happens at the recurring periods of vmusually 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 deflected by the flared sides of a ship near the bow are familiar to mariners.
Large water jjressures are produced
as a reaction to this deflection.
In accordance with Wagner's (1931) theory, equations (62), (63) and (64), water
scentling velocity of the

0.4

1.6

0.8

ZA

F'M/JT
Fig.

37

Eflfect

of bow form on slamming acceleration of a ship
in regular waves (from Ochi, 1956)

model

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 ne\'er small, usually over

and the
Flare pressures, however, can cover a large area and generate a
large force which seriously increases the bending stress in
The "flare impact" will he discussed in greater
a ship.
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 lieeomes necessary
to consider the elastic response of the ship's structure.
I'\irther discussion of the slamming process will be deferred therefore to Chapter ,5.
45 deg.

Unit pressures

are, therefore, not high,

rate of force de\'clopment

is

relatively slow.

HYDRODYNAMIC FORCES
Concluding Remarks and General Research Suggestions

8

It

appears that analysis of ship motions'"' has reached

most complete development, from a practical point of
view, in using hydrodynamic forces obtained by the strip
Strip theory, at the same time, provides the
theoi'y.
distribution of the hydrodynamic forces along the length
its

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
of a ship.

in the evaluation of rolling

and yawing moments and

of

the corresponiling translational forces acting on a ship

waves coming from an oblifiue direction. An example of a partial evaluation of rolling moments by this
method can be found in the work of Cartwright and
in

R.ydill

(1957).

Available material on sectional hydro-

forces suitalile for use with the strij) theory,
however, are meager and mostly theoretical. Broadly
speaking, there is an acute need for (a) experimental data

dynamic

on prismatic and cylindrical bodies, (b) exi^erimental data
on complete ship models, (c) additional theoretical calculations for prismatic bodies and complete ships, relating to added masses and damping-force coefficients in

motions of all modes. The force connected
with the acceleration of the added mass and the damping
force are here imdcrstood to be two components of a
hydrodj'namic force, acting respecti\'elj' in phase and
90 deg out of phase with the oscillation of the body.
In theoretical work and in the analysis (jf experi-

oscillatory

mental data these appear as real and imaginary parts
of the total force, which is considered to be a complex
quantity.

Methods of testExperimental Research: 8.11
Various types of tests have been described by Dimp-

8.1
ing.

ker (1934), Ilolstein (1936), Haskind and Riman (1946),
Grim (1953), Oolovato (1956-57), and Gerritsma
The papers of Haskind and Riman and of
(1957c).
Golovato gi^'e clear descriptions of the analysis of test

data in connection with two different basic test methods.
Wliile they are actually applied to complete ship models,
the methods are ecjuallj' applicable to prismatic bodies.
A third method used by Holstein (1936) consists of measuring 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 motion.
A method used by Grim (1952, 1953) is similar,
except that unbalanced rotating weights were used inIn either case a known
stead of springs and eccentric.
harmonically varying exciting force or moment was ap-

and the analysis was based on the assumption of
harmonic model motion. In practically all liody 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
plied,

'

To be

discu.ssed 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 ecjuivalent linearization 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.

and the frec^uencies of oscilmust cover the practical range met by a

Thes.e amplitudes,

lation as well,

ship in wa\es.

In this method of testing the model is flexibly connected with the apparatus and, therefore, records are
The resultant forces are inferred
largely free from noise.
from the model's motions, while the model itself acts as
an integrator of all instantaneous forces. The records,
therefore, are rehiti\'ely 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
The deflection was so
driving part of the apparatus.
small that the model motion was assumed to follow diThe dynamometers
rectly the motion of the apparatus.
measured the sum of hydrodynamic and model inertia
These were very sensitive to any irregularity in
forces.
The apparatus
the acceleration of the driving system.
at the Da-\-id Taylor Model Basin is believed to be the
only one of this type in existence and has taken a nimiber
of years to de^'elop.

While the dynamometers were rigid enough to transmit the apparatus motion to the model, their own fre(|uency 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 sufficiently high fre(|uency response while retaining sensitivCorrection for tlie frefiuency response of dynamomit^^
eters, therefore, is reciuired and was discussed by Golovato.
of this method of testing lies in that it
possible to get a record of nonlinear ^'ariations of the
added masses and damping forces. In the case of Golo-

The advantage

is

model the damping force was nonlinear.
appears that at the present stage of ship-motion
theory, and in particular the theory of ship motions in irregular seas, it is not yet possible to make use of the detailed nonlinear information provided by the
apparatus as used by Golovato. It is suggested that the
vato's
It

DTMB

simpler methods described by Haskind-Riman (1946)
and Gerritsma (1957f) be u.sed in order to provide, as
(juickly as possible, a large amount of experimental information on hj'drodynamic forces. Certain other dy-

namometers
ure

directly

Knowledge

may be added at the model in order to measthe

cross-coupling

forces

and moments.

of the nonlinear behavior of forces, howe\'er,

may be needed

in

the near future for analysis of structural
In view of this, it is recommendetl

loads acting on ships.

that the Golovato-David Taylor

Model Basin method
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be reserved for iin-estigation of nonlinear beha\'ior 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 papers be required of all prospective investigators.
The prismatic models and ship models should be tested

(b)
(c)

The

Heaving

oscillations.

Side-sway

oscillations.

Rolling oscillations.
complete ship models should be tested in addition

in:
(d)

Pitching oscillations.

(e)

Ya^nng

The series of tests intended for analj'sis of symmetric
motion, i.e., heave-pitch, and unsymmetric motion, i.e.,
side sway, roll and yaw, need not necessarily be conducted by the same in\'estigators, since as a rule different 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 hea\'ing motion on the basis of the theoretical studies of F. M. Lewis (1929).
Lewis devised a
conformal transformation by means of which he developed potential flow patterns for a number of shiplike sections starting from the known velocity potential
of the flow about a circle.
Lewis assumed the water
flow around a siu'face ship to be identical with that
around a fully submerged douljle body, and on this basis
computed added masses. Grim (1953) used Lewis' sections in computing damping forces in heaving motion and
also made a certain (not yet adequate) amount of computations 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, sideswaying and rolling for prismatic bodies of the type used
by Lewis. This will provide experimental A'erification of
Grim's work, and at the same time furnish data on sections of practical type with large section coefficients.
Lewis' results are not realistic for small section coefficients since free-surface effects are expected to be particularly strong in sections having sloping sides at the
LWL. Experiments with prismatic bodies of cross sections used by Haskind (1946) are therefore recommended.
These are defined by equations (50) and (54). At .small
section coefficients, their sides at the
are tangent to
an inclined line; they are pointed at the keel and represent reasonably well the V and concave V-sections at the

LWL

since there

is

sides at the

relationship between a true three-dimensional flow

and

the two-dimensional one assumed in strip theory.
They
also are \'aluable in cases when only ship motions are
of interest and the question of force distribution is not

Three types of tests are recommended here:
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
in\'olved.

oscillations.

bow and stern of many ships.
The foregoing program is

of these

involve rather uncertain comparisons.
8.13 Complete ship models. Tests of complete ship
models are recommentlcd in order to provide data on the

m:
(a)

two families of mathematically defined
recommended not only because they pro\'ide an
opportunity to compare theoretical and experimental
data, but also because hydrodynamic forces can be expressed systematically by a plot against a pair of parameters defining the section.
Were tests made on unrelated
profiles, subsequent use of the data for a new ship would
Use

lines is

particularly

recommended

strong evidence'^ that the slope of a ship's
has a large effect on hydrodynamic

LWL

forces.

" Korvin-Kroukovsky and Jacobs,

1954, 1957.

(a)

(1946) for which theoretical computations are available.
(b)
Tests of mathematically defuied lines in which
sections vary from full ones amidship to

at the ends;

V

or concave

also possibl.y un.symmetrical fore

and

V

aft.

The ship-surface equation and theoretical forces for these
forms are not yet available and must be developed.
Tests of selected ships of normal practical type.
(c)
Comparison of test data with theory should be based on
matching true ship sections to those closest to them in
F. jNI. 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 asymptotic cases of very high or very low freciuency.
Addedmass information at all frequencies is only available in the
work of Ursell for a semi-cylinder. Additional theoretical work is needed to obtain the added masses for other
sections at all frequencies.
Lh-sell'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
Early translation of the complete set of
(1957) work.
Hanaoka's papers is desirable.
Theoretical work on hydrodynamic forces acting on
three-dimensional bodies (Haskind, Hanaoka, Vossers)
has been in\'ariabl}' based on parabolic forms with affine
sections, symmetric fore and aft.
It is desirable to extend it to hull forms with nonaffine sections, more nearly
resembling actual ships. The availability of high-speed
computing machines will permit a \\ider scope of activity
in the futvn-e than was feasible for the original investigators.

Grim's (1953) theoretical computations of damping
most complete at presHowever, their application to the damping on a
ent.
complete ship model did not lead to good agreement
with Gerritsma's test data. The discrepancy may lie
in the assumptions made in the original development of
the theory for cylindrical bodies, or it may have been
caused by the three-dunensional effect. The corrections
forces in heaving appear to be the

HYDRODYNAMIC FORCES
by the analyses of Ha\'elock and
Further
Vossers have not diminished the discrepancy.
worlv is needed in four directions Rechecic of tlie original
mathematical worlc (particularly in regard to physical
for the latter indicated

:

experimental verification by oscillation of
investigation of the effect of nonlinear damping on the mean value, Section 3.22; and
further investigation of the three-dimensional effect.
In view of damping nonlinearity, the three-dimen.sional
investigation must also be made for a finite amplitude
The mathematically simple Holof ship oscillations.
stein-Havelock method of damping evaluation may possibly be extended to yield the damping of three-dimensional bodies oscillating with finite amplitudes.
In the foregoing projects, heaving and pitching were
kept directly in mind. Similar projects are recommended
Although the
for side-swaj'ing and for rolhng motions.
assumptions)

;

cylindrical bodies;

basic techniciue
Ursell

was indicated by Haskind (1946) and
nonsymmetric mo-

(1949a), derivations for the

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
develop a mathematically defined family of
Kotchin-Haskind II function can be
evaluated without resorting to Michell's assumptions.

in order to

fines for whicli the

145

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
Therefore, reliable measureto penetrate into water.)
ments of these peak pressures on models are next to impo.ssible, both because of the physical diameter of a pressiu'e pick-up and of its freciuency response.
The expanding-plate theory also is not reliable in the matter of peak
pressure for a small deadrise, although it is apjsarently
rise,

reliable in respect to the total force.

In experiments on ships at sea it Iras usually been posprovide only a very limited number of pressure
gages, so that the probability of recording the peak pressures 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 discu.ssion,
that a peak pressure is an academic concept to which
Instead it is recommended
little attention need be paid.
that a convention be established for an area over which
In practice this correa mean pressure is of interest.
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 pro^dded, the total force on '\\'hich can be
sible to

^'

Measurements on Full-Size Ships. Measurements made on full-size ships at sea involve responses of
a ship to the complex (irregular) sea whicli occurs in
Tlrese will be discussed later in Chapters 3 and
nature.
5 in connection with ship motions and ship elastic re-

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 measiu'ements by a few point-

sponses.

tain

8.3

8.4

Slamming

Pressures

and

Forces.

The main

shortcomings of pressiu'e measurements in slamming,
both on models and on ships at sea, ha^-e been as follows:
Failure to distinginsh between the maximum pres(a)
sure causing local plate failure and the total force felt as
a slam and recorded in the bending stress amid.ship.
Failure to consider the extremely sharp peaks of
the pressure-distribution diagram, given theoretically by
Wagner's theory and observed experimentally.
(6)

As an

Todd

illustration of the former, in the

(1954)

and

work of M. A.
was directed

of Bledsoe (1956) effort

only at determining the high pressures which were indicated to be at the edge of the wetted area located at the
beginning of the bilge turn. These pressures were associated with the maximum value of the total load recorded 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
While these pressures are high,
present near the keel.
they cover a small area and the total force does not become 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-

In addition, it will be possible to obcomparable measurements by the same method on
a ship at sea and on a model in a towing tank. It should
be emphasized, howe\'er, that statement of the maximum
A
of the mean pressiu'e over an area is not suflieient.
complete time history of the pressure is needed in order
pressure gages.

to e^-aluate 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 e\'aluation
is made of the relative position of ship and wa\'e and of
relative ship-water velocity.

with in Chapter

3.

The

This subject

will

be dealt

project should be carried out

Study
first for regular wa\'es and then for irregular ones.
should be made of a ship model for which towing tank
data on motions and instances of slamming are available.
Condenseil List of Suggested Researcti Topics

The

following are given approximately in the order of

exposition in the

monograph

text.

Evaluation of Added Masses should be undertaken
for sections characterized by:
(a) The use of curved fines in conjunction with bilge
keels.
Such sections are common in the middle part of
a ship's length.
1

"

A
in.

In this connection attention is called to Oehi's (1958) work.
1 in. diam was used in the models, corresponding to 22
diam on a full-size ship.

gage
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(6)

wood

The

use

of

(or skegs)

curved lines

which are

in

conjunction with deadin the stern portions

common

The

use of curved Hues in conjunction with propeller-shaft bossings which are common in multi-screw
ships.
It is belie\-ed that these recommended evaluations can
be accomplished by electric analog}^ methods (Section

3.11; Koch, 1933).
for Evaluation of Added
heaving oscillations of cylindrical bodies (F. M. Lewis' Sections), floating on the
free water surface, is recommended for the full range of
This would be an extension of Ursell's
frequencies.
(1949&) work on heaving oscillations of a circular cylinder

Analytical

2

Research

Masses and Damping

in

(Section 3.12).
3 Analytical Investigation of

Added Masses

sections the sides of which are inclined

is

for .ship

also required.

These inclinations are particularly prominent in the
stern section of most ships, and are also present to a
They
smaller degree in the bow sections of V-form ships.
are present throughout the length of sailing yachts.
This project involves (.see Sectiou 3.12 for details)
water-surface penetration at moderate vertical velocities
(not permitting neglect of the gravity forces), the conjunction of a deep draft and inclined sides, and movements both into and out of water.
4 Analytical Investigation of a Three-Dimensional
Correction to the two-dimen.sionally evaluated added
masses in heaving and pitching oscillation of ships is
The correction is required at
advisable. Section 3.13.
individual strips (sections of a ship's length) for u.se in
For the comthe computation of bending moments.

panion project on damping forces see item 17.
5 Experimental Measurements of Added Masses
(Section 3.15) for prisms and cj'linders of various cross
The objective of the tests is experisections are needed,
mental verification of the theoretical research listed
under items 1(a), (6), and (c), 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
Inertia! forces and
frequencies should be provided.
damping forces should be recorded as 180 and 90 deg
out-of-phase

components

of

the

total

hydrodynamic

force.

6

Experimental Measurements

Moments Exerted by Waves on
Section 3.14-4.

conducted

by

The

7

of ships.
(c)

phase (0 or 180 deg) and 90 deg out-of-phase components of the total force or moment.

in

of

the Forces and

ship models are needed.

Tests at low model speeds should be

wide tanks

reflected waves.

in order to

avoid contamination

Different model forms should be

Distribution of

Forces along the

Hydrodynamic Wave-Caused

length should be determined.
This
can be done cither by using a segmented ship model or
by measuring the pressure distribution over the hull.

The

.ship

method

calls for a very large number of pressure
the pressure integration is to be reliable.
The
method can be made practical, however, if properly

last

probes

if

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 suggested, since this study is the most ad\'anced 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 settmg
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 i^roblems.

9 Alternate Evaluation of Sectional Damping Forces
should be undertaken making use of the flow evaluation
method given bj' Ur.sell (1949a).
10 Alternate Evaluation of Sectional Damping Forces
and Their Distribution Along the Ship Length on the
basis

of

(1957)

is

the

work

of

Haskind (1946) and Hanaoka

also advisable.

Theoretical Evaluation of Mean Values of NonDamping (with respect to draft changes.
Section 3.22) can probably be obtained relatively easily
by a suitable extension of the Holstein-Havelock source
11

linear Sectional

method.
12
Three-Dimensional Damping Considering Nonlinear Sectional Contributions (Section 3.22,

la.st

para-

graph) can probabl.v be attacked successfully by extending the Holstein-Havelock source method. The evaluation of three-dimensional effects by Havelock and
\'ossers, based on the theory of infinitesimal displacements, failed to impro\'e the agreement between computed and experimental damping forces, Section 3.21.
Since the damping intensity is indicated by the energy

by waves at infinity, and since the amplitudes of
waves are governed by wave interference patterns,

carried

these
it is

suspected that periodicallj^ changing drafts at the

ship ends

may

be the most important a.spect of three-

used and waves of different lengths, from 0.75 to 2 times
Amplitudes of forces
the model lengths, are suggested.

dimen.sional effect.

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-

of Sections

Damping in Heaving
With Inclined Sides is a companion project
The problem is outlined in
to No. 3 on added masses.
Section 3.12.
In regard to damping the problem is
13

Theoretical Investigation of

further characterized bj' the fact that water particles at
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ai-e given a lateral as well as x-ertical impulse.
expected to favor the development oi progi-essive
waves carrying the energy away from a ship and thereby
The problem can be attacked in
to increase damping.
two ways:
(a) By suitable formulation of a basic theory.
(6) As a correction to the water flow induced Ijy a wallGuilloton's "second-order" corrections in
sided section.
the thcorj' of ship wavemaking resistance (KorvinKroukovsky and Jacobs, 1954) may prove to be ap-

Further data on \'arious sections can be
bration data.
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 avoiil contamination of results by the
wave reflection from towing-tank walls. This project
can be subdivided and classified by the method of testing and by the type of model.

plicable in this ca.se.

(1946)

the

This

is

This project affects project 11 inasmuch as inclined
sides can be expected to intensify the non-linear draft
effect.

Experimental Measurement of Damping Forces
in heaving of prismatic anil cylindrical bodies, Section
It is expected
3.21, is a companion project to No. 5.
that inertial and damping forces will be obtained from
analysis of the measm-ed data as real and imaginary parts
14

hydrodynamic force. It is suggested that
measurements be made on Lewis' (1929) sections for
which Grim's (1953) theoretical calculations are availFor section fullness greater than that of the semiable.
of the total

circle,

Lewis' .sections closely resemble those u.sed in
ships.
Tests on the.se sections have, there-

practical

fore, direct practical interest.

Experiments on Damping Forces at Low Section
For section types finer
than semi-circvilar, Haskind's (1946) sections can lie sugTheoretical information on these can be obgested.
tained by reworking Haskind's three-dimensional analThese sections have shapes similar to those in the
ysis.
bow and stern portions of actual ships, which are characterized by sloping sides at the LWL.
Since the hydrodynamic characteristics of such sections are nonlinear,
tests must be conducted at a series of amplitudes.
15

Coefficients are also advi.sable.

The measured result at a given amplitude
sent the damping coefficient of an equivalent
tem.

In

the

present

.state

of

will repre-

linear .sys-

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.
Evaluation of Sectional Damping Forces by Means
of Wave-Amplitude Ratio (Section 3.21; Holstein, 1936)
is sugge.'^ted 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 po.ssible time.
A towing tank of rectangular 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 reciuired
e(|uipment, to be found in many laboratories.
By measuring wa\-e amplitudes at several freffuencies and amplitudes of the existing plungers a good deal of useful information can be obtained. Much information can be
obtained by mere re-examination of wavemaker cali16

By

the method:

Tests similar to those of Haskind and Kiman
(1957c), in which the model is restricted alternately in pitching and heaving, and is harmonically driven by a spring link. This type of test apparatus appears to thc^ author to lie the best combination
(a)

and Gerritsma

of simplicity

and

reliability.

Tests similai' to (iolovato's (1957a, b) in which
the model is driven alternately in heaving and pitching
by positive (rigid) mechanism and forces are measuretl
Good qualdirectly by small-deflection dynamometers.
ity apparatus and extreme care are needed for proper
Corrections for dynamometer
interpretation of results.
(b)

response must be included.

Analysis of the coupled pitching and heaving momodel (Grim, 1953) excited in one of the
modes by rotating weights. While only one mode is
excited, oscillations in the other will develop under acIn particular, the heaving
tion of cross-coupling forces.
induced by directly excited pitching will increase with
model speed. Unle.ss complete analysis of the coupled
motion is made, the results will simulate an exaggerated
(c)

tion of a free

speed on the damping in pitch.
the type of model
A theoretically defined (parabolic) model with
(a)
affine sections.
The model should be chosen preferably
from the Haskind (1946) or the Hanaoka (1957) series
for which complete theoretical calculations are availeffect of ship's

By

able.

The

object of the test

is

to

compare the measured

on damping and added masses at
\'arious speeds.
The data obtained on these idealized
ship forms should not be assumed directly applicable to
This project is an extension and veriactual ships.

and calculated

fication of the

oka.

results

work

The author

of

Haskind and Riman and

l)elie\'es

that

it

of

Hana-

deserves only low

priority.

A

model with sections varyamidships to V or hollow V at the ends, and
unsymmetrical fore and aft. The object of these tests
i.e., to provide experimental comparison with
is dual;
theoretical calculations, and to provide data on a (mathematically tractable) model reasonably resembling actual
The author is inclined to assign the highest priorships.
ity to this project, but only after theoretical work on the
formulation and analvsis of these model types. Section
(6)

ing from

theoretically ilefined

full

6.1.
(c)

Tests on models of conventional ships.

The only

tests available to date arc those of CJerritsma (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 jiroN-ide the information needed to
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judge the practical value of the models under the preceding subproject (b). They will also ser\-e as the final
check on the strip method of analysis using sectional results in conjunction with three-dimensional corrections.
Comparative evaluation of damping in pitch of various
combinations of bow and stern sections is particularly
miportant in A-iew of the suspected nonlinear effects of
sections typical for ship ends.

Theoretical Evaluation of Distribution of Sectional Damping Forces along the length of a ship is
18

needed in view of its importance in rational calculations
Under Michell's thin-ship asof bending moments.
sumptions, this can probably be obtained by recasting
Haskind's (1946) and Hanaoka's (1957) ship-motion
theories."

Distribution of Nonlinear

19

assumed harmonic

oscillation)

Damping Forces

may

(in

be of considerable

importance in rational bending moment e\-aluation.
This project implies a finite beam and finite amplitude
It may well be intractable by advanced
of motion.
mathematical methods of the type used by Haskind and
Hanaoka. The author beheves, however, that a cruder
intuitive approach based on Holstein and Havelock's
pulsating-source distribution may produce valuable
results.

Distribution

bending-moment analysis as well as verification of the
Conventional
theoretical results of projects 17 and 18.
ship models and idealized parabolic models should be

^Yhi\e it is difficult to list all possible projects falling under this broad description, a few suggestions will

ships.

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 completed the solution, however, only for heaving and
This project would extend Haskind's work to
pitching.
a complete e\'aluation of hydrodynamic forces in sixcomponent ship motions. 5^
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 surface.
He completed the solution for the rolling of a
Research projects are
certain family of ship sections.

suggested for:

Experimental Evaluation of Sectional DistribuWave Forces on restrained ship models of various
forms is needed. This project, listed here under damping, is a companion to project 7 on distribution of added
Preliminarj' calculations (Korvin-Kroukovsky,
masses.
1955; Korvin-Kroukovsky and Jacobs, 1957) have indi21

tion of

cated that damping (i.e., velocity-dependent) forces
caused by wa^^es may be negligible in defining ship moThe}' are important, however, in the distribution
tions.
of sectional forces since thej' appear to have a strong influence on bending moments (Jacobs, 5-1958).
Theoretical Evaluation of Hydrodynamic Forces
in Side Sway and Rolling is needed for the
ultimate analysis of ship motions and stresses in irregular
oblique seas. This broad problem e\ddently must be
subdivided into a series of lesser projects. Essentially

22

and Moments

the projects listed in the foregoing under heaving

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

used.'*

all of

added masses and damping forces is needed for the
complete freciuency range of a ship moving in waves.
Evaluation is needed of sectional forces, of three-dimensional corrections of these, and of forces for complete
of

(a)

Experimental Evaluation of Sectional Damping
is necessary to provide direct data for siiip

20

weber and de Alacagno (1957) apply only to asymptotic
Evaluation
cases of very high or very low frecjuencies.

Experimental Evaluation of Sectional Damping
Keels on systematic series of models is needed.

of Bilge

While

it is

evident that bilge keels greatly increase the

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 suflSciently the variety
of forms and proportions found in actual ships and such
test results can be better generalized by close correlation
with a theorj'. It is suggested therefore that ship sections analyzed by Ursefl (1949a) be chosen as the first
subproject.
Tests should be made alternately on the
bare sections and sections equipped ^\^th bilge keels of
Various draft/beam ratios, should be
\'arious widths.

damping

tried,

in roll of a ship, there exists but

including the one for zero theoretical

damping

(Section 5.33; Ursefl, 1949a).

Tests with a fixed axis of rotation are suggested
and so the possibility
Howe\'er, these tests alone may be
of generalization.
(a)

and pitching can be rewritten to apply to side sway and
rolling.
The subject of side sway and roll has been much
The
less developed than that of heaving and pitching.
studies of Grim (1956), Landweber (1957) and Land-

for the best correlation with theory

Independent theoretical research by Dr. Paul Kaplan of
is in progress under sponsorship of the Analytical ShipWave Relations Panel of the SNAME.
'* 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
attein]3t is made to measure the distribution of sectional hj'dro-

the coupling between roiling, heaving and side sway.
dissipation of additional motions will
modify the apparent damping in roll. Alternate experi-

'^

S.I.T.

dynamic

forces.

misleading.
In the rolling of a free body, the bilge keels will
(b)
change the instantaneous axis of rotation and will modify

The added energy

^* 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.

Scale Effect on Damping in Roll is very uncertain
and conflicting data have been gi\'en by various e.xperimenters. Presence of the squared term in equation (31)
as well as T. B. Abell's (1916; Section 5.34) measurements indicate a large viscous effect. A scale influ-

26

ence

On the other hand,
demonstrated identical

therefore to be expected.

is

Watanabe and Inoue (1958)
damping values for a ship and

its model.
Specific I'esearch to evaluate the scale effect is therefore needed.
This can best be done by sectional damping measurements 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
It is known, however, only
experience with ships at sea.
qualitatively and theoretical and experimental research
Figs. 22 and
for its quantitative evaluation are needed.
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.
Theoretical approaches to the evaluation of sec(a)
tional damping do not indicate the probabilit.v 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
Theoretical analyses (at least crude ones) of
the stem.
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 probafily
can be estunated by assuming it to be two dimensional
(in horizontal planes) and applying the Schwartz-Christoftransformation.

fel

The instantaneous

obliquity of the

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 element below the axis of rotation.
flow

is

The

(6)

following experimental projects ou the speed

in roll are suggested
(i) The relati\'e
contribution of the bilge keel's leading edge can be estimated by a successi\'e shortening of bilge keels, cutting

effect

on damping

away the

:

leading edge while retaining the position of the
(ii) in experiments on the bare ship models,
of the entrance angle on the damping increase

trailing edge;

the

eft'ect

is to be evaluated.
probable that the damping can be expressed empirically by a polynomial in speed with a first term independent 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.

with speed
It is

149

The subsequent speed-dependent terms may be e\'aluated by the theoretical analysis suggested under subThus a complicated physical relationship
project (a).
may possibly be replaced by a smnmation of assmned
simple ones, and a crude theory may provide sufficient
guidance for the generalization of empirical data.

28

Measurements

of Pressures in

Slamming Impact

Pressures should be measured in the process
of normal slamming in waves rather than in artificial
conditions.
The author con.siders the measurements of
are needed.

peak-point pressures neither reliable nor necessary for
engineering purposes. He suggests instead the measurement f)f 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
It is
to 22 in. on a ship, appears to be a good example.
emphasized that the time history of pressure growth and
decay is needed. The data are to be u.'ed in computing
the elastic response of a ship structure, and this requires
knowledge of the time pattern of the pressure application.

2Q

Impact Characteristics of a Plate on a Rippled

Water Surface should l)e 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 statistical methods to apjily to the impact on a sea surface of a
Flat-plate and V-shaped sections of
typical spectrum.
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 accelerations in heaving and pitching.
This will give the magnitude 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
Because of uncertainty in the
recording equipment.
elastic response of a model, it is suggested that accelerometers 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.
Measiu'ements made
in regular waves may be used to pro\'ide the easiest correMeasurements in iri-egular waves
lation with a theory.
will correspond to actual shijj 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.
Slamming Impact of Ship Sections of Low Section
31
Coefficient must be evaluated theoretically and experimentally. Such ship sections are typical for bow sections of fast ships such as destroyers, cruisers, and aircraft 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 sulimersion (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 gravTime history of the force development and
ity forces.
decay is needed.
32 Total Impact Force in Slamming of the fast ships
mentioned in the aljove project should also be measured.
This is a project similar to 30, but it is listed separately
because the relatively slow rate of acceleration development"' may reciuire different sensing and recording
equipment. Experiments in towing tanks are therefore
simpler with fast ship models than with the conventional

B =

cargo ship models, and a greater number of lal)oratories
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 accelerometer readings less certain.
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CHAPTER

1

2

Introduction

It was shown in Chapter 1 that observed sea waves can
be classified by various statistical methods without regard to the weather conditions causing them. Likewise, ship motions, observed visually or with the help of
various instruments, can be recorded without reference
Such records can be
to sea waves which caused them.
useful, for instance, in the design of equipment for which
a certain operational range must be specified. The statistical 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

oi this

monograph

is

to trace the cjuantitative

on ship motions and on ship stresses.
Attention is concentrated, therefore, on formulation of the
functional relationships on the basis of which ship motions and stresses can be predicted once the sea waves are
effect of wa\-es

The

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 connection was given in Chapter 2.
The ultimate aim of the activity to be surveyed in
Chapter 3 is to predict ciuantitatively all motions of a
defined.

definition of sea

a natural (always irregular) sea with various diwave propagation. This broad and difficult
problem can be solved only by dividing it into a series of
sub-problems, each of which is sufificiently simple to be
The major subdivisions, established only
tractable.
sliip in

rections of

within the last few years, are (a) ship motions in regular
long-crested waves, and (6) motions in an irregular sea
described by its spectrum. The first of these sub-proljlems is attacked by means of hydrodynamics and the
dynamics of rigid bodies, and the second mostly by the
methods of mathematical statistics. This second subproblem consists of mathematical operations on the reAll physical characteristics of
sults of the first one.
waves and ships are considered only in the first subproblem. The development of these two subdivisions
will be outlined in Sections 2 and 3 of this chapter.
' 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.

Ship Motions

3

Ship Motions in Long-Crested Harmonic Waves

A

ship traveling obliciuely to the direction of

wave

crests will experience a complicated series of translational

and rotational

oscillations.

tions are considered as the

In the analysis, these moof six components,

summation

three translational, and three rotational.

The

trans-

motions are surging along the .r-axis, side-swaying along the lateral or y-a,xis and heaving along the vertical or i-axis.
The rotations about these axes are rollIn the mathematical analying, pitching, and yawing.
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 ha\-e been stated and analysis has
been made of the much simpler problem of the motions
of airplanes and airships, but has not yet been accomlational

plished for surface ships.

Two

special simplified cases,

however, have been investigated
A ship traveling in a direction normal to the
(a)
wave crests and experiencing only motions in the plane of

symmetry;

i.e., surging, heaving, and pitching.
ship at zero speed in beam seas experiencing
only rolling, side-swaying, and heaving.

(6)

A

The two cases have been listed as physically and mathematically consistent. Additional simplifications, to be
outlined later, are obtained by an arbitrary disregard
of certain interactions between modes.
These are not
justifiable a prion 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-component motion will be discussed in Section 2.3.
The motion composed of the six components just described is often referred to as one in six degrees of freedom. The motion of a rigid body is completely described
by its six degrees of freedom, but in a practical appHcation this description is adequate only when the stability
It is
of a body with fixed controls is to be investigated.
not adequate for investigation of the path or trajectory
of a controlled body's motion.
Uncontrolled submerged
bodies eventually orient themselves broadside to the direction 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 dosi'^c of freedom in
movements of the rudder. This subject will be further

discussed in Section 2.32.

Ship Motions in the Plane of Symmetry: 2.11
Linear theory of coupled pitching ond heaving. Ship
motions in the plane of synnnetry involve surging,
The oscillatory surging motion,
heaving, and pitching.
along the .c-axis, does not appear to be of direct interest
Previous inin defining the seagoing qualities of ships.
vestigations of the stability of airjilanes and seaplanes
have also indicated that surging motion has no effect important in practice on the heaving and pitching motions
Two mutually interconnected, or
of free ships."coupled," differential equations of motion, expressing
Newton's second law for heaving and pitching, are usually
sufficient.
These equations can be written (on the habitual assumption of infinitely small motions) as:
2.1

mz = Z
Je

where

??i

=

.

^

.1/

is

az

of inertia

the displacement along the vertical or Z-

and 6 is the angular displacement in pitching. Z is
the component of the total hydrodynamic force in the
vertical direction and
the total hydrodynamic pitching moment.
By "hydrodynamic force" is usually
meant the resultant of those water pressin-es acting on the
hull which are connected with relative water velocities
and accelerations. However the force Z and moment
in equation (1) include changes in the buoyancy force
Only the velocities and
resulting from shi]) oscillations.
accelerations connected with waves and the oscillatory
body motions are considered. Water pressures resulting
from the steady forward speed of a ship and the hydrostatic pressures in normal flotation are not considered.
These are balanced by the propeller thrust and the weight
axis,

M

The

oscillatory fluctuation of the propeller

thrust in waves and the

moments connected with

it

are

insignificant in comparison with other oscillatory forces
They would have to be
acting on a normal surface ship.
taken into account in a planing-type craft, but this is outside the scope of this monf)grapli.
can be evalThe hydrodynamic force Z and moment
uated by several methods which will be discussed later.
The results of this e\'aluation take the form of a poly-

M

nomial with various terms proportional to displacements,
and accelerz, d, 1) (wave elevation), velocities, i, 6,
The terms in z and 9 and their derivatives
ations, 2, 6, 7j.
represent the forces connected with a body oscillating
in smooth water.
The terms in r; and its derivatives correspond 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:

l>i

The

first

+

cz

Ce

has been shown theoretically and experimentally (Keiss,
Sibul, 195t)) that .surging motion oceasionaliy becomes
1956;
important in towing tanks because of synchronism with the inotlel
towing system. By the same token it may be important in towed
and in moored craft. References for chapters 2 and 3 ajjpear at
the end of this chapter.

+

+ cd + gd
+ Ez + Gz

(Id

Dz

=
=

Fe''^'

Me'"'

(2)

three terms on the left-hand sides of equation

are identical with ecjuation (1) of Chapter 2 representing a simple oscillator.
The last three terms on the left-hand sides are known as

"cross-coupling" terms and express the influence of pitching on heaving motion and the influence of heaving on

The coefficients e and E contain simple (disdamping terms arising from the fore-and-aft
asymmetry of the hull, and also contain inertial conpitching.
sipative)

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 vibrations of coupled mechanical systems, that oscillations
can be controlled by a certain disjiosition of masses and
springs, without introducing dissipative damping.
forces caused

by waves on the right-hand

sides of

have been presented in the same
form as the first three terms on the left-hand sides;
i.e., as forces proportional to acceleration, velocity and
displacement.
In a simple harmonic wa\'e, however, the
relationships among these terms are rigidly defined, and
the solution of equation (2) is simiilificd by a compact
complex notation, with the understanding that real parts
These terms can be written as
are to be taken.
e(iuations (2) could

ReFc'"'
ReMt'^''

=
=

Re{Foe''')e'"'

Re{Moe")e'"'

=
=

Focos(iot

+ a)
+ r)

(3)

il/ocos(co<

M

are the "complex amplitudes"; i.e., the
F and
quantities defining both the amplitudes of force and
moment (Fu and Mo) and the phase lag angles (o- and r).

These latter can be expressed with reference to an arbitrary origin, but the same convention must be retained
for

both the force and the moment.

The symbol

oj is

used

in the foregoing eciuations to represent the frec(uency of

wave encounter, cof, but the value of F and i\[ also
depend on the wave length; i.e., on the wave's own
the

will
fre-

quency.

The

solution of the coupled differential equations of

motion (2) is given for the steady-state oscillations
(Korvin-Kroukovsky and Lewis, 1955; Korvin-Kroukovsky and Jacobs, 1957) as

AIQ - FS
QR - PS

ij

^

+

(2)

M

of a ship.

+

Ad+ Be +

The

and J are the mass and mass moment

of a ship, 2

'

153

(i)

FR - MP
QR - PS
where P, Q, R, and S represent the groupings
ficients of

equations

P =
Q =
R =
S =

It

The symbols

Z

of the coef-

(2) as follows:

and

—aw—do-

+

ihw

+

-|-

iew

-\-

-Dw~

+

iEw
iBw

-f

G

+

C

-^0)2

-I-

c

g

d in eciuations (4) are

(5)

the complex
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Comparison of computed and observed motion
3(c)
amplitudes and phases of Series 60, 0.60-block-coefficient
model: a wave amplitude, Z,, amplitude of heaving motion, B^
amplitude of pitching angle, a maximum wave slope, 5 phase
lag of heaving after pitching motions (from Gerritsma, 1958)
Fig.

motions and the phase lags of these motions. The phase
lags in particular have been found sensitive to computational errors
It appears that the destroyer form most closely approximates the theoretical linearizing assumptions and
there is good agreement between computed and measured data. The agreement is generally satisfactory also
In
in the case of the series 60 model, shown on Fig. 2.
this case, however, a well-defined discrepancy is observed
in the amplitude of heaving in the vicinity of synchronism. Subsequently, Gerritsma's (1957c and d, 1958;
see Section 2-3.21) experiments indicated that the discrepancy 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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Comparison of computed and observed motion amand phases of Series 60, 0.60-block-coefficient model:

Fig. 3 {d)

plitudes

a wave amplitude, Z„ amplitude of heaving motion, 9.i amplitude
of pitching angle, a maximum wave slope, h 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),
He
using his experimentally determined coefficients.

made alternate calculations, in which the crosscoupling terms were neglected. The comparison of the
measured motions, the motions calculated by equations
(2), and those calculated without the cross-coupling terms
also

shown in Figs. 3(o.), (6), (c), and (rf). A good agreement is demonstrated between motions as measured and
is

as calculated with coupling effects.

Neglect of coupling

heaving amplitudes and
At low Froude numbers, Ger-

results in severe discrepancies in
in

phase relationships.

ritsma's tests confirmed Fay's (1958) theoretical conclusion that, through the couplmg, 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 need of investigating the added
the model length.
mas.ses and tlamping 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 evaluation of coefficients.
Further research on the supporting
material for damping is, however, needed. Various projects, directed to this objective, were listed in Sect inn
:

2-9.

Variable coefficients and nonlinearities. At the

2.13

end

was called to dethe theoretical damping coefficients, the
values of which are assumed to be constant throughout
the motion cycle.
Discrepancies between theoretically
of the previous section, attention

ficiencies

of

computed and experimental ship motions may

also be a
In the linear theory, the
ecjuations are solved for very small wave heights and very
.small motions, in which case the coefficients are es.sentially 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 obtained only when the coefficients are assumed to he constant and independent of time.
The coefficients are
evaluated in this case with ship sections submerged to the
normal still \\'aterline (for instance as in Appendix C,
equation 42). These coefficients can be evaluated,
however, for any instantaneous position of the waterline at a ship section, and thus can be expressed as functions 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 de\'iation from the assumptions of the
linear theory occurs in the restoring-force coefficients c
and C which depend directly on the width of the waterline.
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 \'alue 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 submergence, (b) changes of mean draft, (c) a certain dependence of damping on the square of the vertical velocity in addition to the first power of velocity i.e.,
result of the latter assumption.

b

= b{z).
The

significance of item (b) in a ship's

demonstrated

in

motion was

an exaggerated form by a towing-tank
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Akita and Ochi (1955), as shown in Fig. 4. The
with black dots indicates the phase angle (designated here as 5^-^) between pitching and heaving
test of

.solid line

The model was

19.7 ft long, had a flat bottom
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, expressions 2-(21 and 22), that the damping coefficient
is sensitive to draft and increases rapidly with decrease of
draft.
In the present case, relati\'e changes of draft and
damping force with model pitching are large because of a

motions.

and

vertical sides,

small

mean

Furthermore, since in pitching a deis accompanied by an increase

draft.

crease of draft at one end

at the other, the cross-coupling coefficients e

and

E

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
per sec, in the vicinity of synchronism, the heave-pitch lag, however, is reduced to about
20 deg. Apparently the only cau.se of this behavior
is the
nonlinearity of damping, which caused large
cyclically fluctuating cross-coupling terms.
It is important to realize that nonlineui'ity of terms of the ecjuations of motion becomes particularly important because
it brings about cyclically varying changes in cross-coupling terms. The effect of nonlinear clamping 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

m

smaller degree.

Demonstrated

in the foregoing for damping, the efnoted occur in the displacement cross-coupling terms
This effect was
(g and G) in ships having inclined sides.
discus.sed by Radosavljevic (19571)).
The nonlinear behavior of the coefficients of e<iuations (2) can be evaluated without difficulty by applying
the expressions given in Appendix C to instantaneous
section drafts.
While formal solution of equation (2) becomes impossible, numerical .solutions can be made easily
with the help of electronic computing machines. A research project to carry out such computations is recommended because of the possibility of a large effect of nonlinearities on motions for many ship forms.
In particular, phase relationships appear to be strongly af-

fects

fected.

So

far

computation of nonlinear motion has been car-

by Hazen and Xims (1940) using a semiThe nonlinearity was limited to reThis attempt was esstoring moment coefficients, C.
sentially premature in that it was applied to an uncoupled pitching motion and based on displacement computed 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
ried out only

mechanical process.

the harmonic. However, while these deviations distorted
the sinu.soidal oscillatory trajectory, it has not been tiem-

onstrated

to

what extent the amplitudes were

af-
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The phases were not discussed, and, indeed, such
a discussion would have been meaningless without taking heave-pitch coupling into account
2.14 Significant characteristics of ship motions; significance of phase relationships. It appears that motions
of a ship can reasonaltly be predicted either by model

210

fected.

by calculations. The resultant cjuantitative data
must be interpreted, however, so as to obtain a somewhat
tests or

intangible description of the "seagoing fjualities" or "seaThis description must evidently
kindliness" of a ship.

be connected with the nature of a ship's service. The
amplitude of motion is important in certain special
cases; 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 stal)le
gun and missile platform. In commercial ships the amplitudes of motion do not appear to be important by
themselves, and other phenomena connected with motions may be more decisive in determining the seakindAccelerations, which are proportional
liness of a ship.
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

connection between accelerations and sea-sickfishing trawlers accelerations impose hardships
on the crew at work (Mockel, 1953). On modern cargo
ships, on the other hand, crew accommodations are not far
direct
ness.

On

from amidships and accelerations in pitch and heave are
of minor imp(5rtance in regard to the crew con\-enience.
These accelerations are significant, however, in the design of the structures supporting cargoes in the No. 1

The critical conditions limiting the sea speed of
cargo 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
hold.

naval ships.
Shipping of water and slamming are affected as much
by phase relationships as by amplitudes of motions. As
can be seen in Figs. 1, 2 and 3 the phase lag continuously increases with increase of a ship's speed, and so
with increase in the frequency of wave encounter. In the
ca.se of a simple harmonic oscillator, i.e., equation 2-(l),
the phase is near zero at low freciuency, 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 hea\-ing are different and phase angles are somewhat
The important fact brought out by this
modified.
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. At a
speed above the synchronous one a ship may have the
same amplitude of motion, but because of a large phase
angle tlie descending bow is likely to impinge on the
Thus, conditions are favorflank of an oncoming wave.
This has alable for slamming and shipping of water.
ready been discussed in Section 2-7 and made e\'ident in
Figs.

2.2

2-33 and

34.

Rolling, Heaving,

and Side Sway. Motion

in the

D
a.
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However, theoretical research into
Froude seems to have been rendered inef-

value to date.

rolling since

by adherence to his methods. This does not
apply to the more advanced theory of i-oU stabilization.
]iy intuitive reasoning W. Froude reduced the three
conventional coupled equations to the form for a simple
harmonic oscillator, ecjuation 2-(25), in which he initially neglected the damping (coefficient B = 0).
He
assumed that a ship with a small lieam and draft in comfective

parison to the

wave length moves

the water which

displaces;

it

in

the

i.e.,

same manner as

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
then simply e.xpressed as the product of this resultant
and th(> roll angle measured
between the ship mast and the local normal to the water
surface.
However, Froude neglected the contriiiutions
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
is

force, the metacentric height

eciuixalent to roll-side

sway coupling,

wliilc paitially ac-

counting for the hea\ing motion.
In the form used by W. Froude (18()1) the resultant
eciuation of a simple harmonic oscillator without damping takes the form''
47r-

rf-0

{<f>

-

(7)

is the angle lietween the shi]) mast and the verwhere
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 nKjtions are given by the
</>

equation
d>

=
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where Tn is the natural period of undampetl ship rolling
and Tc is the wave-encounter period. The motions of a
ship are sh<nvn, therefore, to consist of two sujxapo.sed
systems of oscillations, one at a ship's natural period 7'ij,
In general,
the other at the wave encounter period 1%.
the resultant motion will show a series of beats of increasing and decreasing amplitude of indi\'idual oscilla-

As the ratio Ta/Te approaches unity, however,
tions.
the oscillations rapidly grow with each consecutive cycle,
reaching catastrophic proportions.
Introduction of
damping checks the unlimited growth of oscillati(Mis, but
damping of
and certain
sist

generally small at zero speed
characteristics of an undamped motion per-

ships in roll

to a large extent.

existence of a high

,

recommended fii'st liy W. Froude.
Under the a.ssumptions made by Froude, a ship mo\es
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 conse(iuence of physical conditions for a small shi])
on long r(>gular waves coming exactly from a beam diIn the foregoing treatment by Froude, water disturbances caused Ity a rolling ship and all ship side-sway motions with respect to water (i.e., apart from the horizontal
component of orbital wave motion) were neglected.
Rankine (I8(54a) showed that there is a certain effect on
the water flow in the case of deep draft or short waves.
Rankine (18(i4r) also commented on the effects of the
Under the
vertical acceleratif>n neglected by Froude.
physical conditions assumed by Froude, these considerations 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
Under
ship in oblique waves has largely been overlooked.
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 unavoidable and

it

brings about changes in pressure dis-

is

The most important

of these

and sharp peak on the curve

magnification factor

Most of the usable information on ship rolling comes
from the foregoing simple relationships. It consists of
i-ecognition of the importance of avoiding .synchronism
with the waves, Ta/Tc = f and of having a ship's natural
period Tn sufficiently large, i.e., having a metacentric
height sufficiently small, to avoid synchronism with waves
frequently met in Nature.
The.se basic conclusions remain valid even when physical conditions of ship operation deviate widely from the idealized conditions assumed by Froude. Ship speed anil wave direction weie
later included as factors by others, but only in the sense
of affecting the period of wave encounter T,.*
Charts
were constructed (Niedermair, 1936; Maiming, 1042)
clearly showing the fa\'orable and unfavorable combinations of ship speed and heatling.
A large amount of observations at sea (for instance Hebecker, 1940, Meckel,
1941) clearly demonstrated the advantage of large natural roll periods for normal types of surface ships as

rection.

")

T„-

dt-
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(</>„,ax/amax)

at svnchronism

is

the

of the
(7',,

—

tribution

and

the forces acting on a ship.

in

have not yet been taken into account
ship rolling.

\

material for

th(^

certain

amount

*

The

effects of the

mass and restoring force are here represented

terms of the natural period T^.
2-(.32) with K =
and w„ = 27r/r„.

This corresponds to e(|Uution

of theoretical supporting

calculation of forces cau.sed

water flows can be found

in

The.se forces

in the analysis of

in tlie

work

by

lateral

of Ursell (1946, f948a

* Neither
changes of hydrodynaniie forces nor couplings with
other modes of motion were taken into accoimt. These inevitalily
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 Watanaljc (1938), but as
yet, a straightforward formulation of the problem in the
form of a set of conventional coupled differential ec[uations 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, heaving motions do not exert a significant influence on roll and
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).''
Side .sway is significant in defining the total
amount of motion damping. In general, without a fully
stated mathematical formulation for rolling in waves,
side sway.

and differences between rolling in waves and
smooth water cannot be brought to light.
Suyehiro (1920, 1924) and Watanabe (1938) presented
experimental data on ship rolling in side waves with parThe horiticular attention to side sway and side drift.
zontal component of the orbital motion of a ship's center
of gravity in beam waves was found to \'ary from 0.71 to
similarities

rolling in

movement of water particles in waves;
amount assumed by W. Froude (1861). As

1.24 of the

of the

sult, the

i.e.,

a re-

apparent center of rolling shifted over a range

from below the keel to above

LWL.

lee side of a ship, indicating a

It also shifted to the

heaving component in the

motion.

Under
rical

Fi'oude's assumption, conditions are

on the

lee

and windward

symmet-

sides of a rolling ship

waves are assumed to be
In reality, there is a large

since the passing simple gravity

undisturbed

b}'

the ship.

The energy dissiof ship-wave interference.
pated in damping as a result of rolling and side-swaying
"\^isuis taken out of the wave, reducing its amplitude.
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 conRealization of the significance of
trolling ship motions.
.synchronism leads to specification of the period of I'oll
which is controlled by choosing a suitable metacentric
In the past other aspects of the rolling motion
height.
had only academic interest and were not visibly connected with practical needs. They become important.
amount

Investigation.s of a long ship in oljliciue waves, neglecting the
effect,?, were made by Kriloff (1898) and Cartwright
and Rydill 1957. In the last reference cross couplings were not
considered.
' The elTect 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
'

water flow

the righting

moment.

c;
1

SHIP

MOTIONS

the natural period To is eoiistant and indethe angle of roll.
Subsequent theoretical studies concentrated on the
dynamics of noni.sochronous motion; i.e., the motion re-

nous";
pendent

i.e.,
ol'

arm differing from the one shown
by equation (9). Two relatively recent examples of such
work will be cited.* Vedeler (1953) assumed the equation of motion for rolling in smooth water to be

_

sulting from a righting

+

<!>

hicj>

+

+

b2<p-

In this case nonlinearity in

arm

co'-

(0

-

damping

=0

A-0^)

(10)

as well as in right-

When

a simple harmonic exciting
function is put on the right-hand side and the equation is
solved, the "magnification factor" (the ratio of the amplitude 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 =
ing

is

included.

To/Z.

The dotted cin-\-e, peaked at n = 1, indicates the usual
form of the magnification-factor curve for a simple harmonic oscillator. The dotted curves swinging upward and
To the
to the left result from nonlinear equation (10).
left of « = 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 characterized 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 Bavunann (19.55). The
equation of rolling in regular side waves is written as
J4>

+

+

B{T,)

A[l

+

iS{t)]h{4>')

^0,

(including

added water

(11)

where

J = moment

=
=

4>
<j>'

of

inertia

masses)
angle of ship with respect to vertical
angle of ship with respect to the normal to

wave

surface

B = damping

(i.e.,

to "apparent vertical")

coefficient as a function of period

of ship oscillation of a gi\'en anqilitude

A = weight

=

/3

h

(4>')

T,

=
=

of a ship

vertical acceleration in

waves

in

terms of

gravity acceleration
righting arm as a function of inclination </>'
ship period as a function of amplitude of oscillation

Froude investigated the motion only

up

to the angle

</>„

amassumed

for small

plitudes of rolling for which equation (9) can be
Baumann investigated ecjuation (11)
valid.

angles

for

at which the righting

Baumann

all

arm

evaluated the erjuation numerically
numerous graphs for different forms of righting-arm curves.
An example is reproduced in Fig. 6. The abscissa is the ratio of the
square of the period of rolling in waves T^ to that in
smooth water at small angles To. The ordinate is the
ratio of the amplitude of the angle 0, designated as f,

vanishes.

and presented the

'

An

161

results in

additionat paper

by Robb (1958) has

just appeared.

:5-0.5

1^

0.15

0.10
0.05

^^
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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
motions are confined either to the longitudinal
For
plane of symmetry or to the transverse yz-plane.
both of these cases the motion was described comiiletely
by three coupled differential etiuations, and was well approximated by two. A ship traveling ol)li(iue!y to the
direction of wave crests, on the other hand, moves in all
Assuming that the rudder is hxetl in neutral
six modes.
position, such a motion can be described by six coupled
Krilotf (1898) formulated the.se
differential ecjuations.
ecjuations and presented a thorough discussion of their
This analysolution together with numerical examples.
sis appears to have been aliead of its time and no further
Later, the subuse of it was made in naval architecture.
ject was developed by Bairstow, et al (1913-1914, 19161917) in connection with aeronautical engineering and the
information on it can be found conveniently in .Jones
These methods of analysis have sul)se<iuently
(1933).
ship's

been applied to the investigation of stability of submarines and torpedoes. A reference to the SNAME T.
and R. Bulletin No. 1-5" will be u.seful 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 connection.

The large number of parameters in\'olved in
mode motion makes it necessary to de\'iate from

the sixthe 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 correspond to the XAC'A convention included in the list of
symbols in Chapter 2. The complexity of the motion and
the many angles involved make it advisaljle to establish
a co-ordinate axes system fixed in the ship with the
The ai'celerations, deorigin at the center of gravity.
fining the inertial forces in the following eiiuations, are,
therefore, those measured by accelerometers installed in a
ship so as to read translational accelerations along the .r,
ij,

and £-axes

of the ship's co-ordinate

accelerations about these axes.

system or rotational

Eciuations (1)

repre-

senting Newton's second law for heaving and pitching,
are

now extended

to

m.

(it

—

VI

-\-

wq)

=

X

ur) = Y
m — ivp
m (w — iiq + rp) = Z
hp + (/, - I„)qr = L
[i)

14
hr

The

-\-

+ (h- h)rp =
+ (J, - lApq =

,

in.stance A',

known and

is

designated A'u at a certain instant t, its value at
expressed by a linearized Taylor expansion as
.'
A = Ao

,

—

dA'

4-

-

,

dx

ox
all

terms

dA
+ ~~

,

,

dij

oij

+
,

bX
-—-

I

+

dl is

,

dz

...etc.

(14)

oz

in etiuation (13).

There are, therefore, 18 coefficients (derivatives) dehydrodynamic forces on the right-hand side of

fining

each of equations (12) or 108 coefficients in the set of six
simultaneous equations. These coefficients refer to a
ship oscillating in smooth water,
.\dditional terms must
be added to represent the wave-excited forces.
Equati(jns (12) are written for the body axes, so that,
moments of inertia remain constant despite

for instance,

changing attitude of a ship.

hand

The

quantities on the rightdepend on the relative
body axes with respect to the

sides of these eciuations

instantaneous orientation of
moving axes in which the .(-//-plane remains parallel to the
mean water surface, or, in other words, on the angle between the e-axes of these two co-ordinate systems. A
suitable transformation of the hydrodynamic and hydrostatic forces into the forces with respect to body coFor instance,
ordinates must, therefore, be carried out.
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 aerodynamic forces acting on wings (with certain exceptions)
do not depend on accelerations. Coefficients of the
form dA'/d.f, and bX/bi'i \-anish, therefore, and only six

depending on linear and angular velocities u,
remain in each equation.
For a submarine the forces do not depentl on position
but do depend on accelerations. Derivatives with re-

coefficients
r,

w, p,

q, r

spect to

li,

i',

w, p,

q, f

are therefore retained.

For a ship floating on the water surface, the forces also
depend on position, and the complete set of deri\'atives indicated by equations (13) and (14) must be retained in
principle.
In all applications, however, a few derivatives can be omitted, by inspection, as ha\'ing zero or near
zero value.

-V

now

include dy-

namic (often referred to as gyroscopic) coupling terms. In
the case of a surface .ship, the hydrodynamic forces A', Y,
Z and moments L, M, N depend on positions, velocities
and accelerations so that, for instance.
'Technical and Research Bulletin No. 1-5,
Treatinf? the Motion of a Sulimerged Bodv
SNAiME, April 1950.

M

and similarly for Y, Z, L,
N.
If a hydrodynamic force, for

covering

(13)'°

X(x,!j,z,6,(i>,4',u,r,w,p,q,r,uJ\w.p,q.r)

(12)

.1/

left-hand sides of the e(|uations

=

A'

2.3

"Nomenclature tor
Through a Fluid,"

Even in the simplest case of an airplane which involves only 37 derivatives (.Jones, 1933), it is not possible
to solve formally the set of six equations (12) as this has
ijeen done for the simple two-mode system shown by
equation (2). Only a numerical step-l)y-step integration
is possible, the laboriousness of which did not permit
i»
The reader's attention is called to the two s\-.«tems of freB: and so on.
.r; q "^ 6. q
x, u
(inently used notations: »
" Tiie data on <-n-nrcliiiate transformations will lie found in
.SXAME 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.'- With the present availability of high speed eomputing 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 oi of the gunwale,
for instance, must be found, as well as accelerations in
In the ca.se of airplanes the problem
various directions.
was further simplified by applying the e(|uati()ns of motion to the study of stability rather than trajectory.
Furthermore, the most important practical airplane problem is stability in straight flight. For infinitesimal deviations from straight flight, equations (12) separate into
two sets of three coupled e(iuations. The first set repre.sents the motion in the plane of synmietry and involves the first, third, and fifth equations. The second
set represents asymmetric motions governed by the
second, fourth, and sixth etiuations. 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 eliminated the dotted terms on the left-hand sides of e(|uations
(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

and of the degree of
coupling between equatiojis. Large labor .saving in
future work will result from the elimination of any equation v.-hich will be demonstrated to have but a weak efSince oidy orders of magnitude
fect on other eciuations.
are required in this connection, the work can be attempted despite the fact that many derivatives can be
only crudely estimated at present. A complete step-bystep integration once accomplished for a typical shiji will
permit the de\'ising of simplified calculations in the
future by justifying neglect of certain cro.s.s-couplings and
signiflcance of various derivatives

of

many

derivatives.

In using step-liy-step integration, equations (12) are
not limited to small disturbances, only each increment of
time dt must be small. Large total motion can be represented by assigning suitable values of coefficients for
each successive step. One of the most important effects in a six-component motion is the drastic cyclic \'ariations of the coefficient dN/dtp (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 co -* it may pcjssibly leatl to broaching.
'^ Except in a few limited cases (Jones,
1933, p. 125). Krilciff
(1898) presented an example of a complete .solution for the mutiuns
This was liased on the
of a cruiser at three forward speeds.
assimiption of the fore-and-aft mass (hstriliution synmietry and
on the "Froude-KrilofT hypothesis." Under tliis liypothesis all
external forces acting on a ship were assumed to l)e caused by
hydrostatic water pressures corrected for the pressure gradient in
waves (for the "Smith effect"). The distortion of the water How
by the presence of a ship was neglected. Kriloff's work is particularly important in that the trajectory of the motion was computed and transient responses were included.
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A

degree of freedom added by the use of a
For iH\'cstigations of the directional .stability
of .ships, sinusoidal motions of the rudder with a predetermined amplitude were sometimes used, producing a
The effect
sinus(jidal ship path and a harmonic rolling.
of the rudder so u.sed can be represented in the equations
of motifin.s as an addetl 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
2.32

rudder.

rudder.

To maintain a specified mean heading, the rudder must
be moved in respon,se to ship motions induced by \va\'es
and the nature of the rudder motions is not known in advance.
(Jrtlinarily the rudder is uKn'ed only in response
to a yawing disturbance, but its motion generates a sideswaying force as well as the desired yawing moment.'^
Furthermore, the rudder neither is capable ot imnrediately checking the yawing motion, nor as a rule, produces
the corrective yawing moment at the .same time the exThe time relationciting moment due to waves occurs.
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

The force and moment exerted by the rudiler
are generally proportional to the rudder angle of attack
and therefore are not only functions of the rudder angle
devices.

They are, fiu'but also of the ship yawing velocity
thermore, affected to some extent by the pitching attitude 6 and velocity 6 ^ q. The rudder angle 5 is, therefore, a time-dependent \'ariab!e (not known in advance) of
the same significance as the ship-displacement \-ariables,
Seven degrees of freedom are inX, y, z, d, 4>, and xp.
volved here.
5

/•.

The

six e([uations (12),

must

l)e

supplemented

liy

an

etiuation deHning the rudder angle 6 as a function of the
ship yawing angle, 5 = 5(4/), in whicl\ the integral and

and second derivatives of ^ may be included. Pughthand sides of the first six equations will have terms defirst

pendent on

S

of greater or lesser importance.

sides of the .second

and

sixtli

Right-hand

e(|uations will haN'e the

important added terms (dF, d5)c/5 and (dXdd)rl5. Addition of only these two terms will suffice in linear stability
analysis based on infinitesimal ship deviations from
In a step-by-step integration
steady rectilinear motion.
for large deviation from steady conditions, and in the
analysis of a ship's turning, the foregoing terms will he
modified by the obliqueness of the water flow at the rudder.
These derivatives become functions of the j^awing
velocity (dl'/dS) = Y6=Yi{r) and (dA'/dS) ^Ng = Xsd-).

The

on the rudder-force derivabe taken into account; i.e., I'j = Yiid)
This effect of ship's trim 6 becomes parNi(6).

effect of a ship's trim

may

tive also

and Ns =

ticularly important during a j^art of the oscillating cycle
'^

The importance

to rudder
theory of

turning.

motions

is

dynamic

of (he side-swaying force in a ship's resjionse
brought out by Davidson and Schitf's ( M)4ti
stability of shi|)s on course and of a ship's
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which {dN/d\p) acquires a hirge positive (i.e., destavalue because of the submergence of the bow and
emergence of the stern, while the ^'alue of the (dN/dS) is

values that the cross-coupling effects of rolling become
quantities of second order.
Stabilizing water tanks evidently have no effect on hydrod.ynamic derivati\'es. An-

reduced.
The presence of the gyroscopic coupling terms on the
left-hand sides of equations (12), in addition to the less

tirolling fins, in

evident couplings due to derivatives on the right-hand
sides of eciuations, spreads the effects of the rudder motions through all six equations.
A limited problem of rudder-controlletl 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 free modes and evaluation of certain
derivatives or wave-excited forces.
However, the subject of this section will be a simplified analysis of the
motion oi free models in regular long-crested waves, based
on a more or less justifiable neglect of certain crosscouplings or, in other words, an analysis based on the assumption that the motion can be described by a 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 neglecting 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 illustration of practical application of the five-degrees-of-freedom analysis to a relatively simple airplane case will be
found in the paper by Westerwick (1957), in which furThis paper is an exther references are also given.
cellent example of the application of the five ec(uations
of motions (with some derivatives omitted by judgment)
to the determination of the desirable automatic control
function to achieve a specific ol)jective.
The second quasi-rational multi-mode case is obtained
=
by further assuming absence of rolling; i.e., <^ =
= 0.''' The system of ecjuations is thus reduced to four
with 48 derivatives on the right-hand sides. Gyroscopic
cross-coupling moments on the left-hand sides of equations (12) are also eliminated since p (i.e., <^) = 0. Moreover, a good deal of the difficulties in relationships between co-ordinate systems 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 analysis to model experiments in oblique waves is one of the
most useful projects which can be undertaken with cur-

forces

in

bilizing)

<f>

rently available theoretical

The

and physical

facilities.

case just outlined correspf)nds closely to physical

reality in the case of roll-stabilized ships.

A'arious

means

of roll-stabilization reduce the roll angles to such small
'*

This case was suggested to the author by Prof. E. V. Lewis
Davidson Laboratory, Stevens Institute of Technology.

of the

a conventional arrangement near amid-

would cause such a small

ships,

moment

lateral force

and yawing

as to be negligible in comparison with other

and moments acting on a ship.
After the solution for motions is completed with
=
= 0, the \'alues of the \'ariables 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;
i.e., will lead to a rational design of this system.
Arbitrary selection of motion modes.
Often an
(6)
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 certain conditions and not to expect a uni\'ersally valid solu(ji

tion.

Rydill (1959) has undertaken such a limited approach.
His objective was to find the amplitude of yawing oscillation 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 8 = 5 (J^Tpdt, \p,
Two linearized
\f).
coupled equations in side sway and yaw, i.e., the second
and sixth equations of (12), were considered and the
possible effect of all others was neglected.
Since the motions 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 d, and the (in
this case) second-order effect of the yawing velocity \p =
r on the rudder angle of attack was neglected.
The
xj/,

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.
analysis

The
events.

action of the rudder involves a chain of successive
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 various lags of other responses to the signal before the deFinally, there is a
sired rudder motion is accomplished.
lag in the ship's response to the rudder movement.
While these features can be incorporated in the differential equations of motion, Rydill demonstrated how
they can be better analyzed b.y the servoniechanism
theory.

Probably the most valuable result of t he paper is the
demonstration that ship responses to rudder movements
are large at low wave-encounter frequencies and become

The frequent and rapid rudsmall at high frecjuencies.
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

SHIP
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wave encounter. Various characthe rudder-control function 5 = 5 (J'4'dt, 4',
were brought out, verifying and extending the previous

at low frequencies of
teristics of
xj/)

and Gimprich (1949).
While giving a large amount of useful information, the
results demonstrated at the same time the a|3parcnt inadequacy of the linear theory and of neglecting coupling
with the pitching motion. The amplitude of ship yawing in wa\'es found by the above analysis appears to be too
The tendency of a
small judging by observations at sea.
ship to yaw in quartering and following seas appears too
weak in the theoretical results and does not explain the
In particular
steering difficulties encountered on ships.
theoretically found yawing does not lead to broaching.
The conclusions therefore appear doubtful at oje — 0.
As stated earlier, the author believes that practical
steering conditions at sea depend primarily on the
cyclical variation of the derivatives dN/d4' with bow and
From Rydiil's findings,
stern immersion and emersion.
the effect of this variation becomes more important with
the decrease of frequency in following seas. These effects can be brought out by a nvmierical step-by-step in-
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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 investigation of coupling effects in a ship's rolling motif)n
appears, therefore, necessary for a realistic presentation
The coupling effects result not only
of rolling at sea.
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 equaThese latter are suspected to be important in \'iew
tions.
of the generally small damping in pure rolling and the
small

moment of inertia /^.
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 gyrostabilizing the SS Conte-di-Savoia (De Santis and Russo,
The stabilization system was not adef|uate to
1936).
control rolling of the ship as designed, but apparently
became much more effective when a skeg was added, increasing the directional stability of the ship.
The investigation of rolling of ships in waves can be aptegration of four coupled eriuations of motions; i.e., negThe work of Davidson proached by two methods. In the first method, it may
lecting surging and rolling.
be assumed that rolling is strongly influenced by other
(1948) on broaching can be cited as an. example of the
motions, but that it has little eft'ect on these other molimiting case oje = 0, and the use of step-by-step integraThe equation for surging was not formally con- tions. Analysis of a four-mode motion (five degrees of
tion.
freedom including the rudder motion) can first be made
sidered, but the action of a wave in increasing the speed
as outlined in Section 2.33 (a); i.e., omitting surging and
of a ship poi.sed on its advancing flank was taken into acThe resulting values of all time variables can
rolling.
count.
The aim of Rydiil's project was determination of the subsequently be inserted into the fourth of equations
(12), expressing the equilibrium of moments about the
most advantageous rudder-control method. Rydill called
:r-axis.
The solution of the differential equation in will
attention to the fact that De Santis and Russo (1936)
The author believes this apdescribe the rolling motion.
and Allan (li)15) cited sea observations indicating the inproach to be a close approximation to physical reality.
fluence of rolling on the directional control of ships.
A second and reasonably realistic method of roll deterNevertheless this effect was considered less important
mination may consist of omitting the equations in surgthan other yawing moments, and rolling was neglected.
ing and heaving and considering an assumed four-mode
Other limited groupings of degrees of freedom may be
motion in side sway, rolling, pitching and yawing, only.
chosen in order to bring out the rolling characteristics
The author considers this approach less realistic and at
of ships.
Rolling is recognized as one of the most disthe same time much more difficult than the first because
turbing motions of ships at sea and its more pronounced
of the complications connected with various co-ordinate
manifestations were forcefully described by Captain
systems at large angles of rolling.
relieved
seldom
be
rolling
can
While
Patterson (1955).
The author has already em]:)hasizcd the important efby reduction of speed, it frequently delays ships by
Even if it were assumed fect of the ship liow submersion on yawing motion;
necessitating course changes.
strong roll excitation by the yawing can also be expected
that most of the modern passenger liners will be equipped
The usefulness of the small-displacement
in
this case.
ships
probmost
of
the
cargo
devices,
antiroUing
with
solution of the differential e(]uations of motions, i.e., with
ably will not and improvement of rolling characteristics
constant coefficients, is therefore questioned. The
must remain an important item of research.
analyses are expected to yield realistic results if step-byin
side
rolling
was
made
of
In Section 2.2 analysis
waves at zero speed and in these conditions many coupling step integration is used with variable coefficients approThey all come into play with in- priate to the state of motion at each particular instant.
effects are inactive.
Among other aspects of realistic motion in waves, the
crease of a ship's forward .speed and with obliiiueness of a
described
analyses will yield information for estimating
couplings
may
act
The
crests.
to
wave
ship's heading
the probability of a ship's capsizing in following or quaras added excitation forces and moments or as restraining
ones.
These latter may cause more rapid attenuation of tering seas. Deep bow submergence and stern emergence create strong yawing instability simultaneously
rolling amplitudes than can be expected from the damping in roll alone.
From observations at sea and during with decreased rudder effectiveness. Molent yawing motion can therefore develop leading to a large yaw-induced
tests in oblique waves in a towing tank, the author has
It is
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is particnlaiiy dangerous
for a small ship on an advancing flank near the crest
The subtraction of the vertical acof a large wave.
celeration of orbital water motion from the force of grav-

moment.

rolling

The

situation

ity leads to a reduction of the righting
time when the above mentioned rolling

The wind

force acting

moment at the
moment occurs.

on the superstructure

will further

aggravate the situation.
The analyses can also l)e expected to lead to improvement in the rolling characteristics of ships through
Since rolling is
better proportioning of appendages.
caused by waves directly and also is induced by yawing,
the resultant amplitude of nAi depends on the magniCertain
tudes and relative timing of these two effects.
proportions of the appendages (skegs and bilge keels) may
Thus,
secure the optimum relationship of these effects.
considering the stability of an airplane in circular flight,
Korvin-Kroukovsky (1929) pointed out the fact that the
ratio (yawing moment due to yawing \elocity)/(yawing
moment due to side slip) strongly predominates over all
other factoi's 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 emjiirical tiesign rules were then formulated, based on this ratio, for proper proportioning of
wing dihedral and vertical tail surfaces. This simple
action was possible, howe\-er, only because a complete
investigation of the problem by Bairstow and his associates

was

available.

Information on miscellaneous coelhcients of equations
(13) and (14) can be obtained by:
E.xperiments in towing tanks with suitable rei
straints on models and the use of oscillators and/or rotating arms.
Theoretical methods, following the procedure forii
mulated by Haskind (1946, section 2-6) and extending
un.symmetrical motion.
it to evaluate tlcri\-ati\'es in

This
iii

is

limited to idealized ship forms.
method using strip theory, closely fol-

Theoretical

lowing the procedure used by Korvin-Kroukovsky and
Jacobs (19.57) for motions in the plane of symmetry and
extending it to unsymmetrical motions. The supporting

work

de Macagno (1957)

method
3

Grim (19.j()), and Landweber and
was described in Chapter 2. This

of Ursell (1949),

is

applicable to normal ship forms.

Ship Motions in Irregular Seas

Chapter 1 of this monograph is a digest of all the information 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
basic tenets upon which ship motions investigations may
be carried forth.
There is, hrst 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 deOf
fine the energy-frequency characteristics of waves.

these

wa\e-spectrum descriptions (Section

none

1-6)

has gained widespread acceptance, although each has
been \'erified to some extent by measin-ements.
Then too there are fairly reliable methods for observa-

and spectrum anah^sis of waves at sea and these
have been thoroughly discussed in Section 1-8.
Finally, there is a hyi)othesis 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 freciuencies and intion

finitesimal amplitudes.

Perhaps

it

will

be worth while to iliscuss the implica-

tions of these results as they apply to the three
of

methods

studying shiiJ-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-

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 charThe wave profile lends itself to
acteristics of the waves.
a re.stricted deterministic treatment of ship motions both
The hypothesis
theoretically and in the model tank.
plies

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 indiThus the
vidual sine waves (if the sy.stem is linear).
discussion in Section 2 of this chapter, on the solution of
hydrodynamic e(|uations of motion for sinusoidal inputs, 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.

Versus Deterministic Methods.
These two philo.sophies were touched on briefly in Section 1-8 where the probabilistic approach to the description of the seaway was justified on the grounds that a
general deterministic representation was unknown and
that statistics of waves deri\ed from the energy spectrum
were adequate to define the state of the sea. In the case
Probabilistic

3.1

of ship beha\-ior there are argimients in favor of a deter-

ministic solution to the problem of ship-wave interaction.
There is little that may be said against the derivation

time history of a ship motion from the given time
This is particularly
history of the waves at some point.
useful in predicting the occurrence of short-duration
phenomena such as slamming and beniling moments.
of the

an actual time
a towing tank (Fuchs, 1956) so that
moilels may be tested in the most realistic conditions
Advocates
ajjpropriate to !ong-cr(>sted irregular waves.
of the statistical apijroacli argue that the basic pertinent
information on ship beha\-ior is a\'ailable through energy

There

is

also the notion of reproducing

history of

waves

in

spectrum considerations, for considerably less effort,
and that any pretHcted time history of a ship motion
neglects the short-crestedness of the wa\'es

unwieldy and must be reduced to
essence of

its

potential

is

realized.

and

is still

statistics before the
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comparatively small maguitudej of various periial.s, ranging through the whole gamut (so to speak) represented by
our diagrams [of behavior in regular waves] and more.
such a compoimd wave series on the
And
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
Fuchs and MacCamy (1953) used
ship motions studies.
it in their deterministic approach, as has been discussed.
These, however, were not the first applications of the
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sinusoidal

7\(cc)

=

the effect of

idea of linear superposition.

Legendre (1933) used
rolling characteristics of

this principle in investigating the

two

cruisers

by means

of theory,

towing-tank tests and observations on ships at

He summarized his

sea.

findings as follows:

"Rolling computed on the basis of the mean observed .wa\'e does not lia\'e the character and is much
smaller than the observed rolling.
2
"The summation of roll angles, computeil on the
basis of the observed wave, decomposed into its sinusoidal components, has for its period the natural period
It is of the same order of magnitude as the
of the ship.
1

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 motion.
The transfer function, which dejiends on the geometry and physical characteristics of the ship as well as
ship speed and relative heading, is determined either
It ^^ill be worth while to
theoretically or by model tests.
discuss the transfer function, before the statistical

method is demonstrated.
It was shown in Section

2. 1 that the heaving and pitching amplitudes of a ship's motion in sinusoidal waves are
expressed as complex amplitudes

Zo (cos

Zoe"
a nlf

Bq

(cos

5
e

+
-1-

/'

i

sin 5)
sin

(20)
e)

where Zo and da are the real amplitudes and 5 and e 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 Zo and da and phase lags 5 and e
When the
are measured directly from the test records.
amplitudes are computed by the methods outlined in
Section 2.1 and Appendix C, the result is first obtained
in the form,

C

+

iQ,

and

is

subsecjuently 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

wave amplitude
-°
a

= -

7 ^(co)

f'*

e

=

-' cos
a

= -

a

cos

5

U> obtain

+ i

=

sin 5

c. (co)

a

«

a

+

7

- sm
a

t

=

Cg(ic)

+
+

irL(o^)

iqsicc)

(21)
in this form arc known as "frequency-response
functions" (Press and Tukey, 1-19.56).
St. Denis and
Pierson (1-1953) used the term "response amplitude operator" for the square of the absolute value of the frequency-response function. In what follows, one mode of
a ship's motion will be considered at a time, and the sub-

antl

and 6 will be dropped. It should be emphahowever, that the single mode response includes all
the effects of coupled motions.
The symbol Ticc) was
used l)y Pi'ess and Tukey for the fr(;quency-response
function.
In the present exposition it will be used only
scripts z

sized,

for the absolute value:
T(u:)

=

Zu/a or du/a

(22)

The symbol Ti(oi) will be used for the complex form
shown by equations (21); i.e., indicating both the
amplitude and the phase

lag.

Methods For Studying Motions in IrSt. Denis and Pierson (1-1953) treated
regular Waves.
the relationship between the wav'e spectrum and a ship's
motion spectrum as given by
3.4

Statistical

$(a.J

=

EicoJ T-(o>„

(23)

which states that the energy spectrum

of a particular
seakeeping variable, $ (ship motion, strain, etc.), at a
given heading and speed, equals the product of the encountered wave spectrum and the response operator
This presenta(transfer function) for tho.se conditions.
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 figiu'e shows a wave spectrum, in this case a Nevmiann spectrum for a 40-knot
wind, corrected to the ship's speed of 12 knots (this will
be explained subsequently). The symbol We designates
The middle part of the
the frequency of wave encounter.
figure (B) is a plot of T-{o3^, i.e., the square of the abThe
solute value of the frequency response function.
lower part of the diagram (C) is the spectrum of the
At each abscissa, corresponding
ship's pitching, ^(co,).
to a given frequency w, = 2-w/Te, the ordinate of the
lower section is the product of the ordinates of the upper
and middle sections. Once the spectrum ^(a),) is computed, various average characteristics of the ship's motion are obtained from it, by means of relationships given

in Section 1-8.6.

Care must be taken in the interpretation of the e\'ents
depicted in Fig. 10. The Neumann spectrum given there
is a scalar wave spectrum; that is, it embodies the directional properties of the waves it describes but does not
permit a quantitative evaluation of energy distribution
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(b) 2,0 Fi/Sec-12 Knots (Ship)
Fig.

12(a) Samples of ship pitching and wave records in
regular head seas (from Lewis and Numata, 1956)

ir-

Heave Acceleration
Fig.

1

Samples of ship motions recorded aboard an

2 (b)

aircraft

carrier in a state 5 quartering sea at a ship speed of 16 knots
(courtesy Taylor Model Basin)

+

f

AXco,,x.).7'*'a)„X.)'/Xe

+

/yi(w,,x,)

Table 1
Motions

j'*('^,.x,)</x.

in

(•28)

Comparison of Near-Maximum" Destroyer Model
Towing Tank Irregular Head Seas, as Obtained by
Three Different Methods

Ill

Heave,

on the integral .sign indicates the
transformed region where the operation is performed.

where the

Eciuation (28)

is

the realization of the hypothesis given

in ecjuation (23) for short-crested irregular

The

waves.

transfer function for certain ship motions

an infinite number) of sinusoidal waves of different
periods and directions superimposed in random phase.
A ship's respon.se 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-

of

tained by su]3erposition.

The

practical applicability of these a.ssumptions. for

ir-

was verified by Lewis
(1954a and 19546, 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 agi'eement was secured lietwecn ship
regular long-crested wa\'es only,

Pitch, dcg

2.53

.speed

fps

speed

1.1

1.3

52

ti

1.1

12

43

(j.l

1.1

13

5.0

5 8

fps

By

direct analysis of model motions
in irregular waves
By calculation from wave spectra

and experimentally measured
sponses to regular waves

may

be
estimated analytically or measured in a towing tank
which permits oblique seas testing. A formal description of the foregoing procedure directly applic;it)le to towing tanks was given by Marks (1U.")7).
In this case,
Tif (tOe, x«) is obtained directly from model tests and the
frequency mapping is performed on E{b.\ x) alone, before
the product in e(|uation (27) is taken.
E(luation (21)) assumes es.sentially 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

in.

2 53

.subscript

7

re-

calculation from wave sjjectra
and analytically computed responses to regular waves

By

"

Mean

of Vio highest amplitudes.

motions measured directly in irregular waves, and those
computed by equation (23) from two alternate frequency-response functions. One of these alternates was
based on towing-tank tests in regular waves and the other
on computations formulated by K()l^'in-Krouko^sky and
Jacobs (1957).
Expression (23) can also be used
[^(c.,)]--'

=

in its

transposed form

*(co.)/iiXa)J

(29)

of the square of the absolute
value of the frequency-response function from the
recorded motions of a ship in irregular model-tank wa\-es.
This procedure can be considered as a possible alternate
to series of tests in regular waves, and promises a cerIt was tried by Lewis,
tain saving of experimental effort.
Numata, and Dalzell in long-crested irregular waves, with
in this application a ship's responses
reasonable success,
are not completely described, as only the real part of the

which permits evaluation
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5cps

Filter

0491

0,3G8

0.853

0.73G

0.614

Filter

0.961

O0e=2'7^/Te [Sec"']

858

0614

0.245

Analog-filter computation of pitch spectrum of a liberty
1 6
ship in a state 5 sea (head seas, 4.5 knots) (from Marks and
Fig.

17T/Te [Sec"']
Fig.

1 5

Strausser,

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, Hke waves, can be represented by a stationary random process so that ship-motion spectra

may

be interpreted

in

the same

way

as are

wave spectra.
The obvious

starting place for evahiating ship motions
If the linear superposithe energy spectrum $(aj,).
tion hypothesis as applied by St. Denis-Pierson is used,

is

from computation (model tests may
be used to obtain hydrodynamic coefficients). Towingtank tests of the type shown in Fig. 10 also result in
If the deterministic approach of Fuchs
$(co,) directly.
and MacCamy is used, a motion record E{t) results which
may be converted to $(a),) by the numerical or analog
methods described in Section 1-8. The same applies to
motion measurements at sea and to motion measurements
In any case, $(aj,) is
in irregular waves in model tanks.
obtainable and the statistics of a single ship-motion parameter derive from $(co,) in accordance with the pro^(w,) results directly

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 obligaIt should be rememtion is fulfilled in Figs. 15 and 16.
bered that it is incumbent upon the investigator to show
that such spectra result from stationary, random, Gaussian 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 C9n,sequently 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 .shipIn this case, one can study as before,
response spectrum.

1959)

the effect of the seaway upon the ship in eliciting a motion
response.
In addition, the phase of the response, relative

component of the wave spectrum, can
depend on the point of wave measthat distances between observation points

to each freciuency

be studied.

This

will

urement so
become important. One may al.so investigate the relationship say between hea\-e 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 c(t)
recorded simultaneously.
If, for example /y(0 represents
the

wave input and

z{t}

represents the ship response to

^(0, 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 C|uantities.
*i,z(".)

The

real part of

=

c„.(we)

equation (30)

+
is

iq.Ao^,)

(30)

called the co-spectrum

and indicates the energy associated with the in-phase
components of the response, while the imaginary part is
called the ciuadrature spectrum and indicates the 90-deg
out-of-phase components of the response. The magnitude of the cross spectrum is the amplitude spectrum
*(coj

and the phase

= {K(co,)]^+ hM)V]"'

lag

(31)

is
'

tan"

The

(32)

spectrum of any two seakeeping
wave spectrum together with equa-

ratio of the cross

variables to the scalar

-g„-(^,)
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spaced points provide the data for analysis, the approximate covariance functions associated with the coand quadrature spectra are given by

F„

=

lim

T^a

-s,

=

+

^,+Ao^J

= vf- e' >M^.)
iV
g=l

zit,)

of the cross

2

V

spectrum are then given

F, cos

"^ +

m

The rough

+

2

"e

G, sin

p=i

\

f/ ((•„.-.

^' +
m

(?„.

sin irh

estimates are smoothed according to ecjua-

U{Cy,.

qj« =
qjh =
qj„ =

0.5 Lo

+

0.25 L,_:
0.5 L„_i

Analog methods.

3.62

0.5

U

+ 0.5 L, + 0.25 L,+i
+ 0.5 L„
The

analog-filter

analysis in which a seakeeping parameter

(43)

method

of

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
bj' 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
This is analogous to
to yield the quadrature spectrum.
The clearthe cosine and sine transformations in (39).
est description of this procedure was given by Smith
The
(1955) and his paper is included as Appendix D.
difficulties associated with this method concern the
matching of filters and the electronics associated with

phase

is

shifting.

Another (rather unicjue) 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

Rir)

is

hm

T Jo

[!j{t)

+

z{n y(t

=

t)

+

zU

+

t) ,j(t)]dt

(44)

of i?„+..(T) results in

'i'M)

+

'^.-M

+

'^ejo,,)

(45)

Differentiation

=

^„M +

oj/*,(aJ,)

+

(2/cOe)g„+,(a),)

+ m]

[yit

+

t)

=

<i-„+fM)

*„(^.)

+

(l,V.-)*.(^o)

+

(2/a,,)g„+,(a).,)

(46)

the spectra of the two signals are determined
separately and sul)tracted from (45) and (46) the result is
the CO- and quadrat lu'e spectra, respectively (after their
coefhcients are cancelled).
The price of eliminating
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

irh

tion (1-125).

U{c,,.

r)

matched

F„ cos

(42)

L{qj = - (g,

+

z{t)z(t

If then,

P

F„

+

j=i
(41)

(

t)

Integration

N-p

= m

+

In a similar fashion, the Fourier transform of the covariance of the sum of one signal and the derivati\'e (or integral) of the other is:

*.+.("«)

L(c,.)

y(t

s.

where

The raw estimates
by

[!i(t)

The Fourier transform

Fp and G^ are the digital forms for the expressions inside
the parentheses of ecjuation (39).

S-.

I

Jo

+

(40)

G„

'

^,
1

+Z{t+

T)]dT

by C'hadwick 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 co\'er the field of spectrum analysis. The reader can follow his own inclination 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. S. Phillips,
of Servo-Mechanisms," McGraw-Hill Book

"Theory

1947.

Co.,

H.
Hill
J.

S.

Tsien,

"Random
Hill

"Engineering Cybernatics,"

Book Co., 1954.
Halcombe Laning,
Book

Jr.

McGraw-

and Richard H.

Processes in Automatic Control,"

Battin,

McGraw-

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
Ishikawa (1957);

Rydill (1957); Kato, Motora and
and Voznessensk}' and Firsoff (1957).

Kato, Motora, and Ishikawa experimented with the
model in natural beam waves and wind.
The model 2m (6.55 ft) long was placed about 100 ft offshore in water about 10 ft deep. The model was restrained bj' strings and springs to remain in a fixed position.
Wa\-e height, model roll angles, and wind-speed
The model's natural rolling
fluctuation were recorded.
The
period was varied by changing ballast disposition.
response-amplitude operators (the real parts of the frerolling of a ship

SHIP

Resonance

Resonance UJ -4.21

2

4

uj =

MOTIONS

3,95

6

a) CSec"')-

21 Energy spectra of a ship model's rolling in natural irregular waves. Results of direct analysis of rolling records are
shown by dotted lines. Results of wave-energy spectrum multiplied by model's frequency-response functions are shown by
Fig.

solid lines

quency-response function) were measured in a towing
Fig. 21 shows the comparison of the spectra obtank.
tained by analysis of the model's rolling with the spectra
computed on the l>asis of waxe spectra and frecjuencyresponse functions. The over-all agreement is very
good, although there are certain differences in the forms
In particular, the lower two diagrams indicate that the spectrum of actual motion is more narrowly concentrated aroiuid the natural frequency than
of the spectra.

has been indicated by the linear superposition theory.
As far as the mean amplitude of the ^/s highest rolls is
concerned, the agreement was excellent as shown by
citation of the five ca.ses in Table 2.
Table 2

Rolling

Amplitude Obtained
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lished only in the broadest sense of a mean order of magnitude and of tendency to maximum at synchronism.

Work

3.71

of

Voznessensky and

Firsoff.

In the pre-

ceding sections, a particular ship's resijonse to a specifi^'oz^essensky and
cally defined seaway was discussed,
Firsoff (1957) on the other hand, treated typical forms of
seaway and the rolling responses of typical ships, ^'oznessenskj- and Firsoff 's definition of the sea spectrum was
The form of scalar wave
discussed in Section 1-6.6.
energy sj^ectrum was defined by two parameters a and (3
as a function of the total spectrum area or, in other words,

terms of the significant wave height. Tlie frecjuencyresponse function in rolling was taken to be that of a
simple harmonic oscillator in terms of the damping coefTo equaficient anil the ship's natural freijuency in roll.
tion (2o) was applied a corrective factor which took into
account short-crest edness of the sea and also the reducttion of the true fre(|uency-response function in very short
Formulas and curves were given for estimating
waves.
Finally a ship's
all factors needed for computations.
i-olling amplitude in waves of a specified significant height
in

Application to six ships showed this pre-

was predicted.

diction to hold within 25 per cent of the observed value.
The main cause of the differences is the \ariability of the
sea form

variability of parameters

(i.e.,

a.

and

^) within

a given significant wave-height specification.
The ]3articular \-alue of ^'oznessensky and Firsoff's
(1957) paper appears to lie in its presentation of a very
amount of sea data obtained by instrumentation

large

in the classification of the data in terms of two
parameters as a function of the significant wave height.

and

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 .':ea state parameters a and (3 with wind condition
and in the uniformity of the characteristics of all ships

used in the analysis.

The

remark can be amplified by a
At the beginning of the steamship

latter

sketch.

historical
era, ships

were built with excessive metacentric height and

verj^

Possibly an extreme example is the
short rolling period.
SS Great Eastern with its displacement of 22,500 tons and
rolling period of 6 sec (Dugan, 1953; Wm. Froude, 1861).

Ships of this type would roll hea\ily when ho\-e-t() headon in a storm. Later, the ad\-antages of a low metacentric height and a long rolling period (up to 20 sec) were
demonstrated, both theoretically and by sea observations
(Wm. Froude 1861; Mockel, 1941). Rolling of ships of
this kind

was treated by Manning

found that the most
tering seas.

critical

(1942),

and

it

was

condition occurred in quar-

Lately, there has been a tendency to in-

and shorten the rolling
about 12 sec has become
These ships roll
typical for ships of 60 to 70 ft beam.
most hea\'ily in a sea from approximatelj^ beam direc\'oznessensky and Firsoff's treatment was limited
tion.

crease the metacentric height
period.

A

rolling period of

to these conditions.

The loading

of cargo ships,

however, varies widely and

excessively short periods of rolling are freciuently encountered (Patterson, 1955). Investigations of ship

be limited, therefore, to
should aim at miiversality.
rolling should not

4

Model Tests

in

beam

seas but

Waves

Many towing tanks were equipped at an early date with
de\'ices

for generating

regular waves.

Mf)del 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
ex]5erimented with an irregular sea generated by manually 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
The need for such a comparison was finally realized, and a program for action was
devised at the Sixth International Towing Tank Conference in Washington in 1951.
Results of the experiments in the various tanks on a model of the series 60,
O.GO block coefficient hull were collected and reported by
\'edeler (lU55c) at the Seventh International Conference
on Ship Hydrodynamics in Norway, Denmark and
Sweden. The data obtained in the different towing tanks
for regular iiead waves demonstrated very poor agreement in amjjlitude of pitching motions and sometimes
e\'en in the fretiuency at which synchronism was obtained.
Subsequently, a task group was formed under
the auspices of the Seakeeping C'haracteristics 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, 1957f/) at the Eleventh American Towing Tank Conference and at the
Eighth International Towing Tank Conference in MaA satisfactoiy degree of agreement among the four
drid.
participating tanks was obtained at higher speeds.'^
The comparison included amplitudes of heaving as well
The most important sources of previas of pitching.
ously encountered discrepancies were found to be the irregularity and uncertainty of the wave amplitude and the
The improved
lack of precision in recording the data.
agreement, compared to the poor international one, resulted from improved wave generation, improved waveheight recording and because the results were referred to
the wa\'e height actually measured rather than to the
test results of various tanks.

nominal, specified wa\'e. 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 lie afl'ected by wave reflections from
tank walls. Comparative tests in a conventional narrow
tank and a newly available wide tank are plaimed.
" At speeds above the synchronous one in
ship length.

wave length equal

to

SHIP

4.1
first

MOTIONS

Towing Tanks and Equipment.

were

Imilt for the

Towini;; tanks
purpose uf nieasuring resistance

and propulsion characteristics. Since these are affected
by model scale, tanks and models as large as possible
were used. Models 16 ft long were considered the smallIt was subsequently shown by Davidest acceptable.
son (1936) that, by using artificial turbulence stimulation, satisfactory results also can be obtained in smaller
tanks, with models 5 ft long, or even smaller depending on
Since then a fairly large number of
the type of ship.

small towing tanks have been constructed and operated
throughout the world. These tanks have been particularly active and useful during the recent upsurge of in-

As early as 1861
wave-making was a primary
energy dissipation and damping in rolling of

terest in the behavior of ships in waves.

W. Froude showed

that

cause of
ships, thus indicating that viscous forces are secondary.
As a result of all comparisons of test results with calculations based on the potential theory, it appears clear that
potential hydrodynamic forces predominate strongly.
This being the case, small models can Ix' 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
The (jnly
of the hull it.self and not on appentlages.
direct experimental studies in this connection were made
by Szebehely, Bledsoe, and Stefun (1956) and by GerTheir work appears to corroborate
ritsma (19576).
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 ShipbuildResults were published
ing and Dry Dock Company.
by Hancock (1948) and Niedermair (1951). Recently
a large amount of research in wa\'es 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 100tank at Massachusetts Institute of Technology
ft
(Abkowitz and Paulling, 1953), and a 'iOO-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 niodel. One is by
carriage and the other by means of a long cord and a
Recent descriptions of the latter type
falling weight.
were given by Todd (1954) and by Abkowitz and PauJling (1953).
Model motions in such cases usually are
obtained by analysis of a series of photographs. Abkowitz (1956b) described a method of recording pitchTanks using carriages
ing by using gyros in the model.
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 galvanomThe apparatus is
eters on the carriage or on shore.
designed to permit freedom of a model in surging,

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-Krouk(.)vsky (1954), Pauling (1956) and Gcrritsma (1957a).
heavitig
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model may be left completely free to
model has to be towed so that a
certain degree of resti'aint is jircsent.
In the apparatus
described by Todd, K((r\'iii-Kr(nikovsky, and Paulling
only a short cf)rd, two pulleys and a weight etjual to
model resistance were used, pn)\iding a minimum of
inertial or frictional restraint.
However, occasionally
self-])ro])ell(>d

surge, but usually the

it

is

neces.sary to u.se light springs to limit excessive drift-

model due to unbalance between towing weight
In systems using towing weights at
the ends of the tank and a long towing cord, the masses
in\'olved are larger and tlie cord connecting them to the
model has a certain degree of elasticity. Sibul (1956)
and Reiss (1956) have shown that in certain cases partial, and particularly elastic, restraint of a model in surging may seriously affect the record of model motion.
This happens, however, only at certain model speeds or
ing of the

and

resistance.

frequencies of wave encounter.
Additional measuring instruments also may be installed in the model itself.
K. V. Lewis (1954a, 19566)

described the apparatus and the procedure for measuring bending moments acting on a ship model in waves.
Until reTanks for Tests in Oblique Waves.
4.2
cently only tests in head or following seas were possible

because of the long and narrow tanks originally designed
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 confor resistance testing.

The

struction at the time of writing.

one in operation

is

first fully

equipped

at Wageningen, Holland (van

Lam-

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

meren

permit

precision

to

ments.'*

Next such a

quantitative

vahiable
facility

measure-

was constructed at the

Davidson Laboratory (ETT) of Stevens Institute of
Technology (E. V. Lewis, 1956a). Two very large installations 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

towing tanks with essenSome of these were described by
tially equal success.
Kent (1922), Abkowitz and Paulling (1953), Caldwell
Waves of un(1954), Bisel (1954) and Allen (19.57).
usually good regularity are produced by wave-makers of
the pneumatic type (Todd 19.54; Brownell, Asling and
Until recently only
;\Iarks, 1956; Cerritsma, 1957a).
(nominally) regular wa\'es 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. Interest in producing irregular waves in towing tanks arose

machines have been used

in

'* These have since been improved hut apparently" no
scriptions of the facilities have liccii i)ublished.

new

de-
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paper by

Denis and Pierson

interpretation of results.

waves. At the same
time, the definitions of sea-wave energy spectrum by
Darbyshire and Neumann (.see Chapter 1) indicated that
irregular wa\-es cannot be taken as mere disorderliness
of wave motion, but must contain definite statistic'al

for \-aluable achievement.

after the publication of a
(19.53)

on ship motions

St.

in irregular

Artificially produced irregular waves
must ha-\-e the type of energy spectrum found at sea.
Working with a plunger type of wa\'e-maker, E. V.
Lewis (1955 and 19566) produced irregular waves liy
varying the potential supplied to the driving motor from
stroke to stroke b.y means of a mechanically driven step

characteristics.

The connections of 25 alternate potentials were
arranged randomly and the resultant wa\'es were found
by analysis to resemble a partially developed Neumann
.spectrum (Lewis and Numata, 1956).
Although the
switch.

was varied step-wise, by the time the
motor was accelerated or decelerated and by the time
the waves were generated, the spectrum became conelectric potential

When a fixed stroke of the plunger is used,
the amplitudes of short waves become excessive.
This
is corrected b,y the use of light plastic foam floats, so
proportioned as to act as filters attenuating short waves,
tinuous.

while having little effect on the long ones.
In E. V.
Lewis' work, waves were produced of spectra similar to
irregular sea spectra.
Fuchs (1956), on the
other hand, attempted to reproduce a specific wa\'e
pattern obtained from a sea record.

typical

The waves

ju.st

described have parallel crests normal
and are irregular only
the sense

m

to the tank length,

and amplitude

Such waves usually 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 vi.sualized as composed of wave
components of many directions. The generation of
.such waves in rectangular or scjuare tanks now becomes
of interest.
A brief summary (if this process of wave
generation was given by Marks (1956).
4.4 The Nature of Activity in Towing Tank Testing
of periods

in

Oblique Seas.

was made

variation.

In the foregoing paragraphs reference

to descriptions of eciuipment used for

model

testmg in oblique and irregular wa\-es. These are now
becoming available for commercial use and research.
Literature on contemplated types of testing and on organization 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 (1956c?).

Newton

(1957) pre-

sented a formal discussion at the Eighth International

Towing Tank Conference.

Discussions of prospecti\'e

and in
model testing
miprove interpreta-

testing activity are valuable in stimulating research

elimmating pitfalls which are encountered
in

waves.

Such discussions

tion of test data.

should be

made

of ship motions,

also will

in

In this connection a determined effort
to

advance the three-dimensional theory

i.e.,

in six

or seven (with rudder) degrees

of freedom, in order to present errors

and

to assist in the

There are man}'

possibilities

The activity of oblique-wave towing tanks can be
broadly divided into
1
Tests in which the model behavior is assumed to
represent directlj- the ship motions at sea.
2 Tests made in connection with the development
:

and application
4.41

of a .ship

motion theory.

Tests of practical nature;

conditions of simi-

This heading is u>('d for hrcxity to cox'er tests
in which the model beha\'ior 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
theor.y, "practical" tests probably will predominate in
towing-tank activity in the near future, as has been
emphasized liy Newton (1957). For want of a developed
theory also the following discussion must be limited to
larity.

qualitative

and

intuitive aspects.

the model behavior

is to represent ship motions corcomplete similarity of ambient conditions must
be provided. Lack of a workable theory makes it impos.sible to apply corrections for deviations of model
In addition
te.st conditions from true ship conditions.
to the traditional conditions, the law of similarity applies
to the following factors (m growing order of importance)

If

rectly, a

(a)

]\Iass distribution;

(b)

Rudder

control;

(c)

Wave

structure.

scaling of weights and of moments of
always been obser^-ed in towing tanks. In
coimection with tests in oblique waves it becomes necessary also to observe the proper orientation of the prmThe major practical difficulty
cipal axes of inertia.
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
nece.s.sary to observe similarity of rudder control used
In the
to maintaui a model and a ship on course.

The proper

inertia has

literature the rudder-control function is
usually described in the form 6 = 5 (J'\pdt, xp, 4/, \f),
in which a limited number of the functions is chosen.

theoretical

It

has been recommended (Dalman and

^'ossers, 1957)

that such a control be used in model tests.
may gi\'e a realistic control presentation
ships,

it

is

While
for

this

future

not realistic for most contemporary ships.

appears that the current practice at sea is to shift to
manual control even in .slightly rough seas because of
It
imperfecticjns of the automatic steering devices.
becomes important, therefore, to investigate empirically
properties of commonly used manual steering and methods of reproducing it in a model. Conceivably this can
be accomplished by a suitable application of statistical
Simultaneou.'ily obtained records of a ship's
theory.
yawing and rudder motions are needed as basic material
for such a study.
It is evident that towing-tank waves must correspond
It

SHIP

MOTIONS

waves in Nature. Thesi' arc
and short-crested. The hrst requirement is to have available quantitative data on
natural seas; it has been .shown in Chajiter 1 that such
data are meager and uncertain. The directional wave
spectra are required.''' There is evidently no such thing
A towing tank must possess "a
as a single typical sea.
flosely

to

invariably

typical

A

convention as to the characteristics of these lalioratory "seas" must be established
to make possible a comparison of test results of different
It appc'ars that such data on seas as are
laboratories.
available at present have not been given sufficient attention in the construction of towing tanks.
Several tanks
have provided facilities for generation of waves in two
nuitually perpenilicular directions, but have not considered such directional wa\e spectra as have been
library" of typical seas.

measured at sea to date.
Short-crestedness and irregularity of long-crested
waves are both ]5articularly important in determining
a ship's rolling and yawing characteristics.
It is well
known that due to low damping in roll the ship's response has a sharp peak.
In other words a ship acts as
a narrow-pass filter in regard to its response to excitations in roll.
In an irregular sea a ship resi^onds primarily to the excitation near its natural frcquenc.v,

and rolling has a nari-ow normal period distribution
around the natural period of a ship. This is u.sually
C}uite different from the period of pitch.
In model
tests made in regular ol)lique wa^es, an artificial condition is imposed on the model: i.e., it is forced to roll
and pitch regularly with the same period. Because of
the strong coupling influ(>nces 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 u.se and do not
give sufficiently comijlete information.
In connection with the foregoing remarks, the objectives of work in obhque seas should be stated.
There
is little doubt that irregular head seas pi-oduce the most
critical conditions for .ship behavior connected with
pitching and heaving; i.e., vertical accelerations, shipping water, slamming and \'ertical bending moments.
These can be determined generally in conventional narrow tanks. Wide tanks will provide more reliable data
for below-synchronism speeds, but need no further discussion in this connection.
It appears to the author
that the research in oblique wa\'es 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 influenced by both the cross couplings and the shortcrestedness of the sea.
Cross couplings define the
dangerous pitch-yaw-roll motion in near-broaching condition, and short-crestedness, probably in conjunction with
the yaw-roll coupling, defines a ship's rolling in bow seas.
" Various methods of mpasiiring directional spectra of sea waves
were di.scussed in Chapter 1, and these are also applieable to towing tanks.
The author eonsiders Harlier's method to he the most
practical.

Tests connected with theory

4.42

sea

irregular
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The dcxclopment

application.

development and

of a theory for multi-

mode ship motions is necessary
(a)

To permit
To permit

reliable interpretation

of

test

data.

data to
ship forms and sea conditions other than those covered
(6)

l)y

laboratory

generalization

of

the

test

tests.

A comparison of two ship models in

identii^al

wave con-

one of the most useful types of practical tests.
Any action taken to improve the inferior model is, however, 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 tliese
ditions

is

discrete characteristics are significant, the effects of the

too numerous for the human mind
The judgment of a naval architect
would be facilitated and made more reliable were a sample of theoretically computed motion available as a

significant ones are

still

to trace empirically.

Provision of such a sample generally re((uires
the theoretical ('alculations and their \'eri(ication by a
towing tank test. Test data on a typical ship-" in longguide.

crested obliciue seas

be

made

in

short-crested

in regular

would be useful here. Tests should
and irregular seas. Additional tests

irregular seas

are

ilesirabic

in

to bring out the different effects of these three

order

wave

By

using a linear theory, Rydill (1959)
indicated that two most critical conditions as far as the
rudder control is concerned occur with waves proi)agating
towards a ship at GO deg from the bow antl 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 conditions are; the primary requirement is that towingtank wave characteristics be completely and correctly
conditions.

reported.

Evaluation of the second, quasi-rational, theoretical
approach suggested in Section 2.33(a) also appears to be
desirable.
This will reciuire 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 account in the second project of Section 2.33(o).
(o)

ments.

Measuranentfs

The

mid moand moments exerted by

of hijdrodynamic farces

exciting forces

waves, as well as the derivatives in equations (12), (13)
(14), can in principle be evaluated by a series of

and

™ A .series of tiO, 0.(10 l)l(ick coefficient model has recently been
investigated witli regard to heaving and pit<-hing in head seas.
It would be desiralile to continue with the invi'sligatiori of its
I)roperties in obH(|ue waves.
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model

tests in regular long-crested

and

waves using

suitable

This procedure will
be an elaboration of the one used for heaving and pitching motions liy Haskind and Riman, Golovato, and GerExtending these measurements to all paramritsma.
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-bystep 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 limitetl number of parameters of greatest signifirestraints

oscillating devices.

cance.
(b)

Tests connected ivith a statistical theory.

A statisti-

was described by Marks (1957). In this project a ship's responses are to be measured in a series ofwave
lengths and wave directions at a series of forward speeds.
cal project

Ship responses, considered independently

mode and combined with

the

wave

in

each motion

directional energj^

spectrum, will give the spectrum of ship motions in each
The average characteristics of each
mode are then given by the Longuet-Higgins relationships.
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
particular mode.

and Numata (195G). It is made, howe\-er, more complicated by consideration of a directional wave spectrvun
which necessitates the use of the "frequency mapping."
A few ciuestions arise in connection with this project.
The necessity of making tests at a series of wave directions, in addition to a series of wave lengths and ship
speeds, makes the experimental program so large that it
It appears
is questionable whether it remains practical.
to the author that this program can be carried out once
for the verification of the statistical theory, but that

on the basis of theoretically evaluated reOnce the prosponses to regular long-crested waves.
gramming of computations is established, application
The results
to individual cases may not be laborious.
of computations can be verified by comparison with the
model test data described in Section 4.41, as well as
acteristics

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 superposition principle for ship mentions is compatible with
the linear superposition of velocity potentials on which
The nonlinearities apall hydrodynamic forces depend.
pear to lie 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.
Apart from matheIs their superposition permissible?
significance

matical

principles,

fjuestion

depends on the motion mode under considera-

practical

of

scopic

components

described by

of

inertial

Marks can be

forces.

The procedure

expected, therefore, to give

In the rolling motion the hydrodynamic
and gyroscopic forces can be exIn the yawing motion,
pected to exert large influence.
sixth of equations (12), there is no restoring force in
The
xp and the factors {ly - Ii) and often p, are large.
applicability of Marks' independent consideration of
motion modes needs, therefore, further investigation
in application to rolling and yawing, which are the particular characteristics of interest in connection with
\i\ investigation of the yawing beoblique waves.
havior of ship models at large roll amplitudes and short

good

results.

moments L

are small

rolling periods is desirable in

tion of the rolling velocity

view of the important posip in the sixth equation

^

(12).

The non-constant behavior of coefficients is much more
important in the case of j'awing (and yaw-induced rolling) than in the case of pitchin g because the most significant derivatives dN/d4' a nd dN/dv change their signs
with bow emergence and submergence (and the opposite
movements of the stern). This behavior of the coefficients indicates that linear theory, generally satisfactory

Yet,
is probably inadequate for yawing.
the evaluation of the coupled rolling and yawing characteristics represents the most important objective of
model testing in oblique seas. An experimental evaluafor pitching,

tion of these aspects of ship-motion theory

is

needed

and can be accomplished by applying Marks' recommended procediu'e to the model motions in oblique irregular 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.

it

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-l)eha\-ior charis

the

In the pitching motion the hydrodynamic forces

tion.

are expected to predominate strongly over the gyro-

this

5

Observations on Ships at Sea

The bulk of the quantitative information on ship behavior 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 difficulty 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 investigations.
It is presumed that governmental naval research
establishments, such as the David Taylor Model Basin
the United States, the Admiralty Experiment Works
England, and the Bassin d'Essais des Carenes in France
have maintained contact with other naval activities and
have conducted many trials. Most of their observations, however, have not been published and so are not
Independent
a\ailable to naval architects in general.
laboratories have need for a close contact with the operaSteps have been taken to fill this
tion of ships at sea.
need even though only to a limited extent. Thus, J. L.
Kent (1924, 1927a), of the National Physical Laboratory in England, made research voyages on six ships.
in
in

SHIP

Kempf and Hans

(!.

Hopix'

(l!t2(i)

of

MOTIONS

Hamburgische

Schiffbau Versuchsanstalt, Ilainhuri;, (Icrmany, took
l-'urthermore, a
observations on a passenger liner,
special division was established at the latter laboratory
for the specific purpose of collecting data on ships at sea
("Sammelstelle fiir Fahrtergehnisse").
Observations aboard ships at sea are made for the pui'-

pose of establishing environmental conditions and
evaluating a ship's response to these conditions. The
first kind consists of ([uantitative descriptions of wind
and waves. This subject was treated in Chapter 1 of
Historically, however, sufthe present monograph.
ficient oceanographic data had not been amassed in the
time of Kent and Kempf. The first substantial organ-

by Sverdrup and Munk (19-1:6, 1947)
took place some 20 years later, and was directed pri-

ization of such data

Furthermore, the
marily at the evaluation of swells.
changeable nature of the sea recjuires that there be close
co-ordination between investigations of wind and waves
and of ship responses. Therefore, environmental conditions have ftirmed an important part of ail ship observations at sea.

The response

of a ship to

wind and waves can he con-

sidered under three headings:

Ship resistance and projiulsion characteristics.
Ship motions.
Ship .stresses, deflections and vibrations.
3
The first will be considered in Chapter 4, the second
in the present chapter and the third partially in the presHowent chapter, but more completely in Chapter 5.
ever, a complete separation in the discussion of all these
In most tests at sea all are conaspects is not possible.
1

2

sidered

and usually reported

taken together,

together.

P'urthermore,

three aspects define the seagoing

all

([uality of a ship.

Treatment
(a)

A

of sea oliservat ions isdix'ided into:

detailed

investigation

of

wind,

wave,

ship

motion, and stress phenomena.
(b)

A statistical talnilation of the data.

The establishment

of a quantitative cau.se-effect re-

sought in the first part. Ship motion is
evaluated in terms of the wind and waves which cause
Structural loading is evaluated in terms of water
it.
A complete instantpressures and ship accelerations.
by-instant history of ship l)chavior under certain given
conditions is the aim of such detailed investigations.
In the second part, the aim is to establish, on a statisA large
tical basis, (luantities which occur in Nature.
number of simple quantitative obser\-ations of a single
characteristic is collected and presented in the form of
Data on one characteristic, for example
tables or plots.
lationship

is
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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 ma.ximum \elocity.
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
ing the

design purposes, particularly for establishing the effect
of a ship's

form on

its

seakindliness.

of ship behavior at sea are so

All characteristics

complex that useful deduc-

made only by freciuent reference to theoreand towing-tank data. Such references are
found, therefore, in most papers reporting sea observations can be
tical

w(jrk

tions.

The treatment
going

is

of sea observations outlined in the fore-

typical of past practice

and applies

to the ab-

stracted data presented in the following text.

two paragraphs

The

last

abo\'e, in particular, refer to the "histo-

grammatic^" approach.
Of the recently developed
approach, ba.sed on the properties of time
series, which was described in Section 3, the only |)ublished applications to a ship at sea are in Cartwright and
Rydill (1957) and Cartwright (1957, 1958).
This apl^roach occupies an intermediate position between the
two described in this section. While it provides information 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.
Observations Considering Sea Action on a Ship:
5.1
Observations of Kent, Kempf and Hoppe.
L.
5.11
,J.
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 Elffect of the wind and ship form on steering of
statistical

ships.

Summary

5

of the principal factors causing loss of

ship speed at sea.

The data on two passenger liners w^ere reported
under the following headings:
Wind speed and wave dimensions.
1
2 Speed and power dining \-oyages.
Fine weather propulsion data.
3
Rough weather propulsion data.
4
5

Propeller thrusts.

pitch angles or stresses in a certain part of a ship, are
The only conneccollected independently of another.

6

Weather producing propeller thrusts.

7

between recorded (juantities of two characteristics
Direct
that they were recorded simultaneously.
is
causal relationships between any two characteristics
cannot be obtained. Only a general correspondence of
For
averages over a given time interval is established.
instance, the information may be gi\'en in a table show-

8

Fluctuation of torque on propeller shafts.
Pitching experienced on both ships.
Rolling experienced on both ships.
Comparison of rolling of the two ships.

tion

9
10

Notes on pounding data.
Notes on steering data.
All of the observations were made by

in 1927

1
1

J. L.

Kent

alone.
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had

all

lations

Strain

diagram for location 7

the characteristics of a superposition of two oscilat a regular wave fre(iueucy, the other at

— one

the ship's

own

frecjuency, such as

was demonstrated by

160

at

keel (from

ship.

200

180

I/GO nat. Grbt3e

220

240

The

.speed

was obtained from the body drag on

gi\'en l)y the log

The a\'erage speed
was compared with daily average speeds.

An apparatus

literature.

i)etween a
(192(1)

measured the SS Ham-

by a log and visually estimated the average
wave height and length encountered. The log consisted
of a body t(jwed by a cable from the end of a pole exburg's speed

tending a sufficient lateral distance from the side of the

260 sek

the basis of previous caliijration.

However, they considered the average
wa\'e as the regular one and neglected the heavy damping 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 wor.k J. L. Kent also gave data on rudder motions
and steering characteristics of ships under the influence
This is particularly valuable beof wind and waves.
cause very little data on this subject can be found in

Kempf and Hoppe

mm

Kempf and Hoppe, 1926)

The instantaneous readings of
however, by wave impacts and

pitching.

= 15

»-

W. Froude (1861) for undamped rolling. Kempf
and Kent gave this explanation for the "beats" observed
in

sek

the log were affected,

the ship's pitching.
of the ship's
motions was not available but the pitching and heaving
motions were defined by accelerometer readings at the
bow, amid.ship and stern. The angle of pitch was computed fi-om the acceleration and the obser\'ed period.
for

direct

liy

measurement

22 shows a sample accelerometer record, illustratFig. 2o gi\-es the
extreme instantaneous positions of the ship in waves
which were taken in the analysis to l)e regular. These
conditions correspond appro.ximately to synchronism
Fig.

ing an apparent "beat" of 83.5 sec.

ship's

natural

]:)it('hing

freciiiency

and the

frequency of wiwe 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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and also during a
can be observed that the

tion of keel stresses during one cycle,

period of about 270 sec.
irregularity

It

of ship-stress \'ariations

is

similar to the

Kenipf and Hoppe commented on the fact that simultaneous measurements of
strains and accelerations are necessary for a complete
Howe\'er, the means for such
anali'sis of ship stresses.
simultaneous measurements were not a\-ailable. Table
irregularity of accelerations.

Table 3

Range

in Longitudinal Members
Kempf and Hoppe, 1926b)

of Stress

(from

SHIP
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Long'itudinal Axis indicates direction ot Strain Measurement
(Some other Gages were used, Positions not stated)

• Woter pressure 6ages,

27

12.11.34 (Vor-und
23.11.34
2. 12.34
9. 12.34

Disposition of motion-measuring apparatus on board

—

Fig.

am
am
am
am
am
am
am
am

Gages

Nos.l, 2,4, G 8c9 near

4.,

Gages

3 Be 3 near Turn of Bilge

Optograph ( Deflection Camera) Targets in special Passage Way
Constructed at Ship's side below Strength Deck.

Bonds of Wove Profile Indicators

P 8c S

I-

VI

Disposition of instruments for stress, deflection, wave profile, and water-pressure measurements on
Admiralty Ship Welding Committee, 1953)

MS San

Francisco (from
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eschleunigungen

during a hovc-to condition.
A maximum
double amplitude of pitch of 22 deg was reached in this
condition.
Fig. 2'J shows the ship's motions in a moderate bow sea, and also when ho\'e-to in a se\'ere storm.
In his paper Horn (193(3) ga\'e many curves showing
the distributions of amplitudes and t're(|uencies of pitchthe storm

b

ing

and

rolling.

instruments

he

In

discussing

introduced

the

the

characteristics

concept

of

of

irregular

summation
Geschwindigkei + en

of harmonic disturbances.
However, all
analyses of wa\'e and ship motions were based on the

v

average harmonic wave.
The forces acting on the ship and its responses were
ot)tained from se\'eral strain gages, a few water-pressure
gages at the ship's bottom, and from measurements of
hull deflections.
The latter measurements were obtained 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 instruments were of two kinils; those recording during
short observational periods and those recording continuously, unattended.
Table 4 shows sample data
from the first group and Table 5 shows data from the

-2_
E
c

+4

+G

-6

Wege

s

second.
-4

Data from the

first group were subjected to a detailed
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 Wellenhohen). This
is the lieight of an imaginary r[uasi-static wave which
would give the same stress or deflection as the actual
measured wave. It is designated in Talile 4 as H'^
when computed from stresses (aus a) and H"„ when computed from deflections (aus/). Other notations in the

analj'sis
-2

E
c

w
+ 2

+4

+6

tables are

Stress

-6_
-4

—Spannung

a

Wave hollow (sagging condition) — Tal
Wave crest (hogging condition) — Berg

—

Stampfwinkel 6

Tension (-|-) Zug
Compression (— Druck

.

—

)

—

Bending moment Biegemoment J/
Deflection ;Durchbiegung /
Slam Stoss

-2

—

—

Schnadel arrived at the following conclusions:

"The

(a)

+ 4

wa\-es

met by a

ship at sea exceed pre-

viously assumetl heights and steepnesses.
+G

30

20

Zeit in

m

40

Sec

-

the ef-

m

(426.5 feet) in length.

Motion record of MS San Francisco in hove-to condimin of December 1 1, 1934. Heaving motion is
computed from heaving accelerations. Dotted line at the bow,
Fig.

To

wave

height of .some 5.5 ni (18 feet) corresponds
an actual height of 9 to 10
(29.5 to 32.8 feet) by 130
fective

28

tion at 17 hr 34

light solid line at the stern, heavy solid line amidships.
accelerations in
sec"; ;
vertical velocity in
sec; 5
in meters; 6
pitch angle in deg (from Horn, 1936)

m

—

—

m

b

—

— heave

"Foi' the hogging stress of a ship, the observed

(/))

The reduction is .stronger
given by the so-called Smith effect. The reduction probably can lie! attril)uted to the disturbance of
wa\e heights mu.st be reduced.
than

is

SHIP

Table 4

MS

MOTIONS
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San Francisco (from Schnadel, 1936)

TalL-l

II.

.S t

a

t

i

.s

t

i

k^).

Optographcn-Ri)IIe I-t" crgibt VVeilr lur /, //;;,. Kit/.ipparat J/ 16, Spt. 89/90 erglbl Werte Ifir
ii'.c und //;;,
Wjiksame WcllenliolK n, .lus Spaniiung bezw. Durchblegung errechnet.

a, id,

H\,
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Table 5

MS

San Francisco (from Schnadel,

Tafcl

M

a X

i

Ml a

III.
I

c

Sla isti
I

.Slur

.MeUslelle

M

Iv.

mwer
46

I

c*j

1

936)

SHIP

MOTIONS
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120m

300
Langen in m-

leit flir
'20'

n''34'

Lage des Schiffsschwerpunk+es im Wellenzugmm. ^qSgc
|-,h3^mm 3qS
n"34 mm, ^Qsec

l-jhjsmln.

1

"^

^

^

CpAt 'laBrns-'

\

60
Wellenlange Xca.240

m

Wellenlange_\

.10

sec = 198m

caJ_2_60_rn

GO

unge'fabrer mi+il

Wassersp.
E
.£

40

c
mi+llere Lage des
5chif f sschwerpun ktes

:0

Uberhohung 2.5M

400

300

200

100

Fig.

29

600

500

Langen

in

800

900

1000

m-

Motions of MS San Francisco. Upper, at beginning of storm, wind and waves 4 5 deg off bow. Ship
Lower, hove-to during storm at zero speed. Vertical scale enlarged 2.5 times (from Horn, 1936)

at

10.13 knots.

Wind Speed and
Direction Indicator

Wind Speed
Indicator

Tunnel Recess

Acceleronnet
Fig.

30

ndica+or

Rev Speed Indicator

Accelerome+er

P.

Wind Speed

A.-^

,

(^

Chern'ikeett Log

Instrument

SI

Cross Bunker

Rms

-

132

Disposition of instruments, accelerometers, and miscellaneous equipment (from Admiralty Ship Welding Committee

1953)
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Summary of Instruments Used on MS Ocean Vulcan
(from Admiralty Ship Welding Committee, 1953)

Table 6

most part deferred until Chapter
In this chapter attention is concentralcd on sliip

stresses will he for tlu>
5.

motions.
EFFECT TO BE MEASURED

The SS Ocean Vulcan

INSTRUMENTS FITTED

is

a largely welded ship built

1924 in the United States for the British go\-ernment.
The design is based on a small standard British 10, 000ton tramp design, of which the riveted SS Clan Alpine
in

Normal water pressure

63 pressure gauges

Wave

wave
profile
700
indicators
arranged on 12 transverse sec-

profiles at ship's

side

is

These

typical.

ships.

The

shijis

])rinci))al

are close to American Lilierty

dimensions are:

tions
4 accelerometers, each capable of
measuring accelerations in three
directions

Accelerations

Angles of

roll

and pitch

Gyroscopic

u
O

and

roll

pitch

yaw

Angles of

.

I'jUgine;

Repeater from ship's gyro-com-

.

pass

Wind

ano direction 3 anemometers

force

Chernikecll log (also ship's Walker

Ship's speed

lot;)

Engine revolutions

Tachometer on main shaft

Shaft horse power

Ford torsionmeter,
gauges on shaft

Stresses un transverhe
section near amidships

'20

strain

also

complete groups of strain
gauges giving a heart of plate

stress

Survey

of

Stresses
tions
places

wave heights

and
at

One

pair of cameras
photography

Statistical data

for stereo-

Two

portable strain gauges and
one portable accelerometer

acceleraparticular

An automatic

on mag-

nitude and frequency
occurrence
of
large

gauge

statistical

(fitted after sixth

voyage)

waves

Slamming phenomena

.

,

41G-0
.5()-10V4

re-

corders

T3

Length BP, ft -in
Breadth molded, ft -in
Draft molded (Summer), ft-in
Displacement (Summer), tons

Visual observations of pressure
gauges, stress gauges, accelerometers, etc.

triple-ex))ansioii reciprocating, ihp.

.

20-1078
18752
2500
.

.

The ship was instrumented extensively. A list of
instruments is given in Table 6 and the arrangement of
The disthe instruments is shown in Figs. 30 and ol.
position of the wave-profile indicators and the pressure
gages along the contours of the ship's sections is shown
in Figs. 82, 88 and 84.
Most of the relationships between stresses and imjjosed loads were to be obtained by static tests in smooth
water.
The sea trials of the SS Ocean Vulcan were
conducted for the primary pvirpose of evaluating loads
impo>ed on the ship structure by waves. The loads
were evaluated from records of pressure gages, waveHowever, a
profile
indicators, and accelerometers.
ship section at frame 77 1 2 was instrumented with strain
gages tlisposed as shown in Fig. 85. Fig. 8fi shows the
(onii)arison of bending moments deduced from strain
gages with those deduced from jjressure gages, accelerometers, and so on.
The instrumentation was designed for recoriling water
pressures and relati\-ely long-period acceleration cycles,
disregarding such rapidly occurring phenomena as
slamming. Under these conditions correct accelerometer
readings were obtained l)y using pick-ups designed to
ha\'ea short resonant period (SOcps).
Cameras for stereophotographic measurements were
The shutters of the camera were synchronized
installed.
while the hlm-winding mechanism was
power-driven and set to make exposures automatically
The cameras were in exposed
at about 2-sec intervals.
])ositions on the flying bridge and were difficult to maintain in working order despite the protection pro\'ided.
It was not considered worth while to take records undei'

electrically,

IM

Hogging and Sagging Tests on A11-\V('](1(>(1
Tanker JNIV Neverita.
Hogging and Sagging Tests on Iiivetcd Tanker
Newcombia.
Ocean Vulcan Static Expei'inients.

R.2

MV

R.6
R.7 Clan Alpine Static Experiments.
R.8 SS Ocean ]'ulcan sea Trials.
R.9
R.IO- Detailed Analysis of Ocean \'utcun Sea Trials

Since the report is of recent origin and is readily
available, only a brief description will be given here.

mild or moderate sea conditions since the analysis of
such cases would be ilifficult owing to the ab.sence of
During .-ievere weather
identifiable features in the .sea.
the stereophotogiaphy was hindered by rain and spray
On the whole the results were
collecting on the lenses.
unsatisfactory although some successful records were
The.se did not represent maximum sea conobtained.
The I'cmarks made in reference to Weinbhrnt
ditions.
and Block's (1U8()) stereophotographic data (Section
5.12) also apply to those for the SS Ocean ]'iili'(in.
Most sea conditions were ol)tained by visual observa-

Observations pertaining to the structural loading and

tions of the wa\-e length, height,

1

R.in
R.l'-'

Structnral Trials on SS Ocean Vnlran and SS
Clan Alpine. Discnssion and resnlts.

Report No.

8,

prepared by F. B. Bnll

(lOS;!),

ticularly relevant to the subject of the present

is

par-

mono-

graph.

and

direction.

Wave

SHIP

MOTIONS
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Legend
W.RI
P.G.

^

30

W,

"Wave

Profile Indicators

= Pressure
=

Gage

Junc+ion Box

His

2P.GS

30WP.1S
3P.GS

Fig. 31

3o^.p.,3

3p^p,^

3pg3

3p(t,3

30W,Pls

30W.P.1S

3PGs

3P.Gs

-,n,., n,
^PW.RIS

3P.Gs

30W.P.15

jpQj

Disposition of wave-profile indicators and pressure gages (from Admiralty Ship Welding Committee, 1953)

lengths also were estimated from the i^eriods of encounter
using relationships \-alid for trochoidal \va\-es.
"Fore-

made by

the Admiralty Metewere 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 decidetl that the trials should extend o\'er a minimum period of 12 months.
iMght roundtrip \'oyages were made cku'ing the pei'iod from December 29," li)45 to June 2, 1947.
This period totalled 521
days, during which 290 days were spent at sea, 20o days
of which (i.e., o9 per cent of the total) were in the open
ocean.
A study of eight cargo ships, chosen at random,
was made. On an a\'erage they were found to Ije in the
open ocean o5 per cent of the time. The voyages were
made between l^^nglish ports and the east coast of North
America (Montreal, New \'ork, and Boston), except
one voyage to Galveston, Tex. The conditions were
mostly mild, Init the sixth \-oyage was much rougher
than any of the others.
Howe\-er, even on this voyage
a wind force of 8 to 9 f)n the Beaufort scale occurred only
on one day.
Ship motions and ship stresses are affected mostly
east" estimates of swells
orological

by the

Department

also

wave height to its length, generally
as "steepness."
Fig. 37 shows the wa\-e
height plotted versus the wa\-e length taken from data
obtained by several observers.
Fig. 38 shows the data
ratio of the

I'eferred

collected
solid line

one

to

on voyages of the SS Ocean Vulcan. The
on the latter figure corresponds to the dotted

Fig.

32

Locations of wave-profile indicators ( — ) and of pres) along contours of ship sections (from Admiralty
(
Ship Welding Committee, 1953)

sure gages

.Vdmiralty

Shi])

Welding

Conuuittee

Report

as charts of am]>litudc and jjeriod disti'ibution.

motions were generally mild.

The

Xo.

8

The

greatest amplitude

was ±7.() deg.
The greatest angle of roll recorded throughout the trial
was 20 deg. The observations were made by photo-

of pitching obser\^ed

diu'ing the trials

gra])hically recfirding the instrument panel at inter\als

in F'ig. 37.

A summary

C,B<t

of the

ship-molion data was gi\-en

in

of

about 0.4 sec so that continuous eui ves of pitching
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Deckv

/Deck

Wave
Fig.

33

Profile Indica+ors

Locations of wave-profile indicators

(

and Pressure Gages-Sec+ions

D,

E,F,

— ) and

of pressure gages (®) along contours of ship
Welding Committee, 1953)

sections (from Admiralty Ship

Of particular
39 and
The first shows the relationship between the pitch40.
At the periods
ing period and the period of encounter.
of encounter up to the natural period (or possibly

and

rolling

angles were not

obtained.

interest are the charts reproduced here in Figs.

higher) a ship pitches with a frequency approximately ecjual to the natural one. At longer periods
of encounter it pitches with the freciuency of encounter.
Fig. 40 shows that rolling periods of a ship at sea are
concentrated around the natural rolling period of the

slightly

ship.

Fig. 41

shows the

relative ship

and wave position as

The upper diagram shows
reconstructed from records.
The ship log entry recorded
the ship in a following sea.
the wind as having a strength of 7 to 8 on the Beaufort
Press

Gage

L<t

is

in Well

on

Frame No.l€2^

The observers (and the Admiralty forecast)
Waves were visuallj' observed
it to be 8 to 9.
be 35 ft high and 300 to 600 ft long. The record dem-

scale.

declared
to

34 Locations of wave-profile indicators ( — ) and of pressure gages (0) along contours of ship sections (from Admiralty
Ship Welding Committee, 1953)

Fig.

onstrates an apparent absence of phase lag and this
typical at a low frequency of encounter.

The lower diagram

in Fig. 41

shows the ship

in

is

head

SHIP

-Mai'n

MOTIONS
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Cable run

-Icln

Coble run

-

Positions of Electric Resistance Strain Gages

A

seas.

wind

Positions of electric resistance strain gages (from Admiralty Ship Welding Committee, 1953)

35

Fig.

of strength 6

is

indicated.

Waves were

The average
high and 200 ft long.
The ship's
daily ship .speed was reduced to 5.5 knots.
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.
observed to be 10

Fig. 41

is

ft

particularly interesting in that it shows the
} 9 sec before and after a slam.

ship's position

The

first digits in

the designations in Fig. 41 are the

voyage numbers. The letter following designates an
eastward or westward crossing and the numl)ers after
the

letters

are

the

consecutive

during each crossing.
The SS Ocean Vulcan

obserx-ation

numl)ers

perienced between 2000 and 4000 slams during the 17month period of the trial.s.
Quoting from Report Xo. 8: "The period of the hull
vibration set up by slamming was measured I)}' a stop

watch on several occasions.
at 100 cycles per minute,

(luency of the two-node vertical viliration for the ballast
condition.
The vibration following a heax-y slam could
still be clearly identihed l^y 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

trials

were not designed to

in-

clude detailed measurements of slamming phenomena.
Certain general observations were made, however, on
Slamthe conditions tending to produce slamming.
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-l. Slamming was experienced on ;51 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-

It was found to be constant
which corresponds to the fre-

stresses.

(1936, 1937/38).

This confirms the findings of Schnadel
Further discu.ssion of stresses will be

deferred to Chapter

It

5.

should be mentioned, how-

ever, that the relatively small increa,se in

bending stress

MS

San Francisco and
SS Ocean Vulcan can be attributed to the low power and
as a result of

slamming on the

low speed of these ships.
expected in faster ships.

—

Larger stress increases can be

-^

" See Section 5.Ui VVarnsinck and
Jasper and Birmingham (1958).

St.

Denis (1057

and also

196
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Legend
o Observations by Kent (23.24)
• Suggesl-ed values by Kent (24) not result
of direct Observation
+ Quoted by Bertain (14) from various
Observers prior to 1873
Observations by Schnadel (43.44)
A Observations by Bridges (48)
X Observations by Lockwood Taylor (34)
7 GLuoted by Gail!ard(20) from various
Observers prior to 1904
D Observations by Vauglnan Cornish (19)
• Observations on Ocean Vulcan Trials

300

200

100

400

-500

600

Wove Length
Fig.

ship,

its

37

Maximum wave

iii.strunu'iitatioii

The second

shown

iiiid

sca-dh.^crxatidii

results.

lialf

in Fi";. 42.

The

ship,

completed

in

December

drixen by a turbine with double-reduction gearing.
The ma.ximum continuous output is 4000 slip at 105
rpm, while the normal .service output is :i400 slip at
1951

,

is

99 rpm.

A

single four-liladed

jiropeller

17.2

ft

diam

propels the vessel.

The

extensive instrumentation of the

shii) is gi\-eii 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 (1934) for instance, some important records were lost because of instrument failure in storm
conditions.

The observational voyage

from DeThis was the maiden
of the ship from Yokohama to Vancouver,
Honolulu, Singapore, Bombay, Singapore and back to

cember
voyage

26, 1951 to

May

3,

600

totalled 129 days,

1952.

Yokohama,

a distance of 21 ,700 nautical miles.
Through
most of the voyage the weather was mild, but the pa.s.sage
from Vancouver to Honolulu was very rough. Quoting
from the report:

"Fully loaded with wheat, she sailed for India via
^'okohonu\ at 17:30 on .lanuary 16, 1952, I'ollowing a

900

1000

1100

1200

Feef

heights for various wave lengths (from Admiralty Ship

reported on wind-tunnel and towingtank results of tests made on a model of the SS Nissei
Mam. The lines and principal dimensions of the ship
are

700
in

Welding Committee, 1953)

south-west course along the boundary line in Load
Line Rule, turning dead west at point 34°55'N, 149°0'W,
at 5:20 on .lanuary 22nd, when she encountered heavy
storms e\'erv day, and terrific wind, with waves growing
The \'oyage was so strenuous that the vessel
in height.
exhausted her fuel reser\-e and was obliged to abandon
the intention of proceeding direct to Yokf)hama and to
touch at Honolulu for bunker supjilies.
"The ship turned toward Honolulu at 34°29'X,
170°25'W, at 1:30 on .January 2Sth, arri\-ing at Honolulu at 9:15 on .January 31st.
"Iiegular measurements of the ship's sea performance
were made three times daily at 9, 12 and 15 o'clock ha\'ing
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 committee left the ship at ?Ionolulu, and very few recording
papers remained, and the sea conditions were thougiit
comparatively calm."
The observational periods were of 3 min duration.
In addition progressive (step-wise) tests were conducted
six times during the \-oyage for measuring propulsi\-e
characteristics.

The nature of wave measiu'ements is indicated by the
following quotation: "When the measurements were
taken, attention was concentrated on the irregularity
of the ocean waves thi'oiighout the whole voyage.
The
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Table 8

Moru

Items Measured and Instruments Used on SS Nissei
(from Experiment Tank Committee of Japan, 1954)
Items

C.

13

SHIP

-Eas+bound Cross

-o

o

MOTIONS
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Direction of Wave
relative +o Ship

Position of Film

Positions of Ship
C

Analysis of Wave Profiles

are shown at Approximately

Vertical Scale

is

3.4

4

No.302

Seconds Intervals

Times Horizontal Scale)

fnom Large S+orm Waves recorded

Position of Ship ^

Direction of Wave
relative to Ship

Frame

on

of

in 6.E.7

Second before Slam (Film Frame No.550)
Bows 2 Second after Slam

Position 4

Seconds after Slam

Position 4 Seconds before Sla

k

4*

340'0'-^

Period of Encounter
8.2 sees
(Vertical Scale
Fig.

41

is

3.4

350'0"

>\

Period of Encounter
8.2 sees

Times Horizontal Scale)

Analyses of wave profiles (from Admiralty Ship Welding Committee, 1953)

feature in that large speed and torque variation are
observed with oscillation periods of 1 5 to 20 sec and
cycles as long as 60 sec.
A similar periodicity is observed 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 torcjue which can
be cau.sed by mild disturbances of long periods.
Observations 69 to 82 in Table 9 are taken from the
rough-weather passage made iu predominantly head seas
during the ^^ancouver to Honolulu voyage. Observation 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 reduction of engine power under storm conditions.
Fig. 47 shows the obser\ed relationship between the

RPM

and frequency of
encounter with waves. It confirms the data given in
Fig. 39 for the SS Ocean Vulcan in that, at short
ship's period of pitching oscillation

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 foi'm 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 towingtank 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 obseivers on ships at sea, whose work has
been reviewed in this monograph, have commented on

SHIP

Length bet' Perpendiculars — 128.00 m
11. 50m
Breadth moulded
Depth

moulded

10.40

MOTIONS

Designed

Full

201

Load Condition, Draught moulded

8.25

m

Displacement (inc.skln)-13,870 tons

m

Black Coefficient

Prismatic Coefficient
Midship Coefficient

0.728

— 0.738
0.987

Long. Position of C.of Buo^anc^
Forword of Midship
0.42

m

ow Chock
Top of She!

Shell

Top of

ShelU
Poop Deck Side Line

Upper PeckSide Line
Upper Deck Side Line

2nd Deck Side

Line

2nd Deck Side

2a6

Fig.

10

I

2

42

Body

plan, stem and stern contour of the Nissei

Maru (from Experiment Tank Committee of Japan, 1954)
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47 Relation between period of encounter of waves and
period of oscillations of ship (from Experiment Tank Committee
of Japan, 1954)
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50 Average of one-tenth highest roll amplitudes of three
destroyers (designated P, Q, R) (from Warnsinck and St. Denis,
Fig.

1957

when

Average of one-tenth highest pitch amplitudes of three
destroyers in the rough sea (from Warnsinck and St. Denis, 1957
Fig. 51

NSMB

Symposium)

Langmaaek

(1-1941), and Mockcl (1941, 1944,
Ob.servations have been made on many ships
opportunities presented themselves, but there has

(1940),

1953).

NSMB
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been no pennauently installed instrumentation. Wave
observations have been made visually with the help of a
Anemometers have been used to deterstop watch.
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 e.xtensive 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 comprehensi\-e summary of the statistical results was
published by Jasper (19.36).
Jasper (195G) ga^•e a general introduction to the subject of statistics and cited several references for the statistical theory.
He described three forms of statistical
analysis of observed data

1

A

Symposium)

normal distribution curve, such as shown in

Fig. 13.

2

A

Ravleigh ilistribution 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 obtained 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
pitching,

(195(3)

rolling,

numerous curves of data on
and bending stresses obtained from

plotted

obser\'ations on se\'en ships over an extended period.

The

wave heights were based on
taken from records of the U. S.
Weather Bureau and also on Darbyshire's (1-1955) measurementis.
In the summary he stated
distributions of ocean

visual observations

"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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of wa\'e periods at sea

position

(tf

can be considered as the super-

three distinct wa\'e systems.

Representation r)f 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

Distinctions between the.se are reported

swells.

Yet pitching, rolling
and yawing are affected differently by these different
wave .systems. While it becomes practically impossible to .see swells in a heavy wind sea they are often distinguishable in the records obtained by a ship-borne
wa\'e recorder and also can be identified by photographrather imperfectl.v in ship logs.

HI cr=l.9

17.1%

13
Fig. 52

5
6
Periods- Sek

4

ing a radar screen (Roll, 1952).

7

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 irThis is shown in Fig.
regular waves in a towing tank.
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 freciuency distribution of hull motions, stresses

and the heights

of

ocean waves can be

u.sed to

advantage,

for example:
1

Prediction of the most probable amplitudes of roll
of ships under gi\-en en\'ironmental

and pitch motion
conditions.

2
or of

Estimation of the extreme values of ship responses
wave heights encountered over a given period of

3
Statistical estimation of the capacity for which
shipboard stabilization eciuipment must be designed.
4 Estimation of the endurance strength of the ship

structure."

The second passage
"There are

many

is

taken from the summary:

practical apphcations of the fre-

cjuene}' distribution patterns.

the capacity of .ship
it

is

Sea.

to correlate

the results of the different observations.

was that a cerlow metacentric height and a long natural period

Practically the only definite conclusion
tain

rolling are

of

desirable for seakindliness.

In this re-

spect sea observations have confirmed Fronde's (I86I)
theoretical conclusions.
The best summary of information on sea kindliness of ships was given bv Kent (1950,
19.58).

The primaiy reason

for the failure to provide tangible,

and usable information was the lack of a means
The second reason has been
for measuring sea waves.
the lack of means for quantitative treatment of sea irregularity.
Although the irregularity of sea waves was
practical

time.

ment,

Concluding Remarks on Ship Observations ot
Only sea contlition 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 ^'oyage on a different ship in different weather
conditions produced different data.
There was no way
5.3

Distribution of wave periods in a sea

In the determination of

and shipboard

nece.s.sary to

have a

stabilization ecjuip-

reliable estimate of the

proljability of exceeding given angles of roll

and

pitch.

acknowleged, attempts to correlate ship behavior with
obser\-ed waves invariably were based on an assumed
regular average wave.
Furthermore, observations were
usually made on isolated \'oyages.
It was uncertain
what sort of weather would be met on these voyages.
The only exception was in the case of the SS Oceati
Vulcan on which obser\-ations were made over an extended period.

The situation has Ijceii changed recently by two simultaneous de\elopments Introduction of a ship-borne wave
recorder and development of the irregular sea theory.
The .ship-borne wave recorder (Tucker, 1-19.52, 1956)
now makes it possible to obtain a continuous record of
wa\e height from a ship.-'' The theory permits the
correlation of ship motions with the waves causing the
:

The design

of aircraft landing gear, rocket launchers

and

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 frecjuency distributions such as given herein."
Jasper (1956) stressed the similarities in the observations as shown by the Rayleigh distribution curves.
Langmaack (1941), on the other hand, made ingenious
use of file fact that normal distribution (•ur\'es have
their peaks at different periods for different wave systems.
Fig. 52 shows how an apparently complex distribution

fire-control

Tucker's wave recorder gives the l)est results on a small ship
The recording high-frequency wave comwhen the recorder is used on a large ship.
The nature of the errors introduced by the speed of ship is not
It appears to consist of an introduction of spuriyet established.
ous high-fre(|uency wave components. Certain suggestions for the
imiirovement of the recorder were given in Chapter 2.
2'

in hove-to condition.
ponents is inicertain
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More precisely, the theory permits
abstraction of inherent characteristics of a shij) from the
irregnhir variations of ship motions which occur in irmovements.-"

regular waves.

equipment and process lias ijeen
(1957, 1958) and Cartwright
and Rydill (1957). Theirs was a pilot application and
empha.sis 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 AdministraTwo modified
tion and the Da\'id Taylor Model Basin.
Liberty-type ships were instrumented and placed in
regular commercial service in the North Atlantic during

Thus

far use of this

made only by Cartwright

Information on the observed data is not
the winter.
yet available.
Analysis of data obtaineil on a ship at .sea po.ses a \'ery
It is clear that only a small part of
difficult problem.
Writers dethe collected material has been published.
San Francisco, for inscribing observations on the
stance, repeatedly mentioned their intention to publish
However, these results
results of further analysis.
have not been pul)lished.-"' It is very important that
the method of analysis be foreseen and planned in the
The type of
early stages of an observational project.
records obtained on a ship must be such that they can
be processed by available analyzing eriuipment. The
mass of data to be handled makes it a foregone conclusion

MS

^' The present state of the theoretical development permits this
only under certain limited eonilitions.
'» Except an analysis of single wave by Schnadel (1937/38).

ii
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conflicting) ship characteristics?

To

the author's knowl-

work aimed at giving the answer is
Mockel's (1953). This work applies to fishing trawlers.
It is clear that there can be no iniiversal specification
A separate one must be formufor good sea behavior.
lated for each class of ship and linked to the states of
sea it is likely to meet in service.
edge, the only

6

Ship Stabilization

General reviews of the
Rolling StabilizoHon.
devices for controlling ship rolling ha\e been
made by von den Steinen (1955) and by Chadwick
(1955-Part 1).
Only three of these devices progressed
6.1

many

beyond the

initial trials

and were used on a number

of

The.se were stabilizing gyros, stabilizing water

ships.

tanks and stabilizing fins. The use of a gyroscope for
stabilizing a large passenger liner was described by De
This device has since been
Santis and Russo (1936).

abandoned.
The theory and use of stabilizing tanks have been

German

engineering literature and also have received some attention in the
United States. Some of the pertinent references are
ILsted in the Bibliography under the following names:
treated

extensively

in

Baumann (1938), P'eld
1937), Frahm (1911a,

Foppl

(1934a,

b,

Hahnkamm

(1936),

Horn

'(1937),
h),

c;

(1911, 1955, 1957), Herrmann (1934), 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 Chadwick and Klotter (1955 o, h). 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
commentarj'- on the work of others. Also they clarified
the apparent confusion in the existing literature regarding the mathematical form of the cross-coupling coThe reason for the differences was shown to
efficients.
be the use of different co-ordinate axes. This question

The
previously by Klotter (1934).
is pertinent to the entire problem of
coupled ship motions and is not in any way limited to
was

discussed

latter reference

stabilization.

Roll stabilization by activated fins was described by
Allan (1945), ^'olpich (1955), Wallace (1955) and Chadwick (1955-Part 2).'' Quoting from the latter work:
"Fins are of some interest, having a virtual monopoly
They are unexcelled where stain the field at present.
bilization is wanted at speed, and thus are the systems of
choice in a wide variety of passenger and military apThe principles of operation have been proved
plications.
'1 Only relativt4y recent references are mentioned here, and no
attempt is made at presenting the history of the development.
Reviewers of an early draft of this monograjih mentioned a patent
by Mr. Wilson in IS'.IS, a manually controlled design by Motora
in 1925, a proposal liv a, Ru.ssian naval officer submitted to Alessr.s.
Denny in l'J31, and a patent by Sir William Wallace in 1036.
Practical success was eventually achieved on introduction of the
"A.R.L. Continuous Control" developed by Mr. J. Bell of the
Admiralty Research Ijaljoratory of Teddington, England.

installations of all sizes ranging from cross-channel
steamers up to and including Queen Elizabeth. For this
we ha-\-e to thank, of course, the Denny-Brown Company."
Both tanks and fins have pro\-ed to be very effective
in reducing ship nilling.
The degree of reduction depends, of course, on the capacity of the installation.
This is often rated by the angle of heel which a stabilizing dexdce can generate in a ship moving in smooth
water.
A 2-degree angle is definitely too small, but,
nevertheless, provides a satisfactor_y 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 computation that a device of a practical capacity will reduce an
uncontrolled roll of 5 deg to } [q of its value; i.e., \vill
in

practically eliminate rolling.
The latest description of
the stabilizing-fins installatinn and the data on their

performance were published by Flipse (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.
Flipse emphasized that the list of a ship
izi side wind should be controlled by the disposition of
the water ballast in order to jjreserve the full fin capacity
for controlling rolling oscillations.

Fins are the most effective device for controlling
and naval ships. They have,
however, two drawbacks; namely, vulnerability to
damage and rapid loss of effecti\-eness with reduction in
A ship forced to reduce its speed or to heave-to
speed.
rolling of fast passenger

weather may lose most of its stabilization.^^
not important for ships designed according to the

in adverse

This

is

recommendations
i.e.,

of

Fronde (1861) and Meckel (1941);

with small metacentric heights and long iiatural

periods of rolling.

Howe\-er, natural periods of rolling
in recent years because

have been drastically reduced

Modern ships,
damage-stability considerations.
may de\elop a severe rolling even in bow seas

of

therefore,

under storm conditions. Such rolling is shown in
Patterson described
Fig. 48 for the SS Nissei Main.
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 jjcriod.
Stabilizing tanks retain their effectiveness at low
While they appear to have been abandoned
speeds.
on passenger ships at present, they are very useful on
The author
lightships and weather-observation ships.
feels, however, that they may come into wider use agaui
because of their simplicity, their lack of vulnerability
They appear
their effecti\-eness at reduced speeds.
to be particularly suitable in cf)nnecti(in with ship-damage considerations. A low metacentric height, needed
for naturally good rolling behavior, may be secured by

and

32

also

has been shown in Chapter 2 that natural damping
becomes smaller with decrease in speed.

It

in roll

SHIP

MOTIONS

locating the stabilizing tanks high in the shi])'s stiiic-

Necessaiy damage stability may be secured at
the same time by (luickly draining the tanks in emerture.

The need for roll stal)ilization is increased by demands
Competitive commercial confor damage stability.
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

possible that consideration will be gi\-en to the sta-

bilization

high)

may

cargo ships. Activated tanks (located
prove to be the best choice for these appli-

of

cations.
Pitciiing motion of
6.2 Pitching Stabilization.
The moships also can be I'educed by the use of fins.

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 achie\-ed.
Quoting from Abkowitz (lU.jo): "Aiitipitchiug fins of
hydrofoil shape located at the bow have been investigated
Models of three different type
at the MIT towing tank.
vessels (a) a modern merchant form, (6) an aircraft
carrier, and (c) a destroyer, with and without antipitching fins, were tested for seakeeping in a series of
wave lengths wherein the ratio of wa\'e height to wa\-e
length was held constant at Jao- The hydrofoil was
located at the bow at the keel depth antl measiu'ed 4 in.
along the chord. The models were of the following
lengths

Model 1
Model 2
Model 3

"A

"The pitch retluction attributable to the fins considerably improvctl chyness of the model in head seas.
The
practical speed range, as restricted by motions of unmagnitude, is also extended. Forefoot and
forebody emergence occurring during the test without
fins were not observed when the fins were installed."
The fins just discu.'^sed were fixed. In an unpublished
theoretical study, E. V. Lewis and W. R. Jacc
lund
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
This addition indicates that fin angles of
\-elocity.
attack approach the stalling angle. f)n the other hand,
a much smaller variation of the relative direction of
water flow is foimd at the stern. Therefore, fixed fins
at the stern are less effective, but their usefulness can be
increased by controlled mi)\-ements.
Spens (1958)
presented an ach'ance discussi(.)n on experiments with
desirable

gency.

is
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Series 60, block 0.60,
aircraft carrier, ft

destroyer,

ft

ft

5

6.25
5.5

constant towing force was used in the series of
waves and represents approximately the ship at constant
EHP
At resonance, the pitch angle (double amplitude) with hydrofoil is reduced to about }s its value
without hj'drofoils for the merchant vessel, to about 3'^
The speed loss
for the aircraft carrier and destroyer.
is also reduced appreciably for the merchant ship with
The heave is also reduced for all
antipitching fins.
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 without fins. The model was 10 ft long and was tested in
waves 2.5 in. high at X/L 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
Quoting a part
of pitching motion was demo]istrated.
of the summary

oscillating stern fins.

The

fact that the stalling angle of

bow

fins

is

ap-

waves indicates the need for certain pr'ecautions in model testing and in fin design.
Eddies shed as a
consec[uence of fin stall may cause fin and hull \ibrations.
Since the hull areas at the bow are predominantly verproached

in

the vibratory forces can be exjiected to act in a
Presumalily they can be disclosed
l)y 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 Re_vnolds numbers than at high ones.
Therefore, models
may indicate lesser effectiveness than can be expected
on a full scale. Earlier stalling of model fins may be
caused by a laminar separation-^ followed by less violent
tical,

horizontal direction.

eddy-making. It may be desii-able, therefore, to ecjuip
the models with antistalling devices which are not intended for full-size use. Such measures are employed,
for instance, in towing-tank tests of seaplane models.
A
model wing erjuipped with an antistalling leading-edge
slot has been found to represent the action of an unslotted 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
is needed in order to determine the optimum phasing of fin motions with respect to ship
motions.
Attention also should be given to the shape of appendages in order to increase their fin action. Abkowitz (1955) indicated that bossings may be significant
Kort nozzles may not only imin reducing pitching.
prove the pro]3ulsion in heavy weather conditions, but
may also reduce ship motions.

model research

" Davidson
'*

in

Laboratorj', Stevens Institute of Tecluiology.
this separation, known to occur
not necessarily occur in the case of an

Spens (1958) indicated that

a steady fluid flow,

oscillating hydrofoil.

may
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Concluding

Chapters 2 and 3 have been written with these aims:
1
To provide naval architects with tools for designing

2

more seakindly

To

ships.

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 \dsual observation
Designers of seakindly ships have attained
alone.
success

Nevertheless, this

by the widely

is

by

their

intuitive

ability

an uncertain process as

different

cjualities

is

of ships

alone.

manifested
in

service.

While a designer's intuition cannot be replaced, it should
Intuibe exercised within the framework of hard facts.
tion which is not guided by facts degenerates into superstition.

Thus

far

qualitative

observations at
material. '^

sea

The

have provided only

necessary

ciuantitative

knowledge has been obtained from model tests and
Sea conditions can be simtheoretical considerations.
plified in model testing and certain sea and .ship characteristics can be segregated for more detailed inHowever, even in a model, the dynamics
vestigation.
of motions is complex and cannot be understood fully.
As a consequence it becomes necessary to resort to theoSuch successful investigators as
retical considerations.
W. Froude, for example, employed all three methods;
sea observations, model testing, and theoretical considerations.

A

developed theory indicates an inexor-

given a certain set of conditions,
In the field of
certain results must inevitably follow.
naval architecture two sets of conditions are present:
able logic of events:

1

The

A

state of the sea.

multitude of characteristics resulting from ship

form and mass distribution.
.set of conditions is not under a designer's
but he must have information about it. This
was the subject of Chapter 1. The second set of conditions is under a designer's control in that he can choose
a ship's form and can control its mass distributif)n to a

The

first

control,

limited extent.

Once these are

selected, a certain ship

behavior will result. The relationship between a .ship's
form as laid out f)n a drawing board and its hj^drodynamic characteristics is not obvious. However, it can be
understood in the light of a suitable theory. Once the
ciuantitative relationship between the geometrical form

hydrodynamic and dynamic characteristics is
must use his intuition in selecting an advantageous and practical combination of \-arious

and

its

established, the designer
features.

Ship-motion theory has been developing slowly partly
because it involves both hydrf)dynamics and the dynamics of rigid bodies. Developments during the past
three decades of d_ynamics theory in the field of aeroThe glaring
nautical engineering can be applied to ships.
3* With the
Rydill (1957).

for further ilevelopnient of hy-

reference to the
of ships.

first

objective;

namel.v, the seakind-

A]5plication of ship-motion theory to

the .second objecti\'e (inlVtrmation on structural loading)
requires no apology.
Here definite ciuantitative information is evidently required. Generally .speaking,
this information can be obtained only by the co-ordinated
u.se of theory, towing-tank experiments and ob.servations at sea.

Applications of Ship Motion Theory.
The
7.1
"theory" invariably takes the form of a set of coupled
differential eciuations, 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 ec|uations
containing a total of twel\-e coefficients on the lefthand sides. The effects produced by variations of .so
many (|uantities are scarcely self-evident. It also apimpossible to e\'aluate these effects \>y model
because each change of ship form affects simultaneously and in a different manner several coefficients.
In theoretical calculations it is possible to \'ary each
coefficient separately in order to investigate its effects.
This reiiuires making a .systematic series of calculations
similar in nature to the systematic series of model
pears
tests

tests.

sufficiently

2

is

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
liness

considerable

moment

need at the

Remarks— General

exci'|)ti()ii

of the

])iii>t

jiniject of

Cartwright and

Until recently the theory of siiip moti(jns 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 ca.se of hea\-ing and pitching motions in head .seas it has reached a practical degree
Up to now the work has concentrated
of de\'clopment.
entirely on development of the theory and on demon-

Today a designer can use it in
order to predict the seakindliness of a new \es.sel in head
.seas in comparison with a prototype of known performFor research intended to give a broader imderance.
standing of ship motions, the series of calculations mentioned earlier is needed.
The manual calculations which have been u.sed in the
stration of its \-alidity.

development

of the ship-motion theory are

time-consuming.

It is

recommended,

awkward and

therefore, that a

programming of the calculations be made for
computing machines. It is suggested,
howe\-cr, that excessi\-e automatism be guarded against.
The computational procedure should be broken up into
steps of moderate sizes and the results of each step should
It should be kept in mind that the theory
be inspected.
Therefore, it should be
is still new and developing.

suitable

available digital

possible to make changes in different parts of the
gramming without upsetting the entire process.

pro-

In

suggested that the computation of coefficients be made a separate preliminary stej) prior to
By a judicious breakdown of
soh'ing the eiiuations.
the entire programming into several steps, it should be
particular,

it

is

SHIP

mailahlc

use

to

possible

small-c:ipacit\'

MOTIONS

computing

machines.
is recommended that the foregoing programming
be made for the solution of linearized ef|Uutions
with constant coefhcients for immediate practical ap-

It

first

A

plication.

solution

research program also is recommended foiwith varialilc coefficients (step-

of ecjuations

by-step integration).
The foregoing discussion referred particularly to heavThe results
ing-pitching motions in regular \va\-es.

should be generalized in order to represent ship motions
This can be done by statisin a typical irregular sea.
tical methods and a suitable computational procedure.
It should be rem(>mbered that in ol)li(|ue seas the
entire six-mode motion (seven degrees of freedom including rudder movements) must be analyzed in evaluatHowever it can be assumed that
ing a ship's trajectory.
analyses of moi'e limited groups, outlined in Sections
2.33(a)

and

2.33(6),

will

provitle useful

results.

The

author doubts that a solution of equations of motion
with constant coefficients is realistic in connection with
roll-pitch-yaw motions of a ship in ([uartering seas, and
suggests a step-bv-step integration of e([uations with
variable coefficients.

The

coefficients of the ec{uations

can be found in the way used by Kor\'in-Kroukovsk;y
and Jacobs (1957) for pitching and hea\ing. Evalua-

some of the coefficients is less certain at present
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
tion of
in

coefficients

may

be evaluated on the basis of model test
first attempt necessarily will be semi-

data, and that the
empirical.

The

use of digital computing machines was visualized

for the solution of the differential er|uations.

However,

analog computers capable of analyzing motions with
many degrees f)f freedom ha\'e been de\'eloped for conSetting up a similar facility for
trolled aerial missiles.
the study of .seven-degrees-of-freedom ship motions in

recommended.
Observations on Ships

irregular seas

7.2

occupied in their professions and cannot be asked to
study books on statistics in which only a small percentage of the contents applies to the present problem.
The author considers it essential, therefore, that simple
texts be prejiarcd in order to present the irregular sea
theory and its application with a minimum of specialized statistical termiijology.

The

analyses needed in connection with irregular seas
made on digital computing machines or on elecThe use of digital computing
tronic filtering machines.
machines requires reading the record tapes, and doing

can be

this

manually

For many years
ship motions thought in terms of simple
at Sea.

harmonic or simple trochoidal wa\es, as representing the
average effect of irregular sea conditions. The irregularity of the sea was well known ciualitatively, but the significance of this irregularitj' 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. NeverIts
theless, it can now be considered as established.
broad application, however, is handicapped (a) by
difficulty in following the current literature on the subject and (b) by the scarcity of electromechanical analyzing equipment.
Regarding the first item, it should be realized that
knowledge of the effects of irregular seas cannot be limIt is essential that all towingited to a few specialists.
tank technicians, naval architects and mariners have
These men are fully
sufficient understanding of it.

is

the analysis.

too tedious to permit widespread use of
digital computers must be supple-

The

mented by curve-reading machines

for

sion of tape records into typed tables.

conver-

rapid

Or, better yet,

the tabulating device should be made a part of the recording 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, onlj' as a stopgap, pending the development of special analyzers.
An analyzer operating on the principle of electronic
freciuency filtering may gi\e the results of an analysis
The author
in a few minutes after the record is taken.
considers this feature vital in efficient towing-tank opThe investigator
erations and in observations at sea.
should obtain the analyzed data while the observed beThis
havior of a ship or a model is fresh in his mind.
should facilitate greatly the interpretation of events and
should speed up final conclusions. It also will help to
At
decide the next step in towing-tank experiments.
sea it may help to determine the success of a certain test
maneuver. The development of simple portable electromechanical analyzers, capalile f)f spectral and crossIt is desirable that
spectral analyses, is recommended.
they also give the autocorrelation functions, which are
neces.sary for certain analyses and are particularly valuable in indicating the presence of harmonic (nonrandom)
oscillations.

The need

is

investigators of
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for

development

of

such e(iuipment

in

towing

become acute as the use of irregular wa\'es
widens.
The author has expres.sed his belief. Section
4.41, that the use (jf irregular waves is neces.sary lor
model testing in oblique waves.
Observations on ships at sea are now entering a new
era with the a\-ailability of ship-borne wave recorders
and development of the statistical theory of irregular
waves. These two must be considered together. At
tanks

will

present, Tucker's (1-19526, 1956) recorder appears to
be the most practical device. However, the wave iniSV;« Francisco and SS Ocean
dicators used on the
Vulcan would have been capalde 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
Ship motions probably
present in the North Atlantic.
are affected more freciuently by swells than by the windsea, and, therefore, both should be ob.served and recorded.
However, it becomes impossible to distinguish

MS
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when the wind exceeds certain strength
on the Beaufort scale). Yet a swell often
can be distinguished bj^ its period on the wave record.
Howe\'er, the observer on board usually does not have
enough time and facilities to read and analyze the reThe best solution would be to record on a
corder tape.
magnetic tape, provided a portable analyzer is on hand.
Should this prove impossible, a tabulating attachment to
the tape recorder would pro\'ide a typed talile which an
observer can scan for a rough estimate of longer periods.
A ship-borne wave recorder will give the sea spectrum
\'isually a swell

(say, force 5

at a

moving

point.

No method

for evaluating the sea

from a moving ship is available at
present, and, as a result, all analyses have to depend on
an assumed directional distribution within each identifiable system. ^^ The predominating direction of each,
for instance the wind-sea and one or two swells, can be
directional spectrum

visually estimated during daylight hours.
practically impossible at night,

is

difficult for swells

described a

and

method

even in

This estimate

and in a strong wind
Roll (1952)
the day time.

is

of evaluating the direction,

wave

propagation of a swell In' repeatedly photographing the radar screen. This arrangement is recommended on ships instrumented for exWithout it night observations
tensive observations.
are not recommended.
It is necessary to continue to look for ways of recordStereoing directional wave spectra from a moving ship.
photography is an extremely tedious method which is
It appears impossible
suitable only for short waves.
to include a sufficient number of long waves in a photograph in order to make a statistically valid record.
In most of the previous sea tests, observation periods
Such recordings are
of 2 or .3 n^in duration were used.
of little use in view of the properties of irregular seas.
Kent and Kempf commented on the "beat" cycles of
The author
ship pitching with periods from 30 to 80 sec.
observed, however, a longer C3'cle containing a number
These appeared to have half-hour peof such beats.
One becomes aware of these long cycles when
riods.
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 \'ariations of significant wave heights determined by Cartwright's test
A record length of 300 waves
(also Tucker, 1-1957).
has occasionally been recommended. Generally, a
broad wind-sea spectrum may be satisfactorily evaluated
by a shorter record, and a narrow swell spectrum reIt appears to the author that test
quires a longer one.
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 instrumented observational ships consisted of gyros for
length,

A^elocity of

'6 In special sea tests the directional sea spectrum can he obtained from the information on wave slopes telemetered from a
suitably instrumented buoy.

pitching and rolling and accelerometers for heaving.
Not having gj'roscopic instruments, Schnadel (1936)
and Horn (1936) estimated pitch angles from acceleromCartwright (1957, NSMB Symposium)
eter readings.

presented a comprehensi\'e spectral analysis based entirely on accelerometer readings.
On the SS Nissei
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 simultaneously along with the waves. Four groups of accelerometer installations are visualized for the motions
at the bow, at the stern, and two not far from amidOf the latter two, one should be located very
ships.
low in the engine room and the other as high as possible
on the superstructiu'e. The accelerometers are to
measure vertical and lateral accelerations at each station.
Surging accelerations also should be measured at the
two stations amid.ships. All accelerometers should be
duplicated to guard against loss of records caused by
If it is preferred to use gyros for recording
failures.
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 readings in order to obtain records of translational and
All recorders should be identical
rotational motions.
and spare recorders must be pro\-ided. 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 gi\'en to shortening the warm-up
It appears to be an
period for electronic equipment.
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
The only alternative is to
into' operation instantly.
have the electronic equipment sufficiently rugged to stay
in operation continuously for the duration of an ocean
crossing; i.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
In addition to the timing signal, two to
will be used.
four channels per tape may be expected, so that several
The wave record must be
recorders will be needed.
contained on each tape. As a result, it will be possible
to evaluate by means of a cross-spectral analj'sis the amplitude 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

Mam
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behavior on the basis of both visual interpretations and
Once the spectral charts are completed,
spectral charts.
it is no longer necessary to retain the original recording
Most
tapes and they can be used over and o\-er again.
of the results of the voyage then will be available immediately 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, howe\'er, in order to
Only relatively short portions of
derive the spectrum.
some of the records must be kept and transcribed into
motion curves for visual examination. These may include, for instance, some large motions during which
water is shipped or shunming occurs.
Ship motions were considered in
7.3 Summary.
Chapter 3 from three points of view

Theory of motions.
Model testing.

1

2

Observations at sea.
of the subjects was considered in detail and suggestions for further research activity were made.
It was shown that, while theoretical research on heaving-pitching motions has been progressing satisfactorily,
the treatment of rolling and yawing is in a deplorable
The linear theory of ship heaving and pitching
state.
has reached a state of practical usefulness. Its further
improvement will consist of more reliable evaluations
of coefficients of the differential equations of motions.
3

Each

This formed the subject of Chapter 2.
In model tests the emphasis has been placed on experiments in oblique irregular waves. Tests in oblique
regular waves are belie\'ed to lie misleading in predicting
roUing and yawing motions. Attentiou has been calleil to
the apparent lack of planning and definition of methods

and

objecti\'es in

The

model testing

in oblique irregular wa\'es.

basic theory of such testing also needs further de-

velopment.
true (within
tions in

The theory of superposition has been proved
practical limits) for heaving-pitching mo-

which the simple cause-effect relationship

is

not clear when several
causes (due to se\'eral modes of motion) exist, and when
a ship's response depends on dynamic (involving products of velocities) as well as hydrodynamic characterevident.

Its

application

is

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

To
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To obtain detailed information on ship and sea
(c)
motions at certain short intervals of time; for instance,
at the time of slamming or of maximum bending moment. The principal use of this intV)rmation will be in
structural analysis.
(d)

To collect information on sea

that recordings be of an hour's duration.

number

of

maneuvers and

specified

made to use one type of pick-up,
and recorder. All pick-ups should be in duplicate, and circuits should be so arranged that spare
amplifiers and recorders can be switched on instantly.
It is presvmied that magnetic-tape recordings will be
used.
Portable analyzers, based on the principle of
frequency filtering, should be provided aboard instrumented 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 (jn 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
sul)ject of

on stresses

8

Chapter
will

Condensed

4.

The

effect of .sea

be discussed in Chapter

List of

and ship motions

5.

Suggested Researcli Topics''

1
A Step-by-Step Integration is suggested of the
coupled heave and pitch differential ecjuations of motions.
Section 2, with variable coefficients. The coefficients
are to be e\'uluated using the actual sectional wetted
beams and drafts at a given instant. This project is
needed in order to evaluate the error in\-olved in the
usual assumption of constant coefficients. A small error
This
is expected in the ca.se of normal cargo ship forms.
error is expected to increa.se with increasetl inclination of
ship sides, and, as it now appears, invalidates the application of theory of small motions to sailing yacht forms.
The error is also expected to be large in shallow-draft

craft, Section 2.13.

Step-by-Step Integration, as outlined in the foreparticular objective of
is suggested with the
evaluating the effect of nonlinear damping described.
2

Section 2-3.22.

hydrodynamic properties of ships.
be obtained from cross-spectral analyses of

derive the

1k'

Effort should be

tions.

To

A minimum

amplifier,

going,

(b)

test runs should

to permit long observation runs.

indicate the conditions occurring in service.
These will be shown by the spectra of sea and ship mo(a)

conditions.

recommended that in observations on ships all
six components of ship motion and also rudder motions
be recorded.
(Jb.servations must take cognizance of the
properties of irregular seas and ship motions.
A shipborne wave recorder must be used, and it is recommended
It is

These will
waves and ship motions."

3 Summary of Data should lie prepared for use in
evaluating ship motions liy means of eciuations (2). The
collection of reference data and the computation of

This will be possililo onl>' under certain favorable conditions.
does not appear that it will be possible to derive hydrodynamic
characteristics in the general case of a shi]) moving in short-

Apjiroximately in the order of presentation in the l)ody of the
These suggestions are confined to ship niolions.
Suggestions for the evaluation of the coefficients of the equations
of motion are given at the end of Chapter 2.

''

It

crested irregular seas.

'*
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coefficients

consume the

largest part of the time spent

in evahiating the pitcliing

and heaving motions

of a

ship.

4

Programming

Digital

Machine Computations

coefficients of equations (2)

is

desirable.

of the

In the case of

by transformation of a circle
(Lewis, 1929; Prohaska. 1947), the machine can solve
directly the expres.sions resulting from such a transformaThe results of more complicated computational
tion.
methods (of Haskind, Ursell, Hanaoka for example,
suggested in Chapter 2) can be approximated by simple
section shapes obtained

expressions using a eur\-e-fitting technique.
Towing-Tank Test to evaluate coupled heaving5
pitching motion of a ship will be needed for \-erifying the

and 2.
6 Tests in Wide Tanks are needed in order
hsh the amplitudes and phase lags of coupled
results of projects

lish

which properties are desired

l)ro])erties

hea^•iilg-

ceivably also be caused by the erratic behavior of damping 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.
Solutions for Transient Response of the coupled
7
hea\-ing-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 conditions in which the superposition principle is inapplicable

in a ship

and how these

results of theory or of

that a project be established to investigate these various

with the ultimate aim of preparing a specifica-

effects,

tion for

model

Rolling,

11

Previous tests have
pitching motions at low speeds.
shown considerable uncertainty in this speed range.
This uncertainty is usually attributed to wave reflecThe difficulty may contions from towing-tank walls.

by the

model tests. The amplitude and pha.se data must be
supplemented by information on the freciuency 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 necessaril.v define tlie shiiiping 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

1

to estab-

are indicated

and test reports.
Heaving and Side-Sway motions

tests

of a

ship at zero speed in regular beam seas should be investiBy formally .setting a system of three coupled
gated.

equations, a procedure analogous to that
used by Korvin-Kroukovsky and Jacobs (1957) for the
heaving-pitching motion can be followed. The supporting material for the e\-aluation of coefficients can be
found in Ursell (1949a), Grim (1956. 1957fl and b)
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 obtained, added to the already available data on behavior
in head seas, will be valuable in the subsequent multimode motion investigations. Attention should be paid

differential

wave lengths

to the

(frequencies) which are significant

in pi-actice.

12

Rolling,

Heaving and Side-Sway motions
and prismatic bodies should

of non-

also be

and variable coefficients).
8 Attenuation of an Incident Wave as it progresses
along a ship was discussed by Grim (1957, second part).
Further de\'elopment and experimental verification of
The object is to establish
the subject is recommended.

circular c.ylindrical

a correction to the usual strip theor\' in which each
element of a ship's length is assumed to be acted upon

waves (o) on
on ship models
The
are needed in connection with projects 11 and 12.
experiments on ship models should be conducted in
wide tanks or ponds in order to avoid interference of

(aonlinearities

by an undistorted wave.
9 Changes of a Ship's Mean Trim during pitching
and heaving oscillaticjns 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 sliip than one exhil)iting a decrea.se in mean trim.
Linearized theories so far have treated only oscillations
about a mean and have not taken up the changes of mean
Formulations to correct
trim from the .still-water trim.
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
The computation and model test data

seakindliness.

are often presented as tables or curves-of-motion amplitudes.

Such quantitative data can be used

directly

problems. They do not
describe the seakindliness of a cargo ship, for instance,
It is necessary to estabas a mariner would appraise it.

only

in a

few specialized

na\'al

investigated theoretically in connection with project 11
in order to verifj' the theoretical procedure in a simpler
ca.se

and

to provide the data for a three-dimensional cor-

rection.

13

Model Experiments

cylindrical

in

regular

and prismatic bodies, and

{b)

the wall-reflected wa\es.
14 Experiments on Model Rolling in Long-Crested
Irregular Waves are reconnnended as a supplement to
The objective is to provide information on
project 11.
the applicability of irregular-wave theories to the rolling

by low damping.
expected to contradict certain
conclusions in regard to nonlinear rolling. Section 2.22,
which were ba.sed on excessive attention to regular waves.
15 Transient Response of a Ship to an Excitation in
Roll should be tleri\-('d on the basis of the differential
This is
e(|uations of motion formed under project 11.
of

ships,

The

which are

results

also

characterized

are

the preliminary step to project 16 which follows.
16 Theory of a Ship's Response to Irregular Waves
ba.-<ed on a succession of transient respon.ses to excitation
This would be a verificain roll should be developed.
tion and elaboration of the brief calculaticms made by
Kriloff (1896, 1898) in which it was demonstrated that a

SHIP

ship's

in

rolliiif^

iialiiral

its

pcriotl

pcvsislcd

MOTIONS

v\v\\

in

When Anchored sliduld he investiand experimentally. Dangerously
lieen observed in a ease which has l)een

Ships' Rolling

17

theoretically

large rolling lias

attributed to the regularity of swells (Saunders' discussion

Korvin-Kroukovsky,

of

1957).

However,

swell

records invariably disclose a large degree of irregvdarify.
It is concei\'al}l(> that niooring-cablc forces, resulting

from several ship mentions incited by wa\-es,

may

act as

sufficient excitation for rolling.

18 Investigation of Environmental Conditions can be
suggested as a companion project to 17.
It shoulil be
investigated to what extent the usual swell may become
more regular in the process of entering a shallow-water

harbor and possibly refracting after approaching a sea
shore ol)liquely. To what (>xtent can the sex'ere rolling,
attrit)uted to an allegetl swell regularity, be relieved by

changing the anchorage

angle 0, the rolling

roll

moment

jioint to a

greater water deptli?

ccjmputed.

is

sub.sequent step, the rolling motion

slightly in'cguiar wax'cs.

gated
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is

As a

comj^inted using

the fourth of equations (12).
It is suggested that the initial acti\-ity be centered
about the .series (iO, O.GO Ijlock coefficient model. Waves

approaching a ship from 60 deg
(leg

off'

oft' the bow, and 45 and 10
the stern are suggested as likely to be critical for

the i-udder control, Kydill (1959); also Section 2.38a.
In Section 2.33« tiie author expre.ssed an opinion that

nonlinear l)ehavior is decisive in yawing and rolling
motions.
Step-by-step integration with \-ariable coefficients in the equati<ins of motion is therefore \'isualized

under

this project.

Towing-Tank Tests

21

in

Regular Oblique Waves

are suggesteil under conditions matching tho.se of project
20.

The model

is

respect, except for

measuring the

A

to be self-propelled

and

free in

every

tlie resti'aint in I'oll, witli iiro\-ision

rolling

for

moment.

well-dehned rudder-control function must be chosen,

Rolling and Yawing Moments Caused by Oblique
Waves should be determined theoretically and measured experimentally. Theoretical evaluation may follow

seas.

the pattern used for heaxing-pitching motion by Kor\inKroukovsky and Jacol)s (1!).57) with the supporting

(1959) can be used as a guide in choosing a suitable
function.
.Motions of the rudder must be recorded.

19

material of'Ursell

(194!)rt),

weber and de Macagno

Grim

(1956, 1957)

and Land-

Presently available
material ijermits making these calculations only for the
Completion of certain pi'ojects listed
zero-speed case.
in Chapter 2 may permit extension to cases in\'ol\"ing
(1957).

forward speed.

The yawing moment caused by
ship's

Calculations

trim.

at:

wa\-es depends on a

several

trim angles are

suitable for both projects 20

Papers

l)y Schiff

this project

model's
forward speed and model's angle of trim are to be determined. Several wave heights should be used, since there
is the ])robability of a strong nonlinear I'ffect at certain
of

the

wa\'e direction,

trim angles.
It

is

customary to express the wa\'e forces and moments

This is the form
as amplitudes in a harmf)nic variation.
in which the data are used in the now accepted theory

There

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 neces.sary to use superof linear superposition.

is

position of transient responses to a series of successive

To

impulses.
tuality,

variations of

20

provide the material for such an even-

detailed information on the pattern of cyclic
all

(|uantilies

Theoretical

Motions

must be

Evaluation

of

repoi'tcd.

Four-Mode

waves

Model

suggested, as
described under the second project in Section 2.33';.
Fi\'e degrees of freedom are involved; namely liea\'ing,
in

sidesway,

The
is

long-cre.sted regular

yawing,

effect of surging

assumed.

pitching,
is

is

and rudder movements.

disregarded, and restraint in

After evaluation of

all

roll

variables, except the

f)n

other

modes, which was implied in project 20.
There ai'e large differences in the motion characteristics
of ships, and tests on one model cannot arbitrarily be
assumeti to apply to another.
The particular \-alue c:f
of project 20.

effect

The optimum

and quartering
and Gimprich (]!)49) and Rydill

error resulting from neglect of the effect of rolling

In towing-tank tests, the forces and moments acting
on a lestrained model are to be measured. Vertical
and lateral forces and rolling and yawing moments are

The

21.

Alternative tests are suggested in which the model will
be left free in rolling as w'ell as in all other modes. The
compari.son of the two .series of tests will indicate the

therefore needed.

involved.

and

rudder-conti'ol function will differ in Itow

lies,

therefore, in confirming the calculations

The

calculational procedure, once con-

firmed, can be used subsequently for predicting characteristics of other ship
coefficients.

A

forms of comparable prisma! ic
confirmation is needed 'or

separate

ships with large prismatic coefficient.

22 Measurement of the Derivatives dl'/d;/' and
dN/dv at various angles of trim and ship speeds is
recommended in order to provide the supporting material for project 20.
The effect of the trim on the rudder
effectiveness No = Ndid) 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 ck'rive the optinumi proportions of bilge
keels and skegs to minimize the angle of roll. Section
2.33.

The presence

of nonlinear effects should be

Transient

response

may

remem-

be excited at
instants of positive dN/d^p (at bow submersion) or
unusually large negative dN/di// (at bow emersion and
stern submersion) during a pitching cycle in waves.
Once excited, lightly damped rolling oscillations in a
l)ered.

roll
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persist and are superposed on
from other causes.
24 Rudder-Control Functions 5 = i{f\p dt,
xf)
have been examined in the past solely with regard to
minimizing yawing exciu-sion. The yaw-roll coupling
and the resultant effect on rolling have not been con-

ship's

natural

period

rolling resulting

i/-,

i/-,

It is suggested that the rudder-control function
be examined with regard to the side-swaying and rolling,

sidered.

as

weW

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) maj'
thereby be secured, in addition to greater comfort of
passengers and crew.
25 Mathematical Representation of Manual RudderControl Functions is needed for proper representation in
model tests in oblicjue seas. It also maj' be u.seful as a
It
target in the design of automatic steering systems.
is believed possible to derive such a mathematical representation by a statistical study of the simultaneous
records of a ship's yawing and rudder motions.
The control functions usually discussed in^'oh-e one or
more functions of (see under project 24). It appears to
the author that an important characteristic of manual
control ma\' be almost continual shifting of emphasis from
to another.
This shifting may well
one function of
be connected with changes of sign of dN^/bip caused by
the pitching of the ship and its phase relationship to the
\j/

i/-

waves.
26 A Theoretical Investigation of Steering Characteristics under the Combined Action of Waves and Wind
would work toward improving the steering characteristics
of ships

and wouki help

The

in

the interpretation of model

depend on
wind-caused forces and moments as well as on the waves.
Erroneous conclusions may be deri\-ed from towingtank tests, if the wind effects (not present in these tests)
In most ca.ses these effects will
are not kept in mind.
have to be allowed for intuitively. This process will be
made more reliable if a theoretically derived example is

tests.

steering characteristics of a ship

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' \\ith the normal yawing of a ship in waves.
The wind effect can be included, therefore, in towingtank 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 sh(juld lie developed for
instrumented ships. The output of all sensing
elements should t:>e such as to permit the use of identical
amplifiers and recorders.
Duplication of all sensing
elements and provision for instant switching to a spare
Records should
amplifier or recorder are desirable.
fully

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 development of transistorized ecjuipment will simplify installation 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
instrvmients have been used in missiles and research
rockets (for instance Kenimer, 19.55).
The rapidly progressing transistor techniciue will also permit the development of compact multichannel equipment. Six shipmotion components can be sensed by entirely self-coninclude the

tained equipment using accelerometers and possibly
small gyros.
Additional recording channels and external
jacks should be provided for connection to ship's instruments, particularly to wave-height gage, when these
are available.
An hour capacity of continuous recording is suggested.
The need for this equipment is indicated by the difficult.v in finding suitable weather conditions on trips

made by a few instrumented

ships.
For instance, only
mild weather was encountered by the SS Ocean Vulcan
in a time interval of many months.
Reaching a satisfactory 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 shi]is (jf all kinds.
30 Ship-Borne Wave Recorder, such as is now a\-ailIt is,
able, cannot be considered portable eciuipment.
however, a relatively simple instrument and its installation is recommended on as many ships as possible as a
part of the general investigation of ocean waves.
In particular its installation is recommended on all weather
ships.
It is suggested that external jacks be incorporated in its construction to permit ready connection to
other instruments, j^articularly to the portable equipment listed under jiroject 2'J.
31 Tucker's Shipbome Wave Recorder is the most
However, in its
practical instrument available to date.
original design form it is intended for weather ships in
ho^'e-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 efTects on the pressure recorded
by the gage. Two additional projects can be recommended here; namely, improvement of the electronic

integration of accelerations and investigation of the most
favorable location for the pressure and accelerationThe objecti^'e of the first is to
sensing assembly.
eliminate the influence of wave frequency on the inte-

SHIP

MOTIONS

This congrated result and to eliminate the phase shift.
ceivably can be accomplished by application of the

modern servomechanism iheory.
The pressure gage and accelerometer
ally

been

installed

amidships.

In

unit have habituthis

location

the

hydrodynamic effects are at
On cargo type and jjassenger ships,

accelerations are least, but
their

maximum.

the rectangular ship section with sharp turn of the bilge

and the presence of bilge
hydrodynamic effects on
highly uncertain.

The

keels

the

make

the evaluation of

pressiu'e-gage

effect of the

readings

ship-made wave at
It appears to the

forward ship speed is also large.
author that locating the sensing unit a short distance
ahead of the front edge of bilge keels is more favorable.

A ship's cross section in this locality, more roundeil

and unbroken by bilge keels,
evaluation of hydrodynamic

is

more amenable

to the

eifects.
In this location
the accelerations will be greater and more reliance has to
be placed on the methods of computing \'ertical dis-

placements from accelerations. A project is recommended for comprehensive investigation of the problems
just outlined.

32

Development

of a

Portable

Wave Recorder

is

desirable for use in connectiou with the portable record-

ing instrumentation listed as project 29. An instrument
which would be a coml)ination of acceleration integrater

and echo-ranging altimeter is visualized. Such an instrument 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 recommended. This is intendccl for use with either the portable motion recorder (project 29) or the complete recordThe analyzer must be capable
ing system (project 28).
of spectral and cross-sijectral analyses.
It is suggested
that the recording and analyzing equipment be standardized for a 1-hr duration of recording.
A portable anal.vzer, based on the filtering principle,
can conceivably be developed as a self-contained compact unit (a "suitcase") by the proper use of transistorized 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 impressions of ship observers and on-the-spot analyses of recorded data. With a portalile analyzer the data taken
on the voyage woukl furtherm(jre, be immediately useful
Experience with elaboto the home port.
rately instrumented ships has been unsatisfactory because 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 connection with recording ship motions on ships not exSuch
tensively instrumented for strain measurements.
gages were used in the past for auxilliary measurements
in connection with extensive permanent instnmientation.
The gage suggested here is for use with the portable con-

upon return

tirmous recording eciuipment 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 vibrations 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 passageway on the strength de(;k.
35 Measurements of Directional Sea Spectra by
fi'ee-floating buoys can be recommended during special
ship tests conducted in the vicinity of such buoys.
Dorrestein (1957) described buoys used for scalar sjjectrum measurements. \'osnessensky and Firsoff (li)57)
based their spectrum derivations on the results of data
obtained from buoys. The author understands that a
i)U(jy for measurement of scalar wave spectra
was developed by DTMB. A buoy has apparently been
developed in England which will permit evaluation of
the directional spectra from wave slopes.

disposable

A summary giving all available information on the
subject would he 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 Tuckertype ship-borne wave recorders (improved in project 31)
along the length of a ship. Analysis of the recorded data
can follow the pattern ba.sed on Barlier's work which was
described in project 38 of Chapter 1.
The use of a ship
of low displacement/length ratio and low prismatic coefficient

is

suggested in this connection.

If

a special

weather ship were to be so equipped, the use of rollstabilizing tanks and omission of bilge keels is recommendetl.
With a ship hove-to in head seas, a reasonable
estimate of the directional distribution of waves can be
expected, at least for waves ^2 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
This must follow from theoretical investigation, towing-tank model testing and observations on
ships at .sea.
The efficacy of bow fins has been established.
Further activity is needed in the development of
fin shapes to minimize stalling effects, in the evaluation

is

needed.

and, if po.ssible, elimination of bow vibration and in the
cle\'elopment of structiu'al design criteria.
The available data on stern fins are less complete and
further investigations are needed.
In this ca.se particular
attention should be directed
suitable control functions.

to

the

development

of

Nomenclature

Symbols listed on pages 150 and 151 in connection with
Chapter 2 apply to Chapter 3 as well. NACA designations (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
H = wave height (double iimplitiulc)
7'o = natural jjeriod of a ship's oscillation
7'e

5

=
=

period of wave encounter
rudder angle
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= phase angles
= coherency
X = relative heading of ship to waves
S-p = contributions to the covariance function,

j

I,

[6, T, a, e]

=

S,.,

ecjuation (40)
in

mapping

subscripts denoting
and (27)

-y

Symbols used once and defined
the above list.

regions, equations (26)

locally arc not included
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Resistance, Propulsion and

CHAPTER

4

Speed

of Ships in

Waves

Introduction

1

The

resistance, propulsion

and speed

of ships will be

considered only inasmuch as they are affected by wind
and waves. The evaluation of these characteristics was
the main objective of Kent's work (see numerous referIn particular, Kent
ences to Kent in Chapter 3).
(3-193G/37; 8-1957)' can be considered as a summary.
Kempf (3-193G) also presented a thorough treatment of
The data given by these investigators
this subject.
apply, however, to ships built between 1913 and 1934.
These ships were characterized Yiy higli block coeJlicients
and low horsepower per ton of displacement and they
lost the speed in head seas so rapidly that severe motions
The loss of speed in waves at the full
did not develop.

engine power was, therefore, the primary olijective of
These data are still \'alid for tankers and
investigation.
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 iiigh waves, ^rherefore, ship motions,
and not the available power, limit the attainable speed.
The speed loss of a general cargo ship in waves is shown
Quoting from Lewis (1955a): "Speed reducin Fig. 1.
tion in hea\'v 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 wa\'es.
The second may be termed indirect and refers to the
necessity of \'oluntary 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 Scandinavia 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.

10

Fig.

Effect of

1

head seas on ship speed. Victory Ship, No.
West B. (from Lewis, 195 5«)

NSMB

Aertssen (1957

The maximum speed

the year indicates tliat the reference
All other
at the end of Chapter 3.
is
references appear in the Bibliography at the end of this chapter.

Atl.,

Symp.) considers that 5000 hp

would have been normal

for a ship of the size of Victorys.

smooth water then would have
been lower and a further reduction of power would have
been required only in higher waves. The basic conclusion would remain, however, unchanged; namely, the
speed of a ship at sea must be considered under two
in

conditions:

In a moderate sea in which ship motions are not
and the speed is determined by the available
power.
1

critical

2

in which the \'iolence of ship motions
which can be maintained safely.

In a higher sea

limits the speed

These two conditions

will

be separately considered in

the following.

2

Ship Speed and Power

The resistanccof a
The numl)er 3 preceding
made to the Bibliography
'

20

15

Average Wave Height -Ft

in a

Moderate Sea

ship in a

moderate sea can be further

subdivided into:

237

(a)

Waves

so

short

that

there

is

no appreciable
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pitching,

and the rusistunce

is

caused by waves them-

selves.
(b)

Longer waves

in whieli there

The

ing and heading.

is

following wave properties, taken from Table
dix A,'* are relevant:

apprecial)ie pitch-

resistance in this case

is

=

4>

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 hrst case, (a), was in\estigated theoretically by Kreitner (1939) and Havelock
Kreitner expressed the force R, exerted

(flg/'o;)e*'

sin

+

(a-/

where a

the

dp,

(1)

terms of length/beam ratio of a ship and introducing
the concept of "additional resistance per ton of displacement," R. he arrived at the expression

is

a.

H

ship's draft

0.8

and L

last

factor

-

is

gpa-B
the

sin-

(3)

mean value

Tiiis expression

of

a* with

.sin

was derived

waves

.should not exceed that given

by

reflection

bv the e([uation

(3).

Jacobs and Lewis (1953) applied Kreitner's fornuila
(1)

to several recently tested ship models.

tained an excellent agreement after
empirical adjustments in the original
revised formula

(6)

(uit

-\-

kx)

(7)

agpke"^ cos {ut

+

kx)

(8)

agpkc''' sin

in ^-direction

=

Assuming the ship

to be restrained in its eciuilibritnn

position, the instantaneous resistance Ru can he e\-aluated

by the integration of pressures p over the ship's wetted
surface So or by integration of pressure gradient o\'er the
displaced volume r

(a)«

kx)dV

-h

(9)

They ob-

making

certain

formula.

and n de,signate directional cosines of normals to the
I
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 position due to a hea\('^ t and pitch angle 9.
Tlie increment

for a

of infinite draft with the

sidered that actual ship resistance cau.sed
of

=

sin

extreme assumption of
reflection aroinid the front half and a smooth water
around the rest of a body. Therefore, Havelock con-

body

kx)

-\-

length.

is .ship's

1

R =
where the

{ust

(2)

L

Ha\-elock (3-1940) derived the expression:

respect to the Iteam.

cos

B

R

H

a.gpe!''

d.c

dp/bz

mean

in

where

=

])

bj-

angle of entrance between \\ I> and
center plane, B is the beam, h is the wa\'e height, and p
is the specific gravity of water.
By expressing angle a
is

(5)

Pressure gradient in .r-direction

Pressure gradient

gpB{h/2)- sin a

kx)

Pressure (exclusive of hydrostatic)

wa\'es on a motionless hull as

H =

Appen-

^'elocity potential

only

partially

(3-1940).

of

1

The

of the \'olume

added by each

dV =
whei'e

/(' is

[nt

+

.-^o

that total

R =

R,

element

-

-

W{z

is

h')]dSo

(10)

the height of the instantaneous center of rotaThe added resistance can be
0.

above the origin
calculatetl by applying

tion

nxd

svu'face

wave

ogpk

I

1

added volume,

e(|uati<;n (9) to the

resistance

c'-

becomes

sin (wt

[iii

+

+

nxd

kx)

-

ie(z

-

h'}]dSo

(11)

is

Expression (11) can be used directly for the computa-

R

0.174 goih'-iyi^ (sin a)"''

(4)

Added Resistance Caused by a Combined Action
Waves and Ship Motions.
Havelock (3-1942) investigated the increase of a ship's resistance cau.sed by
2.2

of

the c(jmbined 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 buoyancy distribution.
This as.sumption
was verified Iw the results of calculation. FroudeKriloff hypothesis was adhered to; i.e., the pressures
acting on a ship were taken to be tho.se 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 a.xi.s."
^ Thi.s derivation was repeated bv Havelock (1945) and bv St.
Denis (3-1951).
*

''

.

by waves
when the data on ship motions f and 6 are available.
The mean resistance is obtained by integration of the
tion of the instantaneous resistance caused

instantaneous resistance over the oscillation cycle. In
order to in\-estigate the nature of the added resistance,
Havelock endeavored to connect it with the wave-caused
heaving force and pitching moment, and with the resultant ship motions.
On basis of eciuations ({>) and (9) the wavc-cau.sed

buoyant force and pitching moment are

F = -agp ff

r'--cos

{oit

+

kx)ndSo

(12)

' Except that symbol ^ is used for vertical displacement instead
Opposite direction
of )/. f//w used instead of c, and oj instead of At.
of the wave travel is taken.
^ The
use of symbol f for the heaving motion of a ship is limited
to the present section.
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It also should be remembered that the derivawas based only on the d<p/dt term of the complete

forces.

+ kx) [ux -l{z- h') \dS,

(13)

tion

Bernoulli equation

Equatidii

(1 1)

can

now be

rewritten

terms of

in

F and

Mas

P

=

li

—

k

ot

01

^bF

k

Ha

S
(ji

mi
-rr

In periodic waves the exciting force
take the form

Z =
M =

Zi,
.1/(1

sin
sin

(cot

and moment

/•'

il/

a)

-\-

(icl

(14)

at

(15)

+

t)

=

po

-

Opz

+

(19)

p(i<t>/(it

Havelock mentioned that "...the usual approximate
by
taking into account also the hydrostatic buoyancy and
moment arising from the term gpz in (19)." However,

eciuations for the m(»tion of the ship are olitained

he has not further discussed this. Kor^•in-Kroukov.sky
and Jacobs (1957) .showed that heaving and pitching
amplitudes and particularly pha.se relationships are
strongly

affected

by

cross-coupling

hca\'ing

of

and

and from uncoupled chfferential equations of motions,
given in Chapter 2, it follows that ship motions can be

By virtue of equations (17) antl
pitching motions.
(18), the resistance in waves also should be affected by

expressed as

cros.s-coupling.

= KFa sin (bit -\= K'Mo sin (ut +

(J

i"

e

+
T

b)

(16)

+

()

K

and K' are magnification factors and
are phase-lag angles for forced oscillations.
where

6

and

e

Using equations (15) and (16) in (14) and taking mean
values of the quadratic terms, Havelock arri\-ed at the
expression for the mean liackward force

R

hkKFo-

sin 6

+

kkK'M,r

sin

e

(17;

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 siiown
to be proportional to the square of the wave heigiit and
The calculations were
to sines of the phase-lag angles.

made

for

an idealized ship

identified

as Weinblum's

The principal dimensions of the
(1932) "form 1097."
ship are as follows: Beam/length, 0.10; draft length,
midship-section and block coefficients, 0.75.
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
Excellent agreement between calculated and
nunibers.

0.04;

or

Model

R =

i_kF„t» sin S

+

-i/uil/o(9o

sin

e

(18)

and Mn
and do are essentially
Equations (17) and (18)
proportional to wave heights.
show, therefore, that the resistance added by waves and
wave-caused shi]3 oscillations is pruportional to the square
These equations show furthermore
of the wave height.
that the resistance depends on the jjhase lag angles 5
and e. At very low frequencies cj the resistance pracAt the synchronous frequency, sin 5
tically vanishes.
and sin e approach unity and the re.-^istance is at its

The amplitudes

of the exciting functions F„

and the amplitudes of motions

maximum.
The nature

j",i

of the derivation, based on the Froude-

Kriloff hypothesis, excluded the

hydrodynamic

effects

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
Therefore, the I'csistance, based
functions Fo and Moof ship's speed.

on ecjuations (17) and (18), should be nearly independent
of the speed per se, but should be strongly dependent on
the frequency of encounter o)„ which governs the phaseThis is qualitativelj' confirmed by the
lag angles.
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-cau.sed exciting forces and on ship motions. Ua\'e-

them for actual computations because of the uncertainties involved in the
He particularly
use of differential equations of motions.
emphasized the uncertainty of estimating damping

lock (3-1942) warned against using

measured
agreement

demonstrated.
is
obtained by using an idealThe experience of Emer.son (1954) and
ized ship form.
of Kor\'in-Kroukovsky and Jacobs (1954), in calcvUating
.ship resistance in .smooth water, indicated that it is more
difficult to reach agreement in applying calculations to
Furthermore, the
ships of normal commercial ffjrm.

experimentally

However,

this

resistance

is

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 ha\'e rather small effect on the

calculations

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 retluction 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 ai^iilication to ships of high block coefficient and low horsepower
resistance.

:

* For additional theoretical work see Haskind (3-1946), Et;gers
(3-1960), Iiuii and Maruo (19.57), and Maruo (1960).
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Resistance of Series 60, 0.60 block coefficient model 6.15 ft long in regular
waves 1.53 in. high (from Gerritsma, 1957 NSMB Symp.)
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Fig. 5

Model speed

in

waves under various operating conditions (from Abkowitz, 3-1957(?)

were potentially present. Neither of these
has affected motions in waves and excellent agreement
was found among three models. However, important

100 per cent at the lower jsower cdrre.sponding to the
speed of (>.7 kiint.'i in wa\'es.
2.33 Ship-model correlation.
Three aspects are to
be considered under the heading of ship-model correla-

scale effects

tion

found. These appear to be caused by the tank-wall
interference and primarily are manifested by the occurence of humps in the resistance curves at waves of X/L
= 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 prol)lem 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 he available.
The tank-wall effect evidently will not lie present in these.
The similarity law (for lack of a better term) for
model's speed loss in waves was discussed bj' Abkowitz
(3-1957a and 3-1957c,
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. The.se assumptions are:
A constant towing force applied to the model.
1
2 A constant resistance of the ship (approximately
constant propeller thru.st).
3 Constant effective horsepower for the ship.
4 Constant
for the model.
5 Constant RP.AI for the ship.

:

(a)

Scale effect.

(b)

Effect of tank walls.

(c)

Similarity law for ship anil model speeds.

The scale effect and the effect of tank walls usualljoccur simultaneously and are difficult to separate.
Szebehely, Bledsoe and Stefun (3-1956) compared test
results under three conditions; namely, a 5 ft model in a
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 I48 of the model length.
The
loiss 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
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 ca.se, therefore, both the tank-wall effect and the

XSMB

differences in resistance of three models in wa^-es were

NSMB
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0.245-0.160

0.757-0.768

0.365-0.305
0.721-0.745

^/L=0.2
i=5.3-3.e

0.75

0.70

0.G5

80

V
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 displacement values are indicated (from Miickel, 1944)
Fig. 6

6

Constant torque for the

The

The speed

force (cur\'e

2.4

loss of ships' speed at different values of horse-

power per ton of displacement

plotted versus (wave length)/
(ship length) ratio (from Miickel, 1944)

ship.

results of this investigation are sumnuirizeil in

model, towed with a constant
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.
Fig. 5.

Mean

Fig. 7

loss of a

/?,„), is

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
This in turn
of the projjeller thrust-loading coefficient.
leads to a pronounced reduction of the propeller effiThis reduction can be evaluated readily from
ciency.

However, it has been
the usual propeller-data curves.
necessary to assume that thrust deduction and wake
fraction are not affected by waves.
Kenipf (3-1935,
193fi) vividly

demonstrated large

losses of the propeller

efficiency in

waves and showed that these occur primarily

as a result of increased resistance and decreased ship

speed,

^'ertical velocity of a ship's stern in pitching

heaving has only a small

The

effect

and

on the efficiency.

losses of propeller efficiency are also

shown

in

the

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 discu.ssion of the ship resistance in the pre\'ious sections was limited to evaluating
the effect of the regular long-crested waves. The estimation of the speed loss in operating conditions requires the

work

of

con.sideration of:
(a)
(b)

Sea irregularity.
Other cau.ses of speed

loss.
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160

which the Average

is

/

based

/
/
120

p 100

-

80

in propeller

working conditions.

Surface current induced by wind.
Horizontal displacement of water participating in
5
water motion.
6 Yawing.
2.6 Observotions on Ships at Sea.
RIacdonald 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\/.^, 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).^ Table 1,

60 _

40

Change

due to wind acting

.superstructures.

4

140

s

of effective resistance

and

.ship's hull

3

Figures near Spots indicate
Murnber of Observations on

160

o

Change

2

on

Table

_

1

Percentages of Total Ship Resistance With Weather

Head On
Wind
20

speed, knots

Hull resistance in smooth %vater
Extra hull resistance in rough
water

Wind resistance
Rudder resistance

Motor+anker

2)

Allowance Percentage due to
Wind, Waves and S+eerlng-Resistance
by Angles of Incidence I-V
Wave Heights

4

Beaufort

-

Increase of shaft horsepower in rough weather (from

Bonebakker, 1954)

Havelock and Hanaoka, Section

2.2 showed that ship
proportional to the scjuare of the wave height.
This fact precludes the application of the linear superposition theory, Section 3-3, to resistance estimates.
Since the superposition of the spectral components is
not possible, I'ershin and ^^oznessensky
(3-1957)
solved the problem by summing
of
the effects
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

resistance

36

10

16
2

1

60

70

28

21

37
24
3

36
32
4

34
39
6

ni.s.se
der Hamburgischen Schiffbau-Versuchsanstalt."
Ship data, which satisfied the following conditions, were
chosen

2
swell)

Fig. 8

.33

50
36

the results of observations at sea collected by Kent
(3-1936/37) and by the "Sammelstelle fur Fahrtergeb-

1

3

46

taken from Chapter 15 of that book, shows the distribution of the resistance for a low-powered ship in head seas.
2.61
Mockel's summary. Meckel (1944) summarized

IT)

1)

40

30
56

is

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 Per.shin and
Voznessensky as composed of:
1
Change in effective resistance due to ship motions
and waves.

The
The

ship

was

relative

fully loaded.

direction

of

wa\-es

(wind-sea plus

was within 30 deg off the bow.
The swell was not higher than

scale 4 when wind
3
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 observations.

The wind strength on the Beaufort scale was chosen
as the parameter, to which all influences of weather on
ships were referred.

summarized in
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

The

Figs.

results of the investigation are

6 and

7.

A/L ratio not exceeding 0.75.
Under these conditions the ships ha\'ing block coefficients
sea, as indicated l)y the

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 X/L ratio not exceeding 0.75 there can be very little pitching and that the
' Based
on observations at sea and with emphasis on lowpowered ships.
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used to e\'aluate the mean horsepower in all other ol)ser\-aThe assumption is made here that wake fraction
tions.'
and thrust deduction remain unchanged in waves.
Bonehakker defined s„ on the basis of the effective
propeller pitch: that is the propeller advance at zero
thrust.

use of ship's log data is often criticized because of
In this connection it is of
the alleged low accuracy.
interest to quote from Burrill (1951):^ "The analysis of

The

data is to me the correct means of assessing
propulsive performance, and my experience has been that
information is available and is carefully
if sufficient
analyzed, a great deal can be learned from these ship
Those who would reject ship data on the ground
data.
that they are not sufiicientl.v accurate are, I think, rejecting the criterion by which they are ultimately judged."
Quoting from Bonebakker (1954): "First of all, the

Table 3

Relation

\^ Beaufort
height,

m^v

<0

25

0-23<0-73
0-73<I-23

.service or trial

lietweeu wind forces and wave height was inIn Table 3 frequencies are tabulated, the
vestigated.
ab-scissa being wind forces, the ordinates wave heights in
relatiiin

In the majority of cases the directions of wind
so we may speak of the direction
The direction of the weather relative
of the weather.
to the ship's cour.se is grouped according to Fig. 8."
The discussion will be limited here to head seas; i.e.,
Condition I or the uppermo.st curve of Fig. 8. Each
point on this curve is a mean of an indicated number of
It shows the increase of the delivered
ob.servations.
horsepower o\'er the horsepower used at the same speed in
meters.
[uid

waves coincided;

smooth water. The speed, however, is reduced from
that in smooth water because of the lack of engine power
The data
to overcome the added resistance in waves.
incorporated in Fig. 8 are given in Table 4.
The tanker, to which Table 4 applies, had a l)lock
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 force of 5. At the mean wind
force of 5.3 the RPM were reduced by 4.9 and the power
It was possible to maintain the full power
l)y 8 per cent.
in two observations at the wind force 7 only because
the ship resistance was increased by the bottom fouling
The combined action of waves
(o9 weeks out of dock).
and of increased fouling kept the ship at a safe speed of
9 knots: i.e. 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 relationshiji of the

form
referred to Brard and Jourdain (.3-195:5 ) and Retail
description of another method of estimating
shaft horsepower on basis of propeller properties.
'

The reader

and Birdel

is

(:5-U).'j5) for

'Discussion

of

Bonebakker's

(1951)

References to figures
1051, pages Dl 15.
to correspond to the present monograph.

paper,

Trans.

XECI,

and tables were changed

Between Wind Force and

(from Bonebakker, 1954)

l-25<I-75
l-73<2'23

2-25<2-73
2-75<3-25
3-25<3-73
3'75<4-23

4-25<4-75

Wave

Height

RESISTANCE, PROPULSION

AND

Table 4

SPEED OF SHIPS

247

THEORY OF SEAKEEPING

248

— Mean voyage data under calm weather conditions
—Any gi\en condition of weather
100— condition when apparent
100 per cent

1

18

2

slip is

n

Shaft hor.sepower

Following

related to apparent slip

by equa-

tion (21).

16

15

Quartering

14

13

IE

o
c

is

II

DCO

be called to the fact that these data refer to the route of

Beam

<u

Additional data on the increase of the ship resistance
due to weather will be found in Aertssen (1959). Aertsson investigated the propulsive characteristics of two
ships, the particulars of which are shown in Table 5.
'i'ho relationship between the delivered horsepower and
ship speed is shown in Fig. 15 for ditferent wind velocities
up to Beaufort (5. Quoting Aertssen: "A mean value
of the increase of power due to weather effect for two
winter A'oyages of the Jadotrille 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
Attention should
for both ships on their usual routes."

predominantly

CD

O
c

fair

weather and to the ships of large

length.

3

o

^

6

Ship Speeds

Storm Seas

When wind strength and wa\'e height
the maximum speed of a ship

exceed a certain

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
Excessive accelerations
carried on fully loaded ships
may cause shifting of the cargo or, on liners, they cause
excessive discomfort to passengers and difficulties in hotel
It becomes necessary to reduce the propeller
ser\ace.
RPM and ship speed in order to ease its motions.
Weather conditions, at which the reduction of power
must begin, \'ary with the type of a ship and its power.
On the tanker, investigated by Bonebakker, this occurred
Aertssen (1957,
at wind strength of 5 on Beaufort scale.
NS^IB 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 Victorij type ship are shown in
This simplified figure was constructed on the
Fig. 1.
limit,

5_
4_
ead

3_

Noie;
Cases where Sea and Wind Directions
differed Radically are Excluded

I

234SG789
Sea Condi+ion

Fig. 10 Reduction of speed of Victory-type ships in
(from Lewis and Morrison, 1954)

weather scale can be obtained by

^

2

a

rough sea

(sea disturbance

iiuml)er)= and plotting this against the corresponding
Beaufort wind force. The effects of winds on the beam
are taken to be one half, and folknving winds one fifth

amount for any given Beaufort wind
again being established from BSRA'^ data."
The effect of the weather factor on shaft h(jrsepower is
then estimated using the coefficient b from statistical
analysis.
The relation.ship derived by Clements is,
force,

this

SHP,
SHPi

Ti

where the symbol

+ bW
i'l

}'

Y

this

Yr
I'l

- bW

(24)

denotes the ratio shp/N', and sub-

scripts denote:

basis of a preliminaiy analj'sis of log books.
of a

British Shipbuilders Research Association.

more complete analysis are shown

The

results

in Fig. 10.

Ex-

planation of this figure can best be given in words of
Lewis and ^Morrison (1954, 1955): "In this study daily
a\'erage data were used from tiiree round \'o.vages during
winter months. In order to eliminate extraneous effects,
figures were excluded in any of the following cases:
Speed reduced due to other causes than wind and
1
sea

(i.e.,

2

fog,

Mean

machinery trouble,

etc.).

drafts other than full load

(i.e.

less

than 26

feet).

or sea changed more than 90° during the day.
Average wind differed more than 55° from the sea
(The whid force and sea condition never
direction.
3

4

'•

in

Wind

RESISTANCE, PROPULSION

ciit'fc'ii'd

more than

2 points

on the wind and sea scales

for the data used.)

direction of wind and sea with respect to the
heading w^as determined approximately from
log data on wind and sea compass directions,
(1)
estimated heading of ship on the basis of track
(2)
normally followed.
"A plot was made of average daily s])eed \'ersus sea

"The

ship's

.

.

accompanying graph. Fig.
symbol was used tor each sea direction,
drawn to show the trend of speed for each case.

condition, as showai in the
10.

'*

and

The

A different
lines

tlefinition of sea condition

used

is

as follows (U. S.

Hydrographic Ofhce modified Douglas Sea Scale)
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1.2

ZONE OF SEVERE
PITCHING AKIDWET DECKS

Legend
+ Nom'inal Sea Speed
• Typical Heavy Wea+her Speed
S.5

J

l_

200
150
Displacement -Length Ratio, A/CL/lOO)

100

250

Sea speed of cargo ships in relation to zones of severe
and moderate pitching in irregular head seas (from Lewis, 1956)
Fig. 13

ISO
200
A/(L/I00)3

Fig. 12
Trend of speed-length ratios for synchronous pitching
of typical ships in regular head seas of length equal to ship length
defining zones of serious and moderate pitching in irregular
storm seas (from E. V. Lewis, 195 54)

—

As

ail

example

of the practical use of Fig. 12,

changes

Lewis

proportions of a Victory
type .ship. A certain increase of the length and a decrease of the beam and draft were assumed, and the
(195()) investigated

in

improvement in service was iii\'estigated.
is shown by the arrow in Fig. 13, and the
revised design is designated as "Proposed Trend."
The

resultant

The change

the Mariner, with commonly u.sed reduced
draft (Allen and Sullivan, 1954) were added.
The frecjuency of occurrence of different types of weather was

new data on

considered and the final changes of revenue were e\'aluThe increase of revenue was shown to range from
12.8 per cent at a high cost of .ship construction with
cargo at S20 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 liy 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
The resultant chart is shown in Fig. 14.
.scale.
In a 1959 paper Aertssen presented a detailed analysis
of the power and speed of a passenger ship Jadolville

ated.

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 Fig. 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 no^^l and important feature of
speed" line. This indicates the
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 can be used, although as much as 12,500
At Beaufort 6 a small reduction from the
is a\'ailable.
service power of 9500 is indicated.
The available excess
engine power over 9500 was used only in winds below
Beaufort (5.
this plot is the "limit of

maximum

The

safe ship speed

foregoing discussion was limited to

.ships at full

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
occurred on one out of each 3 da.ys of .-^hip at .sea and in
load.

In the economic circumstances prevailmany North Atlantic
westward \'o.yages are made by ships at small drafts,
and large reduction of speed is freciuently caused by
slamming. Therefore, it appears to be desirable to make
a separate im'estigation of the speed loss of .-^hips in
ballast condition, following the pattern set \\\) 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 .satislight condition.

ing over the past several years,
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>l^

2S0
(L/lOO)
Fig. 14

Aertssen's modification of Lewis' chart for ship speeds in a rough irregular sea
(from Aertssen, 1959
Symp.)

NSMB

factory parameter to whii'h to refer the performance of a
ship.
The use of the wa\'e cHmeiisioiis appears to lie
preferable.
The existence of several separate scales for
wave description is, however, confusing and it is suggested that wave sizes in feet be used. Ships' log data

needed to maintain the normal ship speed in face of the
moderately ach'crse weather.
The second consideration, {b), applies to all modern
ships except tankers and bulk cargo carriers.
The lines

appear to be unsatisfactory in this connection because it
is often not clear whether a wind-wave or a swell code

permit reaching dangerous speed in
wa\-es.
In ad\'erse weather it becomes necessary to
reduce the propeller
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 dri\-eii
faster than a wet one.
The type of the chart developed by E. V. Lewis, as
shown in Figs. 12 and 18, 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
de\'eloped further by inclusion of a large number of

numbers are used.

4

Concluding Remarks

The

subject of resistance increase and speed loss of

ships in
(a)
(h)

waves

is

subdivided into

Speed of ships as limited by the available power.
Speed of ships as limited by the severity of

motions, regardless of the power.
In the past work, that of Kent, Kempf, and Mockel,
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 tlid not
develop. These conditions still exist at present in the
case of tankers and bulk cargo carriers.
The tanker investigated 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, howe\'er, on only
16 observations out of 1)90.
The primary objective of
research in this case is to evaluate the reserve power

of these

ships are sufficiently fine

and the power

is

sufficiently high to

RPM

reliable sea observations.

tion were taken

The

initial steps in this direc-

by Aertssen, but much more remains

to

be done.
It is suggested that log-book abstracts for a
numbei- of ships be plotted as this was done liy Lewis
and Morrison in Fig. 10. It is preferable to use the wind
strength for abscissa because the wave-height obseiva-
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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

appear to be of questionable validity because of simultaneously occurringscale effect and tank-wall interference.
Theoretical and Semi-Empirical Evaluation of the
5
Resistance Added by Wave Reflection, Section 2. 1 is st ill
in a rudimentary stage and further de\('lopment is needed.
This component of the resistance can be expected to be
significant for large tankers and bulk cargo .ships. These

wind strength. The relati\'e positions of the plotted
points above or below the mean curve will indicate the

ships ha\-e a large angle of entrance and, because of their

tions are less reliable

relative seakindliness of .ships.

The

objective

of

the

is to develop ship forms and propmwhich would permit the maintenance of higher
speed in adver.se weather without dangers connected

,

length, ]iitch but

6

research in this case

due to

tions,

mary

with excessive ship motions. The necessary reser\-e
power can be evaluated after the maximum safe speed is
established in \'arious 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-

A similar re.search for ships in ballast is suggested.
In this case the permissible ship speed appears to be
limited by slamming.

tion.

5

Suggested Research Topics

all

The Project on Evaluation of a Ship's Resistance in

Waves by

This is visa Strip Theory is reconunended.
ualized as following Hax'clock's approach, Section 2.2, but
a more complete evaluation of hydrodynamic
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 prunarily
govern the resistance. The e\'aluation of hydrodynamic
pressures used by Kor^'in-Kroukovsky and Jacobs
(3-1957) may be useful in this comiection.
The Evaluation of the Resistance Caused by Waves
2
and Ship Motions of Large Amplitude is suggested. The
solution of the problem in Project 1 was based on in-

u.sing

pressures.

finitely small ship motions so that pre.ssure integrations
were made o\'er the still-water wetted area. The integration 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 regidar wa\'es to the irregular ones is
recommended. The work of Pershin and Voznessensky
appears to be the only attempt made
(3-1957)
The linear superposition, .so
to date. Section 2.5.
succe,s.sful in the analysis of .ship motions, is not applicable 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

moderate

of the Total

weatliei'.

Ship Resistance at Sea

causes requires further attention.

references

in this connection are

Kent

The

pri-

(3-1951,

3-1957)
and Per.shin and Voznessensky (.3-1957).
These publications contain also fiu'ther references
It appears that the prolilem can
on the subject.
be .solved best by proper blending of theoretical and
empirical methods.

Further Statistical Observations on shij) resistance
7
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 (> is needed in order to provide
typical

1

little in

The Evaluation

.ship-voyage

data.

This

re(|uisite to correlating theoretical

is

a

nece.s.sary

pre-

and towing tank data

with sea obser\';tt ions of jiroject (7).
9 Detailed Investigations of Ship Powering under
This will provide
specific weather conditions are needed.
a A'erification of the data obtained under Project 6.
Past work of Kent and others suffered from inability
to ])ro\'ide reliable (|uantitative data on sea waves.
It should be emphasized that wave conditions and ship
motions must he 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
coi-relation with theoretical and experimental work
imder Projects 1, 2, 3 and 5. In this case the resistance
caused by wa\'es can be assumed to predominate strongly
over that caused by all other influences.
1
Application of Bonebakker's 1951, 1954) Method
of Power Evaluation to Model Tests in oblique waves is
suggested.
Head waves and towed models were visualThe towing is not practical in oblique
ized in Project 4.
waves since it would impose I'estraints and affect model
motions.
The resistance and powering of a free selfpropelled model can be estimated, however, on the basis
of the apparent propeller slip, following Telfer, Bonebakker, and Clements. The ca.se of oblique waves is
important because the components of resistance due
to rolling, yawing and rudder motions are added to the
(

wave

resistance.

Log Analysis Data, patterned after Lewis and
Morrison (1954, 1955), are needed for a large number of
ships and operating conditions.
The immediate objecti\-e of this research is to provide a sufficiently large
number of points for Lewis' type plot. Figs. 12, 13 and
12

14, in

order to permit:
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More reliable evaluation of the demarcation lines
(o)
between moderate and severe ship motions.
Establishment of demarcation lines for each wind
(6)
speed and direction.
Comparison of seagoing qualities of various ships
(c)
at similar

displacement/length ratios.

An examination

of the engineer's log is also suggested
order to establi.sh the power reduction corresponding
Investigators' attention is
to each demarcation line.
called to the fact that the weather log usually pro^'ides
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.
Tiie research suggested in the foregoing has a dual
in

ultimate purpose:

To indicate favorable ship forms and proportions.
To establish the engine power connnensurate with

(a)
(6)

the speed that .safely can be maintained in adverse
weather.

Nomencloture
end of Chapter 2 apply to
e(|uations connected with waves and ship motions.
Additional symbols used in Chapter 4 are as follows:

DHP =
=

listed at the

delivered liorsepovver

amplification

factors

in

heaving

and

pitching

motions, Section 2.2
/,

III,

n

N
SHP
Sa
7',(

ir

A
V

= directional cosines along
and z-axes
= propeller RPM
= shaft horsepower
= average apparent propeller slip
= time out of dock
/Clements, ecjua
eciuation
= weather factor
= ship displacement (weight)
= ship displacement (volume)
.r,

J.

W.

Methods

tical

(1951),

"The Application

of Statis-

Performance
1951, pp. 277-296 and

to the Analysis of Service

Data," Trans.

NEC,

vol. 67,

D115-D126.
Bonebakker, .T. W. (1954), "Analysis of Model Experiments, Trials and Service Performance Data on a
Single Screw Tanker," 7'mn.s. NEC, vol. 70, 1954, pp.
475-496.
Clements, R. E. (1956-57), "A Method of Analysing
A'ovage Data," Trans. NEC, vol. 73, 1956-57, pp.
197-230 and D55-D64.
Emerson, A. (1954), "The Application of Wave Resistance Calculations to Ship Hull Design," INA, vol.

May

1953.

WRH,

im

vol. 13, 1932, p. 176.

(1935), "Einfluss von Stampfbewegungen auf
den Fahrtwiederstand von Schiffen und den Antriebsgiitegrad von Schrauben," JSTG, 36, band, 1935, pp.

199-224.

4 Additional references and references particularly
pertment to the subject of Chapter 4 are listed below:
Aert.s,sen, G. (1957), "The Effect of Weather on the
PerffH-mance of Cargo Ships," XSMB Symp., 1957,
pp. 388-401 and 931-950.
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0,

Mass.,
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(22)

3 References preceded by 3 before the year will be
found in the Bibliography at the end of Chapter 3.
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1957.
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1
For the code of Abbreviations see page 1318 of
Chapter 3.
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Loads Acting on a Ship and
CHAPTER

5

the Elastic Response of a Ship

1

rules.
If the computed
a true moment, it would be sufficient to equate it to the product of the section modulus
and the allowable strength of the material used. Instead, the choice of the section modulus is based on
various supplementary rules which have been developed
empirically by classification societies and various govern-

by supplementary empirical

Introduction

bending

A

most important factor in the design of a ship's
is the bending moment acting on the midship

structure
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.

have been measured by means of
suitable dispositions of strain gages on models in towing
tanks and on ships at sea. Results of such measurements 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 distribuThese data can be systematized and better undertion.

Bending moments

also

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.
Conventional Static Method of Bending Moment
1.1
Calculation.

The method

distribution curve, which

is

of evaluation of the loadin 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
The wave is
length and V20 of this length in height.
water
of
orbital
all
effects
imagined as stationary and
A ship
velocities and of wave celerity are neglected.
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

ment

agencies.

Attempts at Improvement of the Static Method.
Several attempts were made to supplement the fictitious static-wave method by introducing certain conThe most
cepts based on the true laws of nature.
important of these was due to W. E. Smith (3-1883).
Smith called attention to the fact that orbital velocities
of water in waves modify the hydrostatic-pressure gradient.
As a result of accelerations of water particle^, the
1.2

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 conventional 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

Maximum Sagging

From

Maximum Hogging

Calculated on the Basis

Buoyancy

to

of:

Buoyancy simply

with Smith's

proportioned to

correction,

volume displaced,

per cent

per cent

100
100
100

170
165
155

Ship 1
Ship 2
Ship 3

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 represent true ship stresses is subsequently compensated

moment were

and depends on a ship's draft and section coefficients.
Use of this correction has become a universal practice
' An Arabic number preceding the .year indicates the chapter at
References
the end of which the complete reference will be found.
without such preceding numbers will be found in the Bibliography
at the end of this chapter.
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'^

See Table

1

of

Appendix A.

LOADS ACTING

ON A

SHIP

AND

with writers on ship motions unci siiij) bending moments.
Quoting from a recent paper by Radoslavljevic (1957a):
".
the amplitudes of forced oscillations taking into
account Smith Effect can be over 50% smaller in heaving 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

The

statics.

definition "static calculation"

is

often

used, therefore, in the contemporary technical literature^
in

reference to calculations which

include the

Smith
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problems because of excessive mathematical complexity

and because

their application

is

limited to certain ideal-

In the present monograph, therefore,
be concentrated on a simpler engineering

ized ship forms.

attention will

approach.

A solution of the coupled ditferential ecjuations of
pitching and heaving motions was developed in a simple
form in the course of the past few years (Korvin-Kroukovsky 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

sIiowcmI that there is a corresponding

"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

increase of the sagging moment from 8.4 to 24 per cent
and decrease of hogging moment from to 7.7 per cent.
These figures refer to two examples given by Read.

necessarily involves \'arious approximations.
The.se
approximations, however, are compatible with dynamic
and hydrodynamic concepts and are not based on em-

effect.

T. C.

Read (3-1890)

effective ship weight
tions.

It

wave

crests.

The

is

is

called attention to ihe fact that the
also modified bj' heaving accelera-

increased in

Read

wave troughs and decreased on

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 Smi Francisco (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 Head effects were further demonstrated by Alexander (1911) and Robb (1918) without
introducing new concepts.
Kriloff (3-1896, 1898a and
b), Horn (1910), Hazen and Nims (3-1940) and Bull
(3-Adm. Ship. Weld. Comm., 1953) considered shi]5
motions and inertial forces more completely. The differential eciuations of a ship's hea\'iiig and pitching were
formed and in\-estigated. The common weak points in
were the failure to consider the coupling
between heaving and pitching motions, the failure to
this activity

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. Attention was concentrated on the dynamics of ship motion
while the necessary hydrodynamic development was

piricism.

Rate of Load Application to a Ship's Structure.
of bending moments it is necessary to
distinguish between slowly and rapidly varying hydrodynamic loads. The slowly varying loads are imposed 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 outline,
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. The.se loads are
applied with such rapitlity that stresses cannot be ascertained by static considerations and it is necessary to consider a ship's elastic properties.
These loads will be discussed later following the exposition of the slowly acting
1.4

In the

iliseu.'^si(jn

loads.

neglected.

An advanced theory of coupled ship motions was developed by Haskind (3-1947), but it did not extend to
the calculation of bending moments and was not complete in regard to the forces caused by waves.
Recently,
Hanaoka (3-1957a, b) extended a similar theory and presented a sample of bending moment calculations.
It
was pointed out in Chapter 2 that such advanced mathematical methods are valuable in guiding simpler approaches.
However, they cannot be used in engineering
^ For example,
Admiralty Ship Welding Committee Reports
Nos. 8 and 12 (1953, 11)54), and Hanaoka (1957).

2

Rational Theory of Bending

Moments

The weight-distribution curve and the bending moment
acting on a ship floating in still water are readily evaluated by conventional methods and will not lie considered
here.

With increasing speed

of a ship a certain sinkage occurs.

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
This sinkage

wall affect the
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leads to the development of a sagging
creases with a ship's speed.

None

moment which

in-

of these time-inde-

pendent moments will he considered here. Their existhowever, should be remembered and ai)prf)priate
measurements in still water should he included in model

ence,

and ship observations

tests

in waves.

Only the time-

dependent loads added by waves and by a ship's hea\'ing
and pitching will be considered.

The
the

loading, p, per foot of a ship's length
sum of acceleration forces

algebraic

is

equal to

and water

The nomenclature u.sed in these equations and the
evaluation of coefficients are given in Appendi.x C.
In the process of derivation of equations (1) and (2),
it was shown that the total hydrodynamic force per unit
length, dF/d^, can be considered as the sum of two forces,
(dF'dt), -f (dF/d^),,.
The first of the.se forces is developed when a ship oscillates in smooth water and the
second when waves encounter a restrained (non-oscillating) ship.

Corresponding to this subdivision,

and moments obtained by

pressures

all

terms

of the left-hand sides of equations (2) represent forces

different forms of integration

The terms
on the right-hand sides of the equations result from integrations of the force exerted by waves on a restrained
These latter terms are usually referred
ship, {dF/di)w
of (dF/d^)t„ with respect to a ship's length.

P

lllZo

dF/dt

(1)

the time-dependent vertical force per foot of
mass of the ship's structure, equipment, and load apportioned to this length and dF'd^
the vertical force due to water pressures per unit length.

where p

is

ship's length, w; the

The symbol Zo is used for the heaving displacement of an
element d^ of a ship's length. When the heaving motion of an entire ship is considered, the sum of all water
pressures is balanced by the inertia force and the sum
At a particular ship's
of all forces is equal to zero.
section of unit length, however, the inertial and water
pressures are usually not balanced, p y^ 0, and the necessary balance of forces results from the application of
The double inshear forces at the ends of the section.
tegration of these shear forces gives the bending moment.
The inertial force, mSo, depends on the value of the
The force, dF/d^, of water pressures
acceleration, so.
depends on the acceleration, velocity and displacement
The solution of the equations of
of the ship and water.
motion is, therefore, a necessary prerequisite to the evaluation of the loading cuire 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
z, z, and S, as well as wave elevation rj.
The linear theory of a ship's
Linear Theory.
heaving and pitching motions in waves antl oi the

values of
2.1

resulting bending

originally developed by
and was further elalxirated
In both cases the heaving and pitching

moments was

Kriloff (3-1896, 1898fl

by Horn

(1910).

and

b)

were considered independently; i.e., 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 conmotions

The
is therefore important.
equations of coupled pitch-heave motion
were formulated and a method of evaluating the coefficients of these equations w'as developed by KorvinKroukovsky and Jacobs (3-1957). The application of
this material to the evaluation of bending monients will
be outlined briefly. The equations of motion are
sideration of this coupling
differential

az

A9

+

+

bz

Be

+
+

cz

Cd

+

+ ee + g9 = Fe'"'
+ Dz + Ez + Gz = Me"
de

(2)

to as "exciting functions."

The forces

cau.sed

by

ship's oscillations in

smooth water

be considered first. An isolated section of a ship's
length, d^, has on'y a simple heaving motion, z^, which
results from the contributions of a ship's heaving, z,
and pitching, Q, .so that
will

2o

=

~-

+

id

(3)

total force and moment acting on a ship, oscillating
smooth water, are obtained by the integration of the
sectional forces {dF/d^)t,, which result from the fore-

The
in

This integration leads to 12
these terms are divided
into four groups, {a,b,c), {A,B,C), {d,e,g), and {D,E,G).
The first two groups define pure heaving and pure pitching motions and the last two define the effect of the
pitching on heaving and vice ver.sa.
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
going composite motion.
terms.

The

coefficients

of

be expres.sed as acting on an isolated section, di^, in a
composite vertical motion of the section, Za. Equation
It
(3), however, indicates only the displacement Zq.
is necessary to derive the corresponding velocity iu and
lu doing so, one must remember
the acceleration SoIt is a constant
the dual nature of the co-ordinate f.
defining the distance from the ship's center of gravity
On
of a mass w, apportioned to a certain ship section.
the other hand, it is a time-dependent co-ordinate when
it refers to a stationar.y slice of water d^, and its time
derivative in this ca.se is d^/dt = —V.
Since only the simple vertical motion of an isolated
section d^ is now to be considered, the integrands of the
These are obtained
coefficients a, b, and c will suffice.

groups of
Certain coefficients vanish in the process of integration with respect to ship length and are omitted in the final summary
of equations (42), which, therefore, is not to be u.sed in
this connection.
Use of this material now permits
evaluation of three components of the force caused by
the ship's motion, {dF/d^)t, as follows:

by adding integrands of
and (41)

eciuations (34)

coefficients listed in

of

Appendix C.
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potential solution which does not account for the dissipation of energy in the form of surface waves.
The

by the vertical water motion in
waves, /v-V({), must be added, therefore, to the force
resulting from ship motions, (z -\- (6 — T6).V({), in
equation (4).
In the analysis of ship motions in Appendix C, the force i'y,N{^) was neglected becau.se it bccauK^
insignificant after integration with respect to ship's
force ('(iniponent caused

length.
However, it gives a significant contrilnition to
the loading of a ship's section, f/^, and should be included
in the analysis of bending moments.

As an example, the results of bending-moment calshown in Table 2 and Figs. I and 2.
The.se
data refer to the model 1723 (destroyer, the body plan of
which is shown in Fig. 31 and the particulars are given
in Table (3).
The data on motions of this model in waves
were given liy Korvin-Krouko\'sky and Jacobs (3-l!)57).
Fig. 2 shows an excellent agreement between expei'imental and calculated bending moments. Talile 2
shows in detail the conditions existing at a particular
instant indicated by the tlouble circles in l-'igs. 1 and 2.
culations are

'

This instant corresponds to the hogging condition with
the l)ending moment nearly at its maximum.
The
data at the bottom of the table indicate the tlynamic
Fig. 1 (top) and Fig. 2 (bottom)
Experimental towing tank
calculations and experimental data for amidships of Model 172 3
(destroyer).
5.71-ft model at 5 fps; wave length = model
length; wave height = /,, model length
'

'

Force component
caused by

I

displacement
velocity

=

=

pgB{z

[N(^)

{z

(acceleration

=

iii(z

+

^6)

Vpd(Shh)/d^]

+ ^6 + ^d) +

Yd)

(4)

conditions exi.sting at this instant.

large inertial force

force

term of A'l coefficient from the others and to write
the force in the form of two components:
first

27r.r\

ni
(dF/d^U = pgBlh^m-''.

{dF/diU

ma.s.ses.

of

— 0.51

-|-

—2.81

lb

is

due

At

to ship's

masses and the added

station 5 for instance, the inertial

1.12, are greater

Most

than the displacement

the remaining force of
the result of the velocity-dependent (tlaniplb.

of

computed on the basis of iV(^). Table 2
demonstrates that the net loading at any ship section is a
relatively small difference between several large components f)f different signs. The final shear distril)ution
and the bending moment are therefore very sensitive to
the accuracy of calculation of the iiidi\-idual coming)

foi'ce

ponents.
(5)

remaining terms of equation (25) of Appendix

C

The large part played by inertial and by velocitydependent forces also indicates the sensiti\'ity of the
loading curve and of bending-moment cur\-es to phase
relationships.

For an additional example of bending-moment

The

components is simply the change of
the displacement caused by the wave rise as it is used
first

of these

conventional static calculations. This force (with
sign changed) can be added to the first of ecjuations
(4) in order to get the total force due to the change of displacement.
The remaining part of the first term of
efjuation (25) of Appendix C represents the Smith
effect modified by a ship's interference with waves.
The second term of eciuation (25) is a further correction
for a ship's speed.
Efiuation (25) of Appendix C was derived from the
in

is

at its

as this is indicated by 6 =
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

forces, 2.00

Next, the forces exerted by waves on a restrained ship
be considered. The sectional force due to wave
action, (dF/d^)^ is given directly by equation (25) of
Appendix C. It may be convenient to separate the

crest
is

maximum

water

will

The wave

amidships but at the same time the pitch angle

culations, the reader

is

referred to Section 4.12.

cal-

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 (1!).58).
The destroyer model in low
2.2 Nonlinear Theory.
waves, (X//i = 48), cited in the foregoing exani])le, aj)pears to be amenable to t)oth motion and bending'
This material is takon from an uiipulilished work of Winnifred
R. Jacobs (1!)57) of the Davidson Lalioratory, Stevens Institute
of Technology.
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Table 2

Computed Shear Forces and Bending Moments for 5.71
Length and 1/48
(For condition

Stations

Added mass inertia. ...
Damping
Added displacement ...
Modified Smith

3

1

Loads, Ih/ft
Ship mass inertia

effect.

.

0.90
0.16

0.04

0.12

-0.29

Shear, lb

-0.09

crest

9

is

11

13

Bending moment,
Ib-ft

-0.02

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.

in

Waves

of

Model

at Midsection)

1.25

-0.43
-2.84

Total load, lb/ft

7

at 5 fps,

Height

0.60

— 0.12
— 1 27
.

5

when wave

Model 1723 Destroyer

-Ft
in

15

17

19

LOADS ACTING
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46

10

10 30 40

50

Pressure at Sagging Condition

Meter
Pressure at Hogging Condl+lon

C

50

30 40
Meter

20

10

Wave Contour
Pressure caused by Wove (Midship)
Pressure caused by Wave (Side of Ship)

DE Influence of Oscilla+ion and
mass, Heaving and Pitching

of

A

Wave Contour

B

Pressure caused by Wave (Midship)
Pressure caused by Wave (Side of Ship)

C

DE Influence

of Oscillation

and

ot

added

mass, Heaving and Pitching

added
Fig. 5

Pressure in sagging condition (from Schnadel, 1937-

1938)
Fig. 4

Pressure in hogging condition (from Schnadel, 1937-

1938)

"Calculating the second part, we obser\'e that the
added mass carry a part of the ship's weight
The load diainstead of the corresponding buoyancy.
gram is therefore the difference between the forces of
the added mass and the buoyancy curve of the corresponding tliving. This load cau.ses, in general, a bending
moment which increa.ses the statical moments.
"Consider ¥\g. 7, which shows the static and dynamic
hogging moments; it is to be seen that the influence calculated as described is very different at the midship
The results for the midship
section and at the ends.
forces of the

the added mass of water in the
and pitching."
The measurements of water pressures and uf hea\-ing
and pitching accelerations provided the necessary data

itself

and the

iiiiluciicc of

case of heaving

for

the

construction

These are shown

of

the

load-distribution

curves.

hogging conditions.
By the usual integration the diagrams of shear forces
and of bending moments, shown in I'ig. 7, were obtained.
Schnadel commentetl on these as follows:
"For the accurate knowledge of the ship's stress in a
rough water, it is important to separate the influences
in

Kig. 6 for the

dynamic and static forces. The dynamic forces contain 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.
For the hogging ship the bending moment
is reduced by the dynamic forces.
of

section are as follows:

Static

hogging

fluenced

moment

Dynamic moment
by sea

as

in-

by sea

(ship

hove

-|-.')0,(K)0

as

metre-tons

influenced

to)

—

7,500 metre-tons

moment
moment is measured from
the moment of still water con-

4-22,500 metre-tons

(.liticjii

-|-

Ivesultant

This

2:3,000 metre-tons

ON
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Momen+
10

40

30

40

by Accelera+ion

SO

Meter

Accelera+ion Forces by P

30

20

iC

'"O

20

SO

Fig. 7
Shearing force and bending moment.
11. xii. 34, llh. 40'. 40" (from Schnadel,

Me+er

Hogging: time
1937-1938)

Acceleration forces by heaving and pitching. Hogging:
Fig. 6
time 11. xii. 34, Uh. 40'. 40" (from Schnadel, 1937-1938)

give an accurate determination

The

real

case

"The

i.s

hogging

.static

by

influenced

height of

moment

in

our

therefore

sea.

m

5..')

-|-4o..")()U

moment

of oO,000

mt

is

if

the

metre-tons

nearly the greatest

It corresponds to

or L/24,

an

effective

wave length

is

wave

ecjual to

Considering the d.vnamic force
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
the

ship's

too,

we

length

is

length.

get an effective

to get the

same moments and assume

that the

wave

ecjual to the ship's length."

Fig. 8 shows the good agreement which was obtained
between bending moments calculated by the foregoing
procedure and those deduced from strain-gage measurements.
Fig. 9 shows a similarly good agreement between calculated and measured ship deflections. Schnadel's filial 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 liuoyancy and of a ship's
and ambient water's accelerations. He brought out the
These
significance of a ship's interference with wa^es.
data, obser\-ed 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 u.sed in a broad and qualiThe data obtained on the MvS San Fran-

tative .sense.

cisco scarcely

can be considered accurate enough for a

detailed comparison with calculations

The primary

and model

tests.

sources of possible inaccuracies are:

1
Only one wave was analyzed.
2 The determination of the wave profile from several
The
consecutive records introduces an uncertainty.
uncertainty indicated by the spacing of two cur\'es in

Fig. 3 also can introduce

3

The

total

number

of

the total pressure

foi'ce.

an appreciable

of pressure gages

error.
is

too small to

4 The arrangement for time synchronization of data
did not permit suHicient precision.
5 The relationships used in the analysis were based

on the properties of regular waves. Peculiarities of the
recorded wa\'e were not considered.
outstanding characteristic of the MS San Francisco
is the fact
that observations were made by
an outstanding group of qualified men. These men,
Schnadel, Horn, Weinbhnn, and Weiss, had developed the
neces.sary instrumentation and they used it to collect
aboard the ship. They had witnessed the conditions
which they subsequently analyzed. As a result, an unusually large amount of valuable iiifoi'mation was ob-

An

\'oyage

tained.

The

and did not
had, however, the ad\'aiitage of a fi.xed zero point so that hogging and sagging
In the more advanced
stresses were clearly defined.
strain gages were of a mechanical type

permit

centralization.

They

type of electric strain gages, which ha\'e been used since
investigators, the zero calibration has been uncertain.
Only the total hogging-sagging stress ranges

by other

were, therefore, reportetl.

The general type of instru3.2 SS Ocean Vulcan.
mentation used on the SS Ocean Vulcan^" was similar to
the MS San Francisco, but a much larger number of
instruments was u.sed. The general description of instrumentation was given in Section 3-5.13. The instrumentation was of a more advanced tj^pe 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 uncertain in the distribution of stress between hogging and
The records were read from the photographs
sagging.
of gages taken at about 0.4-sec intervals and no continuous curves of data \\ere obtained.
'"

Admiralty Ship Welding Committee Reports Nos. 8 and 12
end of chapter 3).

(see bibliography at
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Momen+ by S+rain-Measuremen+

Momen+

— End

^

''i'Z^„\„„
lagging

10

20

30

by Calcula+lon

of Erection

50

40

Meter
Fig. 8

Bending moment by

strain

measurement and by calculation

(fro 71 Schnadsl,

1937-1938)

Hogging (40")
Deflection by Shearing Forces

-o«

Optograph- Measurement

Sagging (45-45
10

30

20

Resulting Deflection CCalculated)
)

50

40

Meter
Fig. 9

Deflections by optograph measurement and by moments and shearing forces.
(from Schnadel, 1937-1938)

The Ocean Vulcan
miscellaneous

useful

reports contain a large

information,

but

the

amount

of

complete

servations

and

Time:

1 1.

xii.

34,

1

Ih. 40'

to weather forecasts of the Admiralty.

The bending moments were

calculated for a

number

of

wave profile is shown for only two cases, Fig. 3-41. In
most ca.ses, the water profiles recortled on the ship's sides
were not used to define the ambient sea waves. The
instrumentation, which was used for this purpose, was
The larger number of observasimilar to Schnadel's.

instances

tion stations could have been e.xpected 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

in Fig. 3-3(3.

sented in Table 3." The instant to which this table
This is
refers, is indicated by the film frame No. 300.
0.96 sec earlier than the position labelled "po.sition at
The
film No. 302" on the upper part of Fig. 3-41.
reader's attention is called to the fact that in this case

not suitable for further analysis. The observed and
calculated stresses were referred to the visual wave ob-

ing

on the basis of accelerometer and waterpressure 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

A

.sample of calculations of bending

" Reproduced from Table
Committee report no. 8.

29,

moments

is

pre-

page 116 of Admiralty Ship Weld-
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Table 3 Vertical Bending Moment Sheet (from Adm. Ship Weld. Comm.
FRAME

No. 300

SECTION

ALL FORCES ARE

IN

TONS

SHIP

R. 8,

1953)

RECORD 6E7
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Vertical Longitudina
Shear Force Diagrams
Fig.

10

Samples of

vertical

No+e: Numbers on curves refer to Film Frame numbers
in the record. Interval between consecutive Film
Frames on this record is 0.48 seconds

bending moments and shearing forces (from Adm. Ship Weld.

Comm.

R.8, 1953)
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SHIP

-Tow Bars

Accelerometer

Accelerome+er

Fig.

1 1

Diagram of model setup

for determining

bending moments

111
Fig. 11.
A wooden model, 4.79 ft long, had lieeii
divided at the midsection and was jointed liy a hinge
The ahguat a neutral axis of the ship's midsection.
ment of two halves was maintained by metal flexiu-e
bars.
A deflection transducer had be(>n located at the
stern and was operated Ity a cantile\'er truss from the

tained from the photographs of the targets installed at
the bow and stern of the model. In later tests the motions
transtluccrs were used and the motions were recorded
by the galvancimcter together with other data.
Experimental data. Fig. 12 .shows the bending
4.11
moments for the model at zero speed as well as the bending moments computed by the standard static procedure,

with and witlKjut Smith effect. The (lualitative agreement 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 conIt is about 74 per cent of the static
ventional procedure.
moment when the latter is computed with Smith ett'ect.
In order to gain a better understanding of the phenomena involved, a test was made with the rear part of
In this
the model rigidly attached to the te.st carriage.
case the model inertia forces w'ere 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

E.

V. Lewis, 1954)

Model

Wove Lcngth=Ship Leng+h

c 50

i"n

all

Retrained^

Cases

200

Legend; E/perlmen+ol

•S<t

Poinds,

+ Hoc
o

Sag

S 150

SO

1

The rigidity of the
regard to slowly applied loads.
flexure bars was such that the natural vibration period
of the model corresponded to a two-node frer|uency of the
ship.
This correspondence between the model and tlie
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 galvanometer on the same photographic tape. In the
early tests the pitching and heaving motions were ob-

waves (from

250

i

forward part of the model. The relationship between
deflections and bending moments was established l>y
Hull deflections, bnw and stem acceleracalibration.
The dcHections
tions, and wave profiles were recorded,
of the model had been sufficiently smal fso that it was
permissible to consider the model as a rigid bodv with

in

t

30

10

Wave Height,

in.

Comparison of calculated bending moments with experimental values, model of T2-SE-A1 tanker at zero speed, both
restrained and free (from E. V. Lewis, 1954)
Fig. 12

yield to the waves.

phenomenon

is

shown

E. V. Lewis' explanation of this
in Fig. 13.

At zero model

veloc-

phase relationships are favorable in that the
maxima of moments occur when the model and water
move in the same tlirection. 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 moment is increased liy about oO per cent.
Model tests also included higher than practical speeds
in order to investigate conditions which may occur in
The hogging moment was found to infaster ships.
crease gently and the sagging moment more rapidly,
with the further increase of spe(>d beyond the synchronous
one.
Fig. 14 (also Fig. Hi) shows a pronounced reduction
of the bending moment at synchronous speed, but this
ity the
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Hog
Restraining

Mamen+
Wave

Wave

Wave

Wave Velocities

Velocities

Restrained Model
Model Held Rigid by Attachment ot Afterbody +o Carriage.
Vertical Velocity and Acceleration ot Model are Zero.
Vertical Velocities ot Wave Particles are as shown,
Acting in the Direction to Increase the Bending Moments.

Model Velocities

Wave

Wove

Velocities

Velocities

Free Mode!
Model Free to Heave, Pitch, and Surge.
Model is Practically Horizontal at Maximum Kog and Sag.
Vertical Velocities ot Model and Wave areas shown,
Tending to Compensate one another.
Vertical Accelerations ot Model are near Zero (Velocities
Fig. 13

was

Diagram comparing dynamic

effects

on restrained and

later traced to a defect in instrumentation
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 wa\-es.
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 b,v St. Denis and Pierson,
on ship's behavior in irregular seas, appeared in 1953.
Lewis' (1954) paper was the first in which the irregularwave theory was applied to ship motions and to bending
moments in connection with towing-tank tests. An
irregular operation of the wa^'emaker 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
effect

and

doe.s

free

models

at

Maximum).

zero speed (from

E.

V. Lewis, 1954)

bending moments as this is shown by dots in Fig. 16.
The bending moments in irregular seas ha^'e 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 Fig. 17. This
figure brings out ^'i^'idly 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 residt 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 freciuent only in light conditions.
Analysis of E. V. Lewis' bending-moment data.
4.12.
At the time E. V. Lewis' tests were starteti, the rational
approach outlined in Section 2 of this chapter was not
yet available.'^ 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
" The

early theoretical

work

of Kriloff and of Horn and
to have been forgotten.

urements at sea by Schnadel appear

meas-
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SHIP

(from

E.

V. Lev/is,

1954)
Ship

-Experiments-Calculations

Conv.
static

Wave
1

Modif.
conv.

-Free

•

Restrained
model,

Ocean
Vulcan
analysis (9)

pressure
Model
Moving integra-

(and

Speed

Speed

tion

ship)

(9)

X

X

forces in undisturbed waves:"

Buoyancy

— Hydrostatic

(a) Hull assumed level
(b) Hull at correct pitched and
position; Kriloff (17)

X

X

heaved

Pressure distribution in wave; Smith
effect (13)
Interaction between hull and wave:
Modification of pressures by presence
3

X

X

X

X

X

2

of hull or

by

vertical

motion

in

pitch and heave relative to undisturbed wave; damping (9, 24, 26).

4

Modification of pressures

in

.

.

X

X

(partial)

(partial)

.

X

X

wave by

vertical accelerations of hull and of
wave particles; virtual mass (9, 29,

X

X

(partial)

(partial)

31)

5

X

X

X

X

Modification of wave profile by presence of hull hence pressures and
velocities.
Reflection, Kreitner

—

(30).

(Mainly due directly to

for-

ward speed )

X

X

(minor)

(minor)

,

Effects of motion on virtual weights:
\'ertical accelerations; KrilofT (17)

X

X

X"-

(minor)
Miscellaneous effects:
7

8
9

Effect of natural period of hull vibration (28)

X

X

(minor)

(minor)

X

X

Effect of eccentricity of compressive
forces (9)
Direct effect of speed in modifying

pressures

namic

(33)

X

X

X

X

X

and causing dy-

lift

NoTK
of

Ittms :(. 4. and are affected indirectly by changes in phase relationships and in the tuning; factor (ratio of natural period to
encounter) in pitch and heave.
I'roude- Kriluff hypothesis
At
speed, phase relationships in this case are such that model acceleratii)ns do not affect tnaximum bending; moments.

[)eri*td

"

*•

discussion of the origin

ment.

and

cau.ses of ship

This discussion represents

analysis.

Of particular interest

is

bending mo-

a qualitative
Table 4 which hsts

in fact

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
The statically
side and on measured accelerations.
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

was not available, the buoyancy curve was adjusted by judgement so as to provide the necessary
Quoting from E. V. Lewis: "In order to indibalance.
effects

cate the order of magnitude of the dynamic effects, which
have not been accounted for, a hj'pothetical curve of
effective buoyancy has been drawn in Fig. 18.'^
This
ciu've 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 Ibin., as measured with the model in the position shown.
It is clear that dynamic effects are of appreciable magnitude and therefore that their investigation is of considerable 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 e.xperimental and

calculated bending
1'

The

figure

number

moments

is

of the iiresent

shown

in

monograph

Fig.
is

19 for

substituted.
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dynamometers, were published by E. V. Lewis
These data are shown in Fig. 20. The compari.son of Jacob's (1958) computed bending moments
witli new experimental data is summarized as follows:

dift'erent
200

Conven+ional Static Cotcula+ion- Sag~^

Si

(1958).

-'40
-o
;

30

J

C

>
;

Con ventional Static Calcu lation w'ith Smith Ettect Soq^^*
-j

o

150

0)

100

E 20

Modfl

s;

speed,
fps

o

:

Dl

50

c

10

Calculated

Experimental

23

20

2.4

21

The most important

0)

feature of Jacobs' (1958) analysis
the subdi\-ision of the total bending moments into its
several components.
This is shown in Fig. 21 for the

Average Total Amplitude of Heave
andPi^ch, Upand Down

-!

is

Followtng Seas

The diagram corresponds to the
which the wave crest is at the front
perpendicular.
At this instant, the calculated and experimental .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 relaThe inertial effect of the added mass of
tively small.
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
cur\-e) 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
It is thereof foiu' components of water pressure forces.
fore very sensitive to the errors in computation of individual components.
The bending moment can be con-

free
Pitch

oLf^o

Average Total Amplitude ot Vertical
Motions at Ends, Up and Down

—

"5

5

20

-

2

40
oi

10

0-20

model

instant,

Average Peak Vertical
Accelerations ot Ends

c"

f-S^T"!

at 2.4 fps.

=

t

0, at

sidered in fact as a "second-order effect" in that

Head Seas

Following Seas

it is

the

components.
4.2
K. Oehi— A Cargo Ship.
K. Ochi (1956a and b,
1957, 1958o) published the results of extensive towingand V-bow
tank tests of two cargo-ship models with
sections.
The body plans of models \\ere shown in Fig.
One of
2-25, and the particulars are given in Table 5.
the major objectives of tests was to obtain the informaThe discussions of this subject, howtion on slamming.
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
residt of a rdativelij •<mnll difference of large
'

;5

20

1,5

1,0

06

0.5

1.0

1.5

2,0

2,5

Model Speed- Knots
25

20

10
5
5
Ship Speed-Knots

10

IE

15

20

25

14 Effect of speed on bending moments and motions,
model of T2-SE-A1 tanker in regular L 20 waves (from E. V.
Fig.

Lewis, 1954)

and 2

two model speeds,
points are indicated

by

fps.

The computational

crosses.

=

Model

Total range of bending

— moment,

speed,

The

in-lb-

=

made

Calculated

Experimental

9

101
100

89
88

in

in

wave length, X, equal to the ship's length, L,
wa^e height of L/30. Bending stresses at
the deck amidships arc shown in Fig. 25 for different
The draft ratio d/L =
values of the ship's draft, d.
refer to the

and

to the

0.059

fps

corresponds

to

a

fully

stresses are plotted as negative
positive.

Ochi's data,

shown

Fig.

original

speed the bending

moment

X,

pendent of speed.
gradual

ship.

in Fig.

25 are

Sagging
stresses as
in agree-

or stress

is

essentiallj' inde-

Above synchronous speed

there

is

a

iiicrea.se of stress.

"See Ochi (UI58«)
schedules,

loaded

and hogging

14 in that below .synchronous

ment with Lewis'
test data for a free model in waves
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 = X/48), using

of h

a 655-ft-long towing tank.^'^ All
head seas under the self-propulsion
method and the models were free to pitch, heave and
surge.
Moilel motions are shown in Figs. 22 and 23 and
phase relationships are shown in Fig. 24. These figures

and were tested
runs were

Bending moments for a restrained model in waves of
In this case there is no
X 20 are shown in Fig. 19.
model motion and no acceleration force. The diagram
shows, therefore, directly the degree of agreement in the
These data can
calculation of hydrodynamic forces.
be summarized as follows:
/(

U

and

for detailed description of the models, test
results obtained.
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Undisl-urbed

Wave

Pro-file

Vertical Scale is Approxima+elj
Double the Horizontal Scale

Fig. 15

Typical cycles of motions in regular L/20 head seas, model of T2.SE-AI tanker (from

E.

V. Lewis, 1954)
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Theorg_lic2J_y{2y^_

Profile

Weight Corrected for

Buoyancy Corrected to give Shear
and Bending Moment Equilibrium

Absolute Model Acceleration

10

Stations 9

7
6
4
5
Weight and Buoyancy Curves

Model Vertical Acceleration
Relative to

60

Wave'

2^

Model Vertical Velocity
Relative to

Velocities
Fig. 18

Bending-moment

Wave

and Accelerations

calculation including dynamic eflfects, at speed corresponding to 14'/-knots.
hogging condition, regular L/20 head seas (from E. V. Lewis, 1954)

Ochi's results are in qualitative agreement with Schiui(MS San Francisco) and Lewis' data in that the

del's

moment

Quanis larger than the hogging one.
however, there are large differences. Schnadel found the sagging moment to be some 20 per cent
larger than the hogging one.
Lewis' Figure 14 shows the
sagging l)ending 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.
sagging

titatively,

T2-SE-A1 tanker model in

Ochi adopted Schnadel's definition of the "effective
as the height of a wave which, lay conventional static calculations, produced the same stress
He called the "effective wave
as the actual wave.

wave height"

height ratio," rj," the ratio of the height of this static
wave to the actual wave height. He made static calculations alternately on the basis of the displacement
and the displacement with correction for the Smith effect.

H

" With subscripts
denoting computations

for

hoggins,
for sagging, and primes
Smitli effect taken into account.

made with

.s
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2.4

r
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-J

Ft/Sec

"t^j

TS
I

4

Hydrodynam'ic
Loads

^"Smith

n
O

"

c

-4

"

Added !>-~.^
Displacement

4

1^

2

N

Fig. 19

Calculated and measured bending

moments

at

mid-sec-

tion restrained 48-ft model of T2-SE-A1 tanker in waves 4.8
3.0 in. (from Jacobs, 1957)

ft

X

s

Damping

8c

(Velocity -

Effect
Total

Dynamic Coupling
Dependent)
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Table 5 Model Ship Characteristics (from Ochi, 1956b)
Model Ship Characteristics

Type
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0,6

0.8

Tuning Fac+on
0.4

0.2

O.G

0.8

Tuning
Fig.

22

1.0
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Pitch-angle ratio 0t/20„ versus tuning factor Tpo/T»

(from Ochi, 1956*)
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Lw

Hw

320

260
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"o
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40

1.2

Tg

S^

Fig.

23

1.0

T^,o

1.2

1.6

/Tg

Heave-amplitude ratio Z/Hu- versus tuning factor
Tm/T, (from Ochi, 1956A)
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Table 6

Main

Particulars
(in

ol^

Modei 1723

SHIP

AND

THE ELASTIC RESPONSE

(Destroyer)

feet)

Length, overall

Length between perpendiculars
Load waterline length

Beam niaximmn

5.821
5.710
5,717
608
.

Drafts:
Forwarc.l

,

,\lt

Displacement, 11) (F\V). .-.:.
Center of gravity, abaft amidships
Longitudinal radius of gyration
Natural period of vertical two-node

107

0,220
24.50_
0, 175
1 ,o4'J

10,9

vibration, cps

Natural periods of oscillation:

Heave"

02

0,00

Pitch"

In seconds by manual oscillation in calm water.

sagging bending moment is ob.sei'ved at a .ship speed
exceeding 20 l<;nots. In the pre.sent 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
Fig. 33 shows
the formation of the ship-made wave.
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 Ijending
moment developed in smooth water and the moment
developed by waves and ship motions.
A
Fig. 35 shows a sample of an oscillograph record.

conspicuous feature of
of the bending

it is

the jjersistence of oscillations
a mean (appro.ximately

moment about

These oscillations were disregarded
sinusoidal) value.
and the mean values were shown iit 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 e.s.sentially
continuous state of vibration. These featiu'es are abThe vibration caused by
sent in a typical cargo ship.
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

Comparing this
in Table 7 and in Fig. 36.
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 conditions, probably not over 15 knots, the bending moments
can be considered approximately as independent of

summarized
latter

speed.

o

OF A

SHIP
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(mm)

(kg-m)

80_

160

GO

^4
ID

>
20

O

cn

c

CD ..

..

>

C

o
a'

(J

20

c
5
o

-

c

Do

5

o

40

>
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:i:

.

60
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lOOL

Loca+ion of Strain Meter S5
(150 mm Forward from Midship)
Fig.

29

Example of experimental

Summary

Table 7

Model

o
D

Pitclning

results of ships drifting in

Wave

waves showing
1951)

Model 1723

of Results Obtained on a

Average

On Upper Deck (Center Line)
On Upper Deck CStarboard)
A On Keel (Right Side of Center

Bending Moment
Heaving

Wave Length 7.GG7m

Height 2.19

in.

500

400

300
Wave Height (mm)

200

100

efifect

Girder")

of wave height; wave length constant (from Sato,

in High Irregular Seas (From Lewis and Dalzell, 1958)
bending moments in inch-pounds

(Destroyer)
All

1.87
9.1

25.7
23.7
49.4

3.72
18.0
26.4
21.9
48.3

4.12
20.0
28.7
21.8
50.5

5.05
24.5
38.7
18.8
57.5

22.6
22.3
44.9

23.7
23.5
47.2

2.53
12.2
23.7
22.6
46.3

46.4
42.9
87.7

46.4
44.6
87.3

44.0
42.0
83.3

50.0
42.2
83.1

52.8
39.0
83.5

58.7
40.4
89.6

69.4
39.1
98.9

Largest single sagging moment measured
Largest single hogging moment measured
Largest single range measured

59.6
54.6
108.5

55.4
53.8
103.9

52.3
48.4
99.5

59.3
50.4
95.6

-64.3

78.2
49.2
104.0

79.9
49.4
115.5

Number
Number
Number
Number

102
13

156

153
66

159

179
99

18

21

1

20

33

36

speed, fps

Ship speed, knots
Average sagging moment
Average hogging moment
Average range

Average of 10 pet highest .sagging moments. ,.
Average of 10 pet highest hogging moments....
Average 10 pet highest ranges
.

»

of waves encountered
of times model shipped water
of times model slammed"
of times model pounded"

46
3

2.92
14.1

150
52
8
18

44.3
99.7

154
61
11

30

77

37
37

See text for definition.

It is one of the
4.5 Severity of Experimental Waves.
recognized advantages of the laboratory technique that
ambient conditions can be pu.shed to a much greater

severity than

is

possible on

an actual

ship.

By

doing

certain important features of a ship's behavior

discovered.

On

the

other

hand,

it

is

may

so,

be
important to
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Ship Speed, Kno+s
20
25

3

2

6

5

4

30

6

7

V^, F+/Sec
Fig.

32

Bending-moment amplitudes

in regular

waves (from Lewis and

additional judgment as to the severity of conditions can
be formed on the basis of instrumentally recorded ship

howe\'er, exaggerate the

motions.

.ship's length.

Two

.sea

conditions wei'e met.

The

first

consisted of a

an apparent dominant length ranging
between 250 and 350 ft and of significant height between
(^n this a moderate local sea was superposed
5 and 6 ft.
of shorter wave length.
The combination resulted in
long

swell

of

wave heights of some 10 ft. Assuming this
10 ft height to correspond to 10 per cent highest waves
and using Longuet-Higgins relation.ships, the average

occasional

wave height can be estimated

as 4.9 ft
of the
length of the intermediate of three ships.
The second weather condition is described as fully
developed state 5 or (5 sea superposed over a swell.
Maximiun wave lengths and wa\-e heights were of the
order of (300 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

1

eo of the ship's length.

This latter description would,

of the largest

A

Dalzell,

1957)

wave steepness, since the lengths
waves were indicated to Ijc 1.7 times the

maneu\'ers was carried out imder sea conup to 28 knots. Under
sea condition II the maneiu'ers were carried out at the
( )nly two runs at higher speed
17-knot speed.
between
17 and 25 knots were attempted in condition II.
At
25 knots the trials were suspended liecause of exce.ssive
motion.
The data on pitching of these destroyers are found in
Fig. 3-51 on page 205. The average of ^ lo highest pitching amplitudes of 3^2 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
There was no slamroughlj' per 100 dominant waves.
series of

dition

I

at a series of speeds

—

ming

On

condition I.
the basis of the foregoing informati(jn, limiting

in sea
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Wave Bending Konnent Minus Still Water Bending Moment
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Ship Speed, Knots

30

Vm, Ft /Sec

Fig.

33

Wave bending moment minus
(from

still-water bending moment;
Lewis and Dalzell, 1957)

L/48 regular waves

conditions for a destroyer operation at the speed of 20
knots can be judged to consist of an a\'erage wave height
of ?65 of ship's length, average double amplitude of
pitching of 4 to 4^ 2 deg-" and the slamming at the rate

Several spectacular features, indicated in Sato's and in
Lewis' and Dalzell's tests at higher speeds, appear to

of 6 to 8 per 100 waves.

significant forward speeds

In tests of Lewis and Dalzell, described in the preceding
more severe wave conditions were used. In
regular wave tests, shown in Fig. 32 the wave height was
In irregular waves, u.sed in Table 7,
3-48 of ship's length.
the average wave height was ^39 of model's length;
i.e., the waves were twice as steep as limiting wa\-es in the

ship operations.

section,

Szebehely-Warnsinck-St. Denis desti'oyer tests. Therefore, the maximum practical speed under these conditions 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 /( = L/48 wa\-es 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 applicability of Fig. 36 and Table 7 appears, therefore, to be
limited to hove-to, or, say, the speed well l)elow 10 knots.
™ Using LongueHliggins relationships for conversion from the
mean of 10 per cent highest waves on Figure 3-51 to the average
height.

entirely outside the range of practical application.

lie

None

and 36 in L/20 waves at
applicable to the practical
Only the hove-to condition is practi-

of the data of Figs. 34
is

cal.

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.

5

Rapidly Applied Loads (Slamming, Pounding)

The hydrodynamic

loads to be considered in this
with such a rapidity that static
methods of stress calculation are not applicable. It is
necessary to consider the elastic characteristics of a

.section

are applied

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 universally accepted and more often both words are used
interchangeably to describe slamming. This was ordinarily understood to mean an impact of a ship's
bottom on water surface after previous emersion. ()c-
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80

known

slam frequently in head seas when in lightIn the Admiralty Ship Welding Committee 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 necessit}^ to guard
against slamming.
are

to

draft condition.
Conventionally Calculated
Bending Moment for L/20 Regular

'

Wave

50

40

30 ^
20 §
o

10^

ol
10

_a.'

O
u

20

^
D-

30

Conventionallv Calculated
Bending Moment for L/20 Regular

GO

40

Wave
50

Bending Moment Amplitudes
in Regular L/20 Heod Seas
Lw/L=1.00
I

80

'^

u

5

The experimental data

Li

20

15

10

Ship Speed, Knots
J

I

2

1

Vm
Fig.

bilges.

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
At this time the bow has nearly
a nearly level attitude.

I

I

In cargo ships, the impact of the water on the ship's
is the most conspicuous part of the slamming.
Because of the .small deadrise, the water-impact pressures
are very high and freciuently 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 pressures 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

bottom

I

3

Ft/Sec

maximum downward

Bending moment amplitudes in regular L 20 head
seas; L^./L = 1.00 (from Lewis and Dalzell, 1957)

34

velocity.

In

a cargo ship, the

emergence of the bow is a necessary prereciuisite to
slamming. However, these experimenters provided
no data for making a detailed analysis of the slamming
prior

process.
casioiially

bow

it

was claimed that the

prior emersion of the

It
not necessary in order to produce a slam.
appears that any wave shock applied at the bow and
severe enough to excite hull vibration has been described
The subject is apparentlj- confused because
as a slam.
too many events are included in one concept of excessive
In order to clarify the issue it is necessary
generality.
is

decomp(jse this broad concept into several more
narrowly defined ones. In Section 2-7 attention was
called to the distinction between high local pressure
to

and the
first

large total force at a lower

causes

damage

to the

mean

pressure.

bottom plating

The

in the early

and the second causes vibration of a
bending moments occurring in the later

stages of an impact

ship

and

affects

stages of impact.

In the present section the distinction

between the nature of slamming of slow ships and of
In addition,
the relationship between hydrodynamic loads in slamming 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 charhigh-speed ships also will

be introduced.

by rather full lines, a relatively broad bottom
These ships
the bow, and a very small deadrise.

Attention should be called to the fact that the most
conspicuous result of the slamming, the hull vibration,
On a
has not been reproduced correctlj- on models.
ship, the slamming vibrations at a two-node frequency
An example of
are often felt for 60 cycles or over 30 sec.
such a vibration following a slam is shown in Fig. 37.
In model experiments on the other hand the vibrations
Typical examples are
are extinguished very quickly.
shown in Fig. 2-36 and in Fig. 41. Ttiese were taken
from the work of Akita and Ochi (1955) and Ochi
(1956a) which was done with large-size models built of
The model construction was generally

brass sheets.

similar to the one normally used in ships.

explanation

may

lie in

plaasible

Lockwood
vibration as compared to a full-size ship.
Taylor (1930) showed that the damping of ship vibrations is caused almost entirely by the hysteresis of the
structure, that

quency

it

is

very small at a usual two-node

of ships' vibration,

and that

with the increase of the frequency.-'

acterized

area at

A

the higher frequency of a model

2'

Also see Section 5.53.

it

fre-

increases rapidly
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Ochi (1956a,

6,

ON A

SHIP

AND THE

RESPONSE OF A SHIP

Sample oscillograph record Model 1723, test lK,run 10, K,„ = 6.84
(from Lewis and Dalzell, 1958)

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 en\-elopes of pressures can be used for empirical
or semi-empirical studies to be discus.sed 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 slamming will be discussed in Section 5.4.
Greenspon
Observations of USCGC Unimak.
and Greenspon, Jasper, and Birmingham (31956) have reported on the observations of slamming on
the USCGC Unimak which was operated at two weather
Quoting from the
stations in the North Atlantic.
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 the.se
papers.-- The .subject is narrowly limited to the con5.2

(3-1956)

bottom plating and the general effects
slams on the entire ship are not discussed. However,

ditions at the
of

ELASTIC

" The present author was advised by one of the authors of
these papers that the wave data are available at the David Tajdor
Model Basin.

fps, Z,„/Z.

=

1.25,
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the data on the bottom pressures are instructive.

They

are particularly valuable for the purpo.se 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. Tlie.se are:
Shortness of the pressure pulse about 0.015 sec.
1
2 Simultaneous pressure pulse at several gages spaced
along a longitudinal line 8.25 in. from the centerline;
i.e., 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 O.OI 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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shown by a short
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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.
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The lines of the particular destroyer, to which these
data apply, are not available. However, typical destroyer lines such as are shown in Figs. 27 and 31 can be
assimied.
These bod,y 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.
Quahtatively this is in agreement
with 8 to 10 psi shown bj' 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
This feature is in
8.5 sec) the ship was on an even keel.

agreement with towing-tank tests of E. V. Lewis (1954),
Szebehely and Lum (3-1955), and Akita and Ochi
(3-1955).
The data on these were given by Figs. 2-34,
In these figures the instants of slams were
35 and 36.

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 accelerometer records are more difficult to interpret.

On
pulse

80
2
V^^ C

5

10

4
3
Ft/Sec)

20

15

Ship Speed

:

Fig.

36

25

Wave

Trends of bending moments in irregular seas with
speed (from Lewis and Dalzell, 1958)

5.3
Observations on a Destroyer. Fig. 40, taken
from Wariisiiick and St. Denis (11)57), 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, respectively,

correspond to various instants during the recorded

period.

The time

scale in seconds

is

given along the lower edge

measured from an arbitrar_y instant.
The numbers just above the time scale designate the
film frame numbers.
The broken vertical lines, corof Fig. 40.

It

is

responding to the instants the photographs were taken,
drawn through all sections of diagrams.

are

The

short horizontal stretches found between 7

and

on four upper pressure curves of Fig. 40, correspond to the atmospheric pressure and show that these
gages emerged from the water. The instant of slam is
8.5 sec

the records of the

was

USCGC

Unimak, the pressure

of very short duration.

shown

In the case of 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; i.e.,
Reference to the pitching
at the time scale of 9.5 sec.
curve shows that at this instant the ship's bow is in its
This is confirmed by the photograph,
lowest position.
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 maximimi water
pressure is associated with the full immersion of the bow.
The pressure, however, is only partly hydrostatic and
The peak pressure
contains a large dynamic component.
Assuming
at Frame 195 is shown in Fig. 40 to be 27 psi.
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
Wagner's theory, outlined in Section 2-7.1, indipsi.
cates that there must necessarily occur an increase of
local water pressure as the water le\'cl rises to the flare
The references cited in connection with
at the deck.
Sections 2-7.1 and 7.2 show, moreover, that a significant
pressure increase o\'er the entire periphery of a submerged body occurs simultaneously with the sharp rise
of the local pressure at the water level and the formation
The submersion of the bou' and the dyof the spray.
destroyer,

Knots

5tatic Calculation tor L/20 Regular

vertical rise of pressure curves at the

scale time of 8.5 sec.

Trends of Bending Moments m Irregular
Seas with Speed
(Sea Corresponding to that Generated by
Approximately a 30 Knot Wind of 17 Hours Duration)

in

Fig. 40, the

namic effect of the boio flare appear, therefore, to
major causes of "slams" in ships of a destroyer

be the
type.

LOADS ACTING ON A

SHIP
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Strain record
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time of slamming (from

in.Af+of Fr 28,
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l|3.'4
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5G Accelerometer

38

may

carriers

in.Stbd of

S'li

2 in.

Fwd

also be the case,

is

on 4.

l^eel

I

Deflection

USCGC Unimak

with fast cruisers, aircraft

fast passenger liners.-"

is

illustrated

by

Tattle 9 taken from

Warnsinck and St. Denis (3-1957, NSxMB Symp.). In
two most severe slams, in which the beii,ding moment
amid.'^hips was approximately doubled, there was no bow
emersion.

" See Jasper and

Hiriniii)j;hara (13-1958).

Location
,

*

1

therefore not a necessary prerequisite to the f)ccurrence

This

195})

A Longitudinal Tensile Strain, Center of Panel Fr 22-23, 8^ m. Stbd t
B Longitudinal Bending Strains, Center of Panel fr 22-23, S'^j in. Stbd <t
C Longitudinal Tensile Strain, 15.9 in. Aft Fr 23, 8'ivin.Stbd <t
D Longitudinal Bending Strain, 15.9 in. Aft Fr 23, 8V^ in. Stbd 4.
E Longitudinal Tensile Strain, 22.1 in. Aff Fr 23, 8'^ in. Stbd <t
F Longitudinal Bending Strain, 22. in. Aft Fr 23, B''4 in. Stbd <t
G Longitudinal Hull Strain 15 in. Aft Fr 23 on t Keel

Ill the process outhned in the foregoing the bottom
impact plays only a secondary part and the bow emersion

of a slam.

...

8,

<t

of Fr 24

Location of gages and shell expansion on

and even

Adm. Ship Weld. Comm. Rep. No.

Strain Gages

Goqe

3in.Fwdof Fr 2I,8'/4in.Stbdof(|.
3in Fwdof Fr23,8'^in.S+bdof t
T^^in. Aftot Fr23,8''4ln.Porto-f t
l^'gin.Aftot Fr23,8'iiin. Stbdot <t
75-gm.Attot Fr a3,3in.Stbd ot Gin. Longitudinal
7^-^ in. Aft of FrZ3,3in. Stbd of Longitudinal!
3in.Aftof Fr24,8''4 in. Stbdof <t

Fig.

This

at

Pressure Gages
Location

Gage
1

on SS Westboro

6age on Center of Test Panel

(from Greenspon, Jasper, and Birmingham, 1957)

In addition to the .severe shocks recorded as slams,
the freciuent 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.
effect of slamming shocks on the bending moments

The
will

be discussed

in

Section 5.5.

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
5.4
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fundamen+ol period
pla-ie

Fig.

39

Representative slamming record

on

USCGC Unimak

and

ol

lowing

O"!

it

plote|ob+ained

to vibrate freely*

(from Greenspon, Jasper, and Birming-

ham, 1957)

a clear picture of the slamming process. The quantitative evaluation of pressures is, however, uncertain.
Theoretically, the pressures over 1300 psi were computed by Bledsoe (3-1956). 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 unsupported 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 timeresponse 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

The body plan of the model u.sed is
(1956a, b, 1957).
shown in Fig. 2-37. For the U-form ship Ochi found
the slamming pressures to be six times the hydrostatic
For the V-form ship the
pressure in smooth water.
slamming pressure was four times hydrostatic. Assuming a draft of 28
fore, at

ft,

75 and 50

the pressures can be estimated, therePartly by theoretical

psi, respectively.

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

1957 NSMB Symposium

.Ship

St. Denis.
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Fig. 4

1

Typical form of measured stress on ship deck
ming speeds (from Ochi, 1956<?)

at

slam-

On the USCGC Unimak, Greenspoii
spon, Jasper and

Birmingham

(3-195G) and Green(3-1956) found the peak

pressure readings of inch vidua!

gages up to 295

G

but (juote the pressure of 86 psi as the highest mean over
an instant of maximum strain. AUhough the
figure of 86 psi is of the same order of magnitude as was

Fig.

Comparison between computed and measured

42

a plate at

given by Ochi and Watanabe, it is recorded here on a
The explanation lies in the fact that
ship of finer hues.
this is a sturdily built small ship and apparently it was
operated more daringly than would be practical in a
cargo ship.

affected at different speeds.

Most slamming

is

shown

to

occur at a speed slightly above the synchronous one.
Watanatie (1957) made an extensive theoretical analysis
This analysis is rather
of a ship's slamming conditions.
difficult to follow because of the large number of approximations introduced in the process. Watanabe
demonstrated, however, a good correlation of his approximate theoretical results with the data on shipbottom damages. Various criteria for evaluating the
effect of a ship's form on slamming were introduced by
Iving (3-1934/35), Han.sen (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.
Relationship Between Slamming Load and Bend5.5
ing Moment.
In the process of heaving and pitching in
\va\'cs, 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
r,rp^,

the

7'i

is

natural

stress

(from Ochi, 1956a)

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

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 immediAfter the impact impulse is expended, the
ate vicinity.
local

Warnsinck and St. Denis stated that in most slams
during destroyer tests the peak liytirod.ynamic pressure
Only about 15 per cent of slams
did not exceed 25 psi.
exceeded a pressure of 50 psi. During one slam a peak
pressure in excess of 100 psi was recorded.
Ochi's papers (19566 and 1957) contain a number of
diagrams indicating the slamming forces and ship areas

where

7

Impact Force

psi,

_

y,..

(5)

wave encounter and T is
With the average
encounter of 6 sec and the natural

the period of the

period

of

vibration.

period of the wa\'c
period of the two-node ship vibration of 0.6 sec, this
The
factor is so near miity that it can be neglected.

bending stress

is

related to the imposed loading es.sen-

a strained state and the interplay
produces a state of vibration.
Immetliately at the end of an impulse, the maximimi
bending moment (hogging) apparently is foiaid at the
point of the load application. The bending-moment
diagram has essentiall.v the form labelled "from theory"
This is a transient state of short duration
in Fig. 42.
and there appears to be little probability that it can be
Experience shows that
spotted in model experiments.
a two-node vibration is established so quickly that it is
structure

is

of elastic

and

left

in

inertial forces

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 maximum 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
In
to occur somewhat forward of the midship section.

Ochi neglected, however, to represent the impact stresses as functions of time and the stress distribution 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 attempted. 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,
Papers on the response of a beam to an
1958rf and e)
impact also were published by Arnold (1937), Frankland (1942, 1948) and Salvadori (1947). The paper by
his report

ON A

LOADS ACTING
Fnmkland

AND

and
an impact

(1942) can be cited as giving a simple

logical introduction to a structure's response to

load.

SHIP

A slender

l)eam

may

vibrate in a

number

of

modes

which can be conveniently described by the number,
of nodal points of the elastic curve.

All vibralion

?i,

modes

are excited by an impact and the deflection y is expressed
by a summation of contributions from all modes.
Let L designate the length of a beam and Lj the dis-

tance from one end to the point of application of an
impulse Pt. The deflection y of the beam at a distance
X from the end apparently can he represented as

THE ELASTIC RESPONSE
tude of the bending
the

moment

=

(const)/'r 2_^

number

./

I

^,

--,

((

)

n)

>f(t,

(li)

nodal points. The function of
x/L, Li/L, and /( is rather complicated. The function
{t, n) is essentially sinusoidal with the period depending
on n. The deflection, y, is represented as the summation
of all possible modes of vibiation 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 l)ehavior.

where n

is

the

Lockwood Taylor

of

(194())

demonstrated mathematically

that one of the manifestations of transients is a gradual shortening of the apparent period of vil)ralion with
time.

Further insight into the behavior of a slender beam,
indicated by equation ((>), can lie obtained by examining
a simple case reported by Frankland (1948, etjuation 39).
Frankland considered the undamped vibration of a

simply supported beam of length L 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 sutldenly a])plied at the time
=
t
and suddenly re]ea.sed at the time t = r. The
time-dependent deflection y of the beam at any point .r
and at a time t > t has been found to be

— V^
—
A^ N'

4pTJ

y(-r, t)

= —

2

>

EIw'

r

.

sm

Xw
—
sm
.

2

I

Xira

2L

.

sm

Nrx
L
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at mid-point, in which case

and last trigonometric factors are ei|ual
Equation (8) can represent a central con-

third,

first,

to unity.

centrated impact

if

the distance a

The duration

is

made

sufticicnily

can be assumed lo be
small, T <S^ T, corresponding to a slamming impact on a
cargo ship. With these assumptions the sine of an angle
in second and fourth factors in .squai'e brackets can be
small, a <C L.

r also

replaced by the angle, and ('(|uation
CO

=

'lirlT

,

is

(S),

aftci-

letting

reduced to
.1/„,ax

y

OF A

=

(4/ir}(paT)L/T

(9)

The

ani].)litude of the dynamic bending moment for a
small duration of an imijact ; is shown to be proportional

to the momentum of the impulse, par, and inver.sely
proportional to the natural period of vibration T. For
a given small impact duration t. the ratio r T increases
for higher harmonics which have smaller T.
These

harmonics are, therefore, easily excited by an impact
and significantly contril)ute to the bending moment, as
this was .shown by Frankland {l'.)4S) and Ochi (see Section 5.52).

With

the foregoing background in mind, the stress

shown

in Fig. 40 will be examined,
l-'irst 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 sec. The amplitude
of the vibratory stress is then oliserved to increase during
the next two oscillations and reaches the maximum at the
third peak at 11 sec.
This is 2V2 sec after the initial
This peak coincides with the maximum of
impact.
sagging stress in pitching osc'illation and m(.)re than
doubles this stress. The vibratory amplitude thereafter decays very slowly but is boosted by the second
slam at 14 sec on the time scale. This examjjle demonstrates the fact that e\'aluation of the slanuning 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 impact, to evaluate the transients, and to represent strcs.ses

history

as functions of time.

sm

—^

sni iV-co„(<

—

T/2)

(7)

where N is the vibration mode, and aj„ the circular frequency corresponding to it. .V is related to the number
n of nodal points in equation (6) by N = n — 1.
The bending moment
acting at a .section of the beam

M

located at x

is

bhj
il/
'

dx-

where the dashes

_

4pL^
TT^

Sr^

2

A^ N'

(8)

in square Ijrackets designate Ave
trigonometric factors identical with those of equation (7).
Equation (8) can be s mplifled by considering only the
= I, and by evaluating the amplifundamental mode,

N

An investigation of the free
5.51
Free vibrations.
vibration of ships can be considered as a prerequisite to
the subse((uent consideration of forced vibrations. Also
has been shown in the preceding section that the
bending stress in a ship usually occurs at some
time after a slam when the trending stress of free \'ibrations is superposed on the wave-caused sagging bending
stress.
The following quotation from McGoldrick,
et al (1953) can serve as an introduction to this suliject:
"The beam-like nature of a ship's hull is self-evident
and has formed the basis for the ordinary strength calculations 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
it

maximum
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widely in deriving a differential equation for the free
transverse or flexural \'ibrations of uniform slender bars,
the differential equation being
d'y
.^4
d.r

^^

d-'/j

+

"'

=
?^
dt-

(10)

where

The

solution of equation (12) with suitable

boundary

conditions gives the freciuencies of various vibration

modes.
.AIcGoldrick et al (1953) cite three DTAIB reports=^
pertaining to theoretical and experimental investigation
of vertical vibration characteristics of USS Niagara. The
results of digital computations, based on the vibration
The
theory, are given in the following quotation: ".
principal facts disclosed were the following: The calculation based on bending only is in fair agreement for the first
vertical mode but becomes progressively too high beyond
the first mode the calculation liased on shear deflection
only is quite high for the first mode but becomes progressively nearer the true value as the order of the mode increa.ses; in the case of USS Niagara the inclusion of rotary inertia had a negligible effect on the results.
"As will be seen from the tabulation in [Mathewson,
194:9], 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
.

E =
/

Young's modulus

= moment

of inertia of area of section with respect

to its neutral axis.

= displacement in vertical plane
= co-ordinate along axis of bar
= mass of bar per unit length
= time

ij

.V

?n
t

;

solution of this equation for a uniform bar with
ends yields the formula for the natural frec[uencies:

"The
free

EI
ml*

COs

(11)

of the

where

=
L =

boundary conditions.

"As given by Rayleigh in his 'Theory of Sound' the
numbers fall closely in the ratios of the
odd numbers starting with 3; that is, 3, 5, 7, 9, etc. The
first three characteristic numbers are 4.73; 7.853; and
characteristic

10.996."

foregoing expressions were based on the considera-

tion of pure flexural deflections neglecting the inertial
effects involved in the inclination (or rotation) of

sections

beam

Further development

and neglecting damping.

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,
The following expression is abas will be shown later.
stracted from Kumai (1958), neglecting the external
damping considered by him:

EI[l +
Edt

1

-"^{k^V
+m-

1

+

+

+
5^
dt-

'-M

-\-

1

m-

+ Gdt
^^
k'AG

I

d.r-dt-

^=0

(12)

where

G =
k'AG =
r
^

q

=
=
=

shear modulus
effective shear rigidity of hull .section

radius of gyration of mass
coefficient of

can be seen that

its

for

about 30 percent

of the length of the hull.

When

moment of inertia of this island was added to the
moment of inertia previously computed up to the weather
the

deck and the calculation repeated, it was found that the
first mode checked within 1 percent but that the remaining frequencies were all too high. It thus appeared
that the stiffening effect of a superstructure of such proportions 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 superstructure probably adds very little to the shear stiffness."
There exists a vast amount of literature on the subject
Some of the references are
of free vibratif)n of ships.
listed in the bil)liography at the end of this chapter and
some will be found in AIcGoldrick et al (1953), Csupor
Detailed dis(1957), and Lewis and Gerard (1958).
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 fiu'ther in the

The term
5.52 Forced and transient vibrations.
"forced vibrations" is used in the present exposition for
the continuously acting excitation such as is caused in

Gdtj

7, ^
Gdt

it

following sections.

^^v

Edt

the profile of this vessel

island or superstructure comprising three decks extends

circular freciuency

length
an 'characteristic numbers' arising in the solution of this
equation with these specific
differential

The

fundamental mode.

"From

Un

.

moment

of inertia

Equations (10) and
provided the time-dependent
force P{t) is inserted on the right-hand side in place of
This is usually a sinusoidal function. While all
zero.
vibration modes are excited in principle, the response of a
particular mode, with the natural freciuency nearest to
that of the exciting cause, strongly predominates. A
pi-actical engineering problem is concentrated, therefore,
on avoidance of synchronism between any one of the
ships

by propellers and machinery.

(12)

apply

in

this case,

normal viscosity

coefficient of tangential viscosity

"Jasper (1948) and Mathewson (1949,

1950).
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AND

of the excitini^

force.

usually of a short duration.

In the present exposition
concentrated on vibrations caused by a
slamming impact. In nearly flat-bottomed carf>;o ships
it may ha\-e 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.
the attention

The decay

is

of free oscillations after the exciting force

The secimd

is more conspicuous
important in defining
the \ibration-caused bending stress, which is superposed
on se\'eral cycles of the wave-caused ([uasi-static stress.
An investigation of the first phase is necessary, however,

ceases to act.

to an observer aboard a ship

pha.se

and

is

dynamic condition of the hull at
the end on the impact, after which a slow decay of the
in

order

The

applicability of the electrical analog

t(j

define the

Vil)rations in

many modes

are excited

by a slam.

to

(1953):

"The group working at the University of Michigan
soh'ed by means of operational calculus the partial differential C(|uation for the uniform bar subject to bending deonly,

flection

momenta and energy

among many vibration modes cannot be determined
a priori. The determination of this distribution is the
fundamental part of the prolilem discussed here. Another important part of the problem is the evaluation of
the damping connected with each viliration 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, wdth tlifferent momentum contents, different initial time lags and different rates of
decay, determines the entire behavior of the structure
in time.
The cjuestion of damping will be further considered in the next section.
Three methods of attacking the problem, outlineil 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

and by Polacheck (1957). The ditt'erential
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 distinguish between the behavior of different vibration modes.
(1949, 1950),

eciuations of the vibration theory

calculations give directly the total behavior of a

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
Two important approperties vary along the length.
proximations have to be made, hfiwever, with respect to
the damping. A certain mean value of the damping
coefficient has to be assumed, disregarding its dependence
on the vibration frecjuency, and this coefficient has to be
assumed as proportional to the masses of ship sections.

structiu'e, as

having a uniformly distributed viscous

damping and acted upon by a transverse load whi(-h
was an arbitiary function of time and position along the
bar.

This ixniuired the solution of the differential e()ua-

tion

EI^+
d.r

Un-

the response to a specified frec[uency of a forced

oscillation, the chstribution of the

The

method

problem was discussed by McGoldrick,
et al, with reference to Kron (1944) and Kapilolf (DTMB
Rep. 742). It appears that attention was concentrated
on determination of normal modes and natural frequencies rather than on transient responses.
Theoretical analyses of forced vibrations and transient
phenomena caused by slamming have lieen found to be
difficult, anil so far were only apjjlied to l)ars of uniform
section.
The following is quoted from McG(jldrick et al

vibration begins.
like

293

ship-\'ibration

The term "transient \'il)rations" will he used to define
the viliratory response of a structure to a force Pit,.v)
variable in time and in the point of application and

(6)
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=
>nj^f+b^
dtdt

Pi.v,t)

damping force per unit length of bar per
and P{.r, t) is the external force per unit
length varying both with x and t.-^
"A solution of this e(|uation was found 1)3' the operational method employing the Laplace transformation.
"where

b

is

the

unit velocity,

The

derivation is given in the second progress report of
the University of Michigan on its contract with the
Office of Naval Research. -«

"The
/-"(.r,

I)

solution shows that, whatever form the function
takes, the response of the bar

normal modes;

is

expressible in a

in other words, the

system behaves in general like the systems whose small oscillations were studied by Rayleigh
Moreover, such a
system does not partake of wave motion in tlie 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 reciuired before a finite motion takes place
at the other end, but the process is the result of compounding 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.
"It also follows from the solution of the uniform bar
problem that in each normal mode the .system behaves
as a sj^stem of one degree of freedom would beha^-e and
as though tills 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
series of

.

influence

function,

damping constant

the

effective

.

.

mass,

of the S3^stem in that

stitt'ness,

mode and on

and
the

frequency of the force to the natural frequency of the mode. The ordinary resonance curve for a
system of one degree of freedom is applicable to each
."
normal mode indi\idually
Uchi (195(ia, 1958(/, 1958() also obtained the .solution of
ratio of the

.

26
'"'

.

1'reviouslv defined symbols are omitted
( )rmoiulroyd et al (1948).

from the quotation.
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43

Comparison of experimental and

theoretical values of superimposed stress

model (from Ochi, 1958)

(V.i) fur a flexural deflectidii of a bar of uiiiforni
section assuming a constant value of the coefficient of

equation

In this connection he represented
accession to inertia.
the damping cocfhcient b as
(14)

The

resultant

partial differential e(|iiation

is

identical

the terms connected with shear
Ochi (1958f)
deflection and damping are omitted.
obtained the solutions for two phases of the vibration

with equation (12)

process,

<

t

<

the impact force.

t

if

and

The

>

t

r,

where

r

is

the diu'ation of

solution for the deflection

bending stress was given as the sum
stresses in various \dbration

of deflec^tions

modes and the

and
and

investigation

A

novel and paris the evaluation
ticularly important part of
of the impact-momentum distriliution among various

was carried up

mode.
this work

to the seventh

modes by the least-work

analysis.

The damping was

taken as a function of the vibration freciuency; i.e.,
was different for each mode.
Ochi made computations for a l)ar with structural
properties corresponding to the brass ship moilel which
he had tested in a t(nving 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 hrst vibration cycle. Conceivably,
at the first instant the impact momentum is primarily
al)sorbed in shear deflection and the neglect of this in
computations led to the incorrect evaluation of the
A satisfactory agreement in the
first vibration cycle.

subse(iuent cycles can be interpreted as a confirmation

on deck amidship; V-form

LOADS ACTING ON A
number

(ockl

SHIP

of ufidal points) vauisli amidships.

AND

How-

ever, tlu'y will he sigiiiheant at a certain point forward

amidships where the total vibration- caused bending
should be at its maximum. Ochi's experiments,
Fig. 42, show indeed the maximum to occur about 7
of

moment

per cent forwai'd of amidships.

5.53
ships

is

Added mass and damping.

cillations in

for

I'he \'il)ration of

governed by the same laws of dynamics as os-

much

waves and the reader

of the discussion.

is

The

referred to C-hapter 2
\-ibration analysis

= damping coellicicnt
pA = mass of ship ])er unit length

6

"McCioldrick (1954) mentions from the analysis of many
data on full-scale experimental works that the damping
in ship vibration appears to increase with fretiuency and
the value of b/pAu (where oj is a frec|uency in radians) is
constant.
He gives 0.034 as the mean \-alue of h/pAo:
for all modes of ship vibration.
Kinnai (1958) recently
discussed

of evaluating a ship's mass
and structural-propert J' 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 pi'ossures.
The
evaluation of the added mass is usually based on theoretical work of F. M. Lewis (3-192!)), .J. Lockwood Taylor
Xo c'omplete and
(3-1930/)), and Prohaska (3-1947).

reliable experimental verification of this material

appears
be available. Alotlel experiments may indeed be
ciuestionable because of certain water-separation efTects
during a part of an oscillation cycle (Keuligan and Carto

Theory indicates
that free-water surface effects (wave making) should not
be signilicaut at vibration freciuencies and the data,
given by the in\-estigators mentioned, should, therefore,
penter, 3-195(3; T. B. Abell, 3-191()).

be directly apijlicable.
The largest uncertainty is in the effect of threedimensionality on the added masses obtained by twodimensional strip theory. F. M. Lewis (3-1929) and
J. Lockwood Taylor (3-19306) made analyses of this
effect at various vibration modes, and Lewis evaluated
The imthe residts for the first and second modes.
portance of higher modes in slam-caused vilirations makes
it desirable (if not mandatory) to extend these calculations 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 niovements of a body surface
element in shear and trending deflections, including ro-

damping

factors in the higher

of the

damping

be more uncertain than

in

vibration appears to

e\'aliiation

of

added masses.

following ([notation from Ochi (1958t')

some experiments.

made

On

may

damping

factors

namely, 1 ) water friction, (2) generation of pressure wave, (3) generation of surface wave,
He concluded that a
(4) structural damping force.
in ship vibration,

(

generation of sm'face waves as well ;is a structural damping force are the main sources of damping, especially the
former is pronounced in light draft condition."
As the result of his investigation, (Jchi found that the
internal damping of his brass towing-tank model formeil
80 per cent of the total in the first mode and essentially
100 per cent in higher modes.
He also found theoretically that the damping is proportional to the fourth
power of the ratio a„/L, where a,, is the characteristic
number of the /;th mode and L the length of the bar.
The reader's attention is called to three forms of expressing the damping of a vibrating system:
The term "damping coefficient" has been used for
(o)
the coefficient h of the velocity-dejjendent term (y or i)
of differential ecjuations of o.scillatory

motion

[for

in-

stance eciuation (13)].
The factor e"**' occurs in solutions of free x'ibrating
{b)
systems and is a measure of the rate of amplitude decay.
Kumai (1958) refers to the ([uantity q as the "damping
factor."
(()
The "logarithmic decrement," 6, which is connected with the damping factor by the relationship
:ini

CO

(15)

is the natural frequency.
Ochi's solution of eciuation (13) (for ])ure flexural deflection) resulted in the evaluation of the damping factor

serve as

ship vibration, especially to estimate the external (water)
internal (structural)

damping

coefficient.

More-

over, there are some difi'erences between numerical
values given in the following papers;
"[J. Lockwood Taylor (3-19306)] gives the following
simple values for small amplitude of two node vibraticjn
in full size ship:

b/pA = 0.025

=
=
"where

of ship

the other hand, Sezewa (193())

a theoretical consideration on four

+

b,

an introduction to this subject: "We have little data
which is sufficient to estimate the damping coefficient in

and the

modes

vibration taking into account the effects of shear deflection, rotary inertia, internal damping and also made

where w

tation of sections.

The
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is

based on the strip method

The evaluation
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where he used

0.032 (for
0.0()(i (for

148 rpm)

=

4.07

X

(Iti)

10^ for a steel structure.

Kumai

(1958) computed Table 11 which shows contributions of various factors to the logarithmic decrement based on calculations for a 32,000-ton tanker.

The last column gives the empiricall.y obtained logarithmic decrement for vertical vibration of ships from 2()0
This relationship for the two-noded vibrato GfiO ft long.
tion

80 rpm)
99 rpm)

(for

^

^ha„/Ly
2m

is

5,.

= C/L

(IG)

where C is a coefficient with the value between 3 and 4,
and L is a ship's length. For higher modes the logarith-
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Table

No.

1
Numerical Results of Components of Logarithmic Decrement in Higher
Symmetric Modes of Vertical Vibration of a Ship. From Kumoi (1958)
1

of

A'.

nodes

cpm

2

62.04
173.8U
289.30
401.00

4
6

8

Contributed by:

inic (decrement 5„ is related to

|

0.00313
0.02110
0.04070
00000

0.(12410
0.02L'(;0

0.02180

— normal

viscosity,

j;

—tangential

the one at two-noded fre-

where oj,,
tion and

is
coj

=

d,iw„/o,,y^'

(17)

the natural frequency of the «-noded \'ibrathat of the fundamental two-noded mode.

The
Similarity conditions in ship vibrations.
5.54
rapid growth of the damping coefhcient with vibration
frecjuency indicates that towing-tank models cannot
directly represent the condition.s of a full-size ship.
Slam-caused vibrations in models are attenuated rapidly
because of the heavy damping associated with high ^'ibraIn ships, on the other hand, the damption frequency.
ing associated with a low fretiuency is small and vibraThis observation does not
tions persist a long time.
make model tests less valuable but it shows that interpretation of model tests can only be made with proper
regard to the vibration-res]:)onse theory.
In metal models used by Ochi and Sato, (Sections 4.2
and

4.3), the structural characteristics affecting

deflections were similar to those of full-size ships.
ever, the reduced

number

of longitudinals

bending

How-

and reduced

may ha\-e resulted in different shear
Careful consideration of these appears
to be needed in view of the large effect of tangential vis-

support

of the skin

characteristics.

cosity on

damping which

is

shown by Table

11.

Jasper (1958 appendix) investigated the scaling law for
geometrically and structurally similar ships f)perating in
The results are summarized in the followsimilar seas.
"Thus it has been shown that the waveing cjuotation
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
The ordinary, slow varying, waveimpulsi\'e load.
induced stresses may be expected to vary as the length
This summary indicates that ciuasi-static
of the ship."
wave-caused bending stress and vibration-caused bending stress should be considered as two distinct components to be added to obtain the total stress. A percentage increase of the wave-caused bending stress by slamming 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 dynamics of the \-ibratory ship resjjonse to a
slam was discussed in the foregoing sections. The principles on the basis of which the impact force in a slam can
be estimated were outlined in Chapter 2 but it appears

0.00032
0,00010

0,0216
0,0453

(10000

(l,0(i34

00004

0.0818

,

.

quency,
5„

Oemp

5r

0,01813

viscositj', f

0.0216
0.0467
0.0687
0.0890

— external damping.

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.
Furthermore, 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 published for a relatively slow developing bow immersion,
such as was observed by Warnsinck and St. Denis
Dalzell's (1959) work appears to be the first
(3-1957).
attempt at an analysis of hydrodynamic forces involved
in such a case, as well as of the resultant vibratory response of a towing-tank model.
Tlie scope and objectives of this work best can be
stated by quoting from Dalzell's introduction: "A number 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

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

model.

whether the impulsive forces on the model could be calmethods and data."
"It was felt worthwhile to work with a regular wave
case for simplicity, and the case chosen for study was that
culated, utilizing existing theoretical

of a 5.71-ft destroyer model" at 6.0 ft/sec in regular
waves 7.14 ft long. Experimental records for this case
had been obtained and indicated both large motions and
(A complete description of the
large model vibrations.
model and experiments maj^ be found in Lewis and DalFurther, the ship motion theory developed
zell, 1958).
by Korvin-Ivroukovsky had been used to predict motions
for this case with reasonably good agreement with experiment (see Korvin-Kroukovsky and Jacobs, 3-1957).

also be used to predict bending moment
response in regular waves, and this had been done for the
Since these methods
case luider study by Jacobs (1958).
utilize coupled etiuations of motion with constant coefficients for a rigid body, the calculated motion and
force responses to an assumed sinusoidal wave are also-

The theory can

'

The model

represents a destro3-er 383

ft in

length.
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slaniming analysis) the duration of the impact
the velocity
is

is

assumed

to

is

short,

remain constant, and the force

defined as

Force

= w dm" /dt

(19)

In the linearized analysis of ship motions, as developeil by
Korvin-Kroukovsky and Jacobs (3-1957), a wall-sided
ship is assumed, the hydrodynamic mass is held constant,
and the force is expressed as

Force

= m"

dw/dl

(20)

Considering a relatively long duration of a destroyer impact and variable draft and wetted beam, Dalzell modified Korvin Kroukovsky and Jacobs' expressions to include variations of both the hydrodynamic mass and
velocity; i.e., expressed the force as

Force

=

ih"w

+

m"

{1\)

Quasi-static wave-caused bending moment resulting
from this analysis is shown in Fig. -14 (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
it is often advisable to consider sepathe magnitudes and curve shapes (or trends).
In
the present case an apparently improved method of
analysis resulted in large exaggeration of the bending
moment. On the other hand, the analysis demonstrated a nonsinusoidal behavior of the bending moment

rational analysis,
ratel.y

Calculated and experimental rigid-body midship bending 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.
Fig.

44

(from Dalzell, 1959)

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 predict motions, then to evaluate the hj^drodynamic loads
at successive instants of time during the cycle assuming
This
the calculated motions and sinusoidal waves.
evaluation was to be done taking into account the variation during the cycle of buoyancy and added hydrodynamic 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:
sinusoidal

Force

= y

(m w)

(18)

the hydrodynamic mass and iv the relative
body with respect to the fluid.-* In a
seaplane landing (used by Szebehely to formulate ship

where m"

is

velocity of the

^'

Symbol w

body.

is

used here for the vertical velocity of an impacting

and thus confirmed earlier findings of Horn (1910) and
Hazen and Nims (3-1940). Demonstrated departures
from a sinusoidnl 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 cvirve as an
Basic expressif)ns for the vibratory
response were taken from Frankland (1942) and TimoNatural frequency and damping were deshenko.^^
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 f)f 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
e.xciting function.

initial

conditions.

tions were

The

cyclic

bending-moment

varia-

found to repeat themselves beginning with

the fourth cycle.

Model speed of 6.0 fps was chosen for the analysis because 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
2'

New

"Vibration Problems in Engineering,"
York, N. Y., third edition, 1955.

D

Van Nostrand

Co.,
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Fig.

45

6.0 ft

/sec

85%

not exist at slightly lower and higher speeds of 5.8 and
The comparison of calculated and experimental

data

in Fig.

45

is

calculated valt

Calculated and measured elastic responses of a destroyer model (from Dalzell, 1959)

6.8 fps.

The exaggeration

o-f

based, therefore, on these latter speeds.
of the exciting bending moment, shown

44 would lead to the exaggeration of computed
The "calculated 6.0 fps" curve in Fig. 44 w-as
draw-n, therefore, taking 83 per cent of the original Dalzell's data in order to liring out more clearly the comparison of the time behavior of bending moments.
The
calculations brought out the, experimentally observed
large magnitude of the sagging moment as compared to
Calculations also brought out the
the hogging one.
existence of experimentally observed vibrations, although
details of the calculated and observed vibrations did not
Indeed, it appears to be almost hopeless to reagree.
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 vibratory 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 e.xact 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 condition.s leading to a slam in irregular sea, thereValuable information, howfore, cannot be formed.
e\^er, can be obtained by the modern methods of mathematical statistics. Any characteristic of a ship's response to regular waves can be established either by calculation 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
in Fig.

responses.

experience, a set of characteristics significant to

slamming

can be specified and the joint probability of their occurrence can be statistically evaluated. Thus, L. J.
Tick (3-1954) has establi-shed the joint probability of the
bow emergence and a vertical velocity of the bow exceed-

However, a slam will occur only
nearly parallel to the water surface over
an apprecialile part of the ship's length near the bow.
In computing the joint probability, L. J. Tick (3-1958)
extended his work to include a specification of a certain
small keel-to-water angle.
Tjpical slamming conditions 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
du'ectly indicate the severitj' of a slam.
This, however,
can be evaluated indirectly. The probability of occurrence of various vertical bow velocities can be comFor any specified vertical velocity the hydroputed.
dynamic impact force can be computed by the Wagnering a specified value.
if

a ship's keel

is

Szebehely-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
Only the
data, or sometimes even wave forecasts.
general conditions prevailing at the time of stress measurement are given. Detailed relationships between
wave profile and stre.s.ses, 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:
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LOADS ACTING ON A

SHIP

AND

THE ELASTIC RESPONSE

Mormacpenn on the eastward

ciosisiii}>; of the fourth
This inchided February 8, 195G, on which the
second largest numbers of counts in the ranges 8-12,000
and 12-1(1,000 psi were recorded. Numerous observations chu'ing 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
Since the strain
seas at the time of maximum pitching.
gage was installed on the port side only, it is possible
that high fretiuency of stress in. the foregoing ranges

voyage.

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 coA large lateral component may occur simulordinates.
taneously with the vertical one when the ship's bow
plunges into a wave while the ship is at 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
This
of the signihcant effect of the lateral moment.
indicates that the information on rolling should be included with other data describing ship conditions during
stress measurements.
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In a random distribution of mea.sured

1

stres.ses,

any

arbitrarily large stress can be indicated provided suffi-

ciently low probability of occurrence

The

is

specified.

based on the observational
data in which a very small numljer of occurrences of a
high stress is found. ^^ The starting point for the extrap2

olation

is

A

extrapolation

is

therefore uncertain.

assumes an
unchanged en\ironment. Howe\-er, the physical conditions of a ship among waves change with excessi\e increa.se of sea severity.
The nonlinearities, which normally may not be important, grow in importance in waves
3

of

statistical extrapolation necessarily

extreme

steepne.ss.

the author's opinion that the evaluation of extreme stresses shoukl be based on the consideration of
the physical conditions of ship operation.
It has been
It

is

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;
i.e., with the ratio of the wave height to wave length.
The wave steepness, however, cannot increase without
In regular wa\'es the limiting steepness is V?.
methods, used in describing an irregular sea,
do not permit at pre.sent prediction of the steepness to be
expected in wa\'es of a specified length. The research
in formulating the necessary mathematical methods for
limits.

Statistical

purpose is recommended.
Sea ob.servations on wave steepness as a function of
wave length had been made and were described in Chapter 3.^'
Relatively mild steepnesses were ob.served.
this

7

Statistical

Data on Ship Bending Moments

Unrelated to Sea Conditions

Jasper (o-iySli) presented a large collection of statistidata on Ijending 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 statistical 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 determinable.
Since the statistical stress-distribution laws were investigated 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 relationshij) between the ship form and stre.ss le\'el was not
included in Jasper's paper.
Additional data on Jasper's paper will be found in
This section includes two quotations
Section 3-5.2.
defining the utility of the statistical information which
cal

was

collected

and

de\-elopecl

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
As the wa\'e steepness increases, the action
the relieving dynamic effects rapidly increa.ses.
An

steepness.
of

effective limit to the

maximum

stress

can therefore be

expected.

may

be of interest to imagine a case of a small ship
on a crest of a regular wa\-e of the extreme V?
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,
It

carried

being in the condition of a free falling body.

The bend-

ing stresses are nil in this extreme condition.

moment

and

experimental model research are
order to evaluate the extreme bending
conditions on physical grounds.

Theoretical

recommended

in

by Jasper.

7.1
Maximum Bending Moment Expected at Sea.
In his paper, Jasper (3-1956) included the discussion of
This is
the maximum bending moment expected at sea.
based on the extrapolation of the freriuency 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:

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

" See

for instance is illustrated
Figs. 3-37, 38 and 44.

by Tables 12 and

1.3.
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in various weather coiulitions must be conas the most important direction of research
Since
leading to the rational evaluation of ship stresses.
apparently iusurni()untal)k' differences of opinion exist

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

d(jminant research groups, it is
suggested that efforts be directed to interest and support
additional research groups, not yet associated with one

sea,

The
or another of the mutually opposed opinions.
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

bination

spectrum
sidered

between certain

Chapter

cnu'rentlj^

1.

and Model Tests. The linearized
ship-motion and shi]i \'ertical beniling-moment theories
ill 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 beliaxior.
Further improvements are necessary, of course. However, they will be directed primarily to the evaluation of
various coefficients entering into differential equations
The most important of these are the coof motions.
efficients of damping forces, and the acute need of furtlicr
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 reasonably good agreement with calculated motions at model
Motlel
speeds which are higher than synchronous sjieed.
test data appear to be unreliable for speeds below synchronism because of the interference of waves reflected
from the towing tank walls, Abkowitz (.3-L956a). The
only measurements available to date in a wide maneuvering tank, Numata (1957), indicate considerable differences in model motions from the results obtained in
Since ships
long tanks at and below synchronous speed.
are always operated below synchronous speed in heavy
weather, the additional experimental research in wide
tanks in the low speed range is necessary.
Alodel tests in towing tanks have given clear fiualitative information on the magnitude of bending moments
This information,
as functions of encountered waves.
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 liydrodyuamic forces resulting from
interaction of a ship and waves further reduce bending
8.3

Linear Theories

moments,

liationally

computed as

well

as

experi-

mentally measured bending moments are much smaller
than statically computed ones in any given legnlar wave.
On the other hanti, indi\-itlual waves in a tyj^ical irregular 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 bendingmoment calculations be pursued. The research in this

It can lie imagined readily that, in an irregular
an unfavorable combination of several components
may occur from time to time. Unusually high stresses
may then result. Such an occasional unfavorable com-

signs.

may

explain the recorded occurrence of high

under

apparently mild-weather conditions,
Section ti.
Quantitatively, significant differences are observed in
bending-moment behavior as measured on models by
different investigators.
These differences are particularly conspicuous in the \'ariation of bending moments
with model speed and in the amoimt by which the sagging
stresses exceed the hogging ones,
l^'urther model research in l)ending-moment and shear distribution is,
stresses

llierefore,

recommended.

The

probability of important

wall inteiference in long tanks indicates that research

programs in wide tanks are needed.
8.4 Nonlinear Theories.
I^revious remarks on the
raticnial theory of ship motions and bending moments
were based on a linear theory. The significance of nonlinearity 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 l)elie\'ed 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
This opinion is based on the fact that ship moforces.
tions are obtained by double integration of accelerations
caused by hydrotlynamic 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 defined 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 structure 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.
increase of sagging liending

moments

The

with
the wave height and a ship's speed (Sato, 1951; Lewis
and Dalze'l, 1958) is suspected to be caused by nonlinearities resulting from the submersion of a flared bow
in waves.
The foregoing discussion and the model experiments indicate that the motions remain nearly harmonic in regular wa\TS and are not changed appreciably
even by slamming. Hence, the instantaneous hydrodynamic forces can be calculated considering the actual
'*

The

e.xpressioii "iloulili'

of destroyers

integration" sliould not be considered

as applicable to calculations but rather as the description of a
physical jjrocess in which time is needed for accelerations to develo])
velocities, and for velocities to develop bodj' displacements.
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conditions of submergence, velocity, and acceleration at
each ship section while computing these latter on the
Only a pioneerbasis of the linear theory of motions.
ing attempt in this direction was made by Dalzell (1959)

and further work

of this

type

is

suggested.

Seven Degrees of Freedom.
Measiu'ements 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
Ship Motions

8.5

'^^

in

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 se\'en degrees of freedom'^ must be formuThe formulation of the ecjuations of motions
lated.
has been accomplished by Kriloff (3-1898) and is also

found in aeronautical literature. A large amount of
theoretical and experimental research is needed, howfor

ever,

evaluation of

the

necessarj^

coefficients

of

This subject was disHowever, the
greater detail in Chapter 3.
again emphasized here because the data of

differential equations of motion.

cussed in
subject is
E. V. Lewis' (1957c) report indicate the significance of
oblique sea conditions in causing large ship bending

moments.
Slamming: 8.61 Bottom impact. The problem
8.6
of ship slamming has l>een treated quite inadequately in
No clear distinction has been made between
the past.
(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 (6)
and (c), are applied to a ship's structure with such a

—

—

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 theor}' and it remains valid as long as the
fluid
i.e.,

velocities

the

change not too rapidly with distance;

velocity

gradient

is

small.

If

the

velocity

becomes significant and the
potential flow breaks down.
These conditions can be

gradient

is

large, the \'iscosity

expected to occur at a spray root of a V-section with a
\-ery small deadrise angle.
Flat bottoms or bottoms
with excessivel.y small deachise 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
In this approach a force of infinite
fixed magnitude.
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 impossible result.
However, a quantitative analysis of
the effect of these elasticities

is

lacking.

Two

alternate

research programs can be suggested here: (a) The de\'elopment of an impact theory in which the h.ydrodynamic mass is deri\'ed on the basis of true physical conditions^"

and

not assumed

is

in

advance,

(b)

The

The relationrapidity that ship vibrations are excited.
ship between the load and the stress cannot be determined in this case by the rules of statics and it is neces-

quantitative evaluation of the effects of water's and

the elastic response of a ship's strucIt appears that little attention has been given
ture.
so far to the study of these elastic effects.
Theoretical evaluation of bottom pressures in slam-

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 calculations as were made by Bledsoe (3-1956) for cargotype ships be extended to cover the full submersion of a
In this case the impact lasts an
flared destroyer bow.
appreciable amount of time" and the impact force must
he presented as a function of time. Typical combinations of the .ship and wave motions should be assumed.
These can be obtained either fiom model tests or from

sarj^ to investigate

ming has been developed only in the past few years by
Szebehely and his associates at the David Taylor jNIodel
This activity was based on theories of H. WagBasin.
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
It
of the wetted area reached the turn of the bilge.
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 expandingThe fii'st of
plate and Wagner's spray-root theories.
these, however, is intended to represent the total force
^^

Surge, sidesway, heave, rolling, yawing, pitching and rudder

motion.

ship structure's elasticity.

The

research directed to obtaining reliable experi-

—

"> Not forgetting the extremely rapid changes of the flow pattern
with time, and the effects of viscositj- when the velocity gradient

l)ecomes excessive.
Of the order of
'''

1

sec.
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Basing tlie entire investigaon calculations can be expected to yield more consistent results from which it will be easier to derive
Unlike the bottom impact of cargo
various trends.
ships, the force acting on a submerged destroyer bow
consists of the static buoyancy and of dynamic pressure
The measureforces of the same order of magnitude.
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

ELASTIC RESPONSE

calculations of motions.

latter. 5^

tion

steady-state

model's elastic I'esponse. 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 -Mid most needed liekl of research in ship
stresses lies in the determination of a ship's elastic response to a slamming impact. This subject was outThe importance of it was demonlined in Section 5.5.
strated bv the preliminary data on tlestroyer tests puhhshed l)y Warnsinck anil St. Denis (3-"l957,
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 docs not occur at the time of impact but some time later. The first cff(>ct ui the impact
The supeiis to excite ship vibrations of all modes.

NSMH

position of several

modes

of vibration defines the tran-

During the transient state, the initial peak
hogging bending moment at the point of an imjjact
gradually 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 disconThe bending stress of the
tinuities of mass distribution.
two-node vibration is superposed o^'er the maxima (jf
several bending-moment cycles which occur at the frequency of wave encounter. Not only the maximum
stress is often more than douliled but also a large niunsient state.

is thereby produced.
Suggested procedure in research on elastic
response. As has been stated already, the research
in the elastic response of ships appears to be in
Very few references were found in the
its infancy.
literature and these were mentioned in Section 5.5.
These references had given a rather incomplete treatment of an impact on a slender beam and have not yet
In its entirety,
considered a complete ship structure.
In
the problem is evidently extremely complicated.
order to formulate a fruitful research and to make rapid
progress, it is necessary to subdivide it in its composite

ber of stress fluctuations
8.71

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

It
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free

vibrations and

harmonic

vibrations.

with the

The most

important results of investigations are the evaluation of
the locations of nodal points and of frecjuency of different vibration modes.
Next in importance, and apparently less developed, is the experimental evaluation of
damping characteristics for different modes. The determination 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 frequencies of vibration as they are found from the aforementioned analysis of harmonic-vibration characterisThe analysis of an impact response can then be
tics.
made assimiing the structure to be an artificial simple
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 Pt and its
slender

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 uniform force P acting over an extremely short time r. A
certain distribution of impulses along a ship's length will
be necessary in order to represent a pressure area of a
For the more slowly applied impacts
given magnitude.
of flared bows, such as are found in destroyers, an additional distribution of impacts with time will be neces-

sary.

In the form of research suggested above the problem
subdivided in four stages:
1
Determination of frequencies and locations of nodal
An evaluation
points for a number of vibrational modes.
of the corresponding damping characteristics (by analysis
is

of experiments).

Distribution of amplitudes excited in all significant
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
2

modes by a

and stresses can be
by simple summation of deflections
vibratory modes along the entire length of a

transient time history of deflection

computed
caused by

readily
all

ship.

1

Superposition of deflections caused by impulses

distributed along a ship's length and with time in order

an actual force distribution.
may not agree with the simplifying order
of procedure suggested and may formulate another approach.
The author only wishes to emphasize the
importance of the research in this field and the need to
It appears to him
simplify the complicated problem.
that a principle "to divide and to conquer" is a promising
approach, which moreover, permits spreading the work
among many investigators. Apart from the fundato represent

Some

readers

laige fiterature already exists in regard to the

™ Previous data were obtained on slow cargo ships and indicated
bending moment increases of tlie order of 20 per cent.

'' The investigation of a ship's structural characteristics is outThe following two referside the sco]je of the present monograph.
ences can be given, however, as illustrating the latest achievements
in this field: Mctloldrick and Russo (1955) and Csupor (1956).
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difficulties in formulating a satisfactory approach, the difficulties are expected in the attainable
accuracy of evaluating characteristics of higher modes of
These may be important in the early stages
\-ibration.

mental

(jf

The.v also may be important
upsurge at structural and mass discon-

the transient process.

in defining stress

tinuities.

8.72 Experimental data on elastic response. The
experimental data on structural responses to impulses are
The organization of experiments and
e\'idently needed.
the reporting of test data, should correspond to theoretical
The deflections and stresses must be reoutline given.
ported as functions of time as well as of the location
along the beam. Experiments with simple rods in a
stiuctural laboratory will serve to verify the simple beam
theory.
Built-up ship-hke structures may be used in a
laboratory in order to verify the "artificial-beam" appioach 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

mass discontinuities. The
must be investigated separately by

of structuial or

effects of these latter

additional groups of gages.
It has been mentioned freciuentiy 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
This
destroyers or other ships designed for high speed.
re.search will reciuire a more elaborate strain-gage installation than is common in the bending-moment reAs much investigation as possible should be
search.
done in harbor since the difficulties of mahitaining the
extensive equipment at sea were emphasized in the work

on the SS Ocean Vulcan.

The

strain-gage installation should be supplemented

reports on stresses.

wave

lengths of the swells.
It is recommended that the
simple equipment needed for this purpose and the routine
operating procedures were de\-eloped for making these
recordings in connection with the measurement of ship
The swell heights can be determined if a
stresses.
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 de\'eloped 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

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-

slamming impact.

measurement. The extreme difficulty and
of an extensive strain-gage installation
thereby can be avoided and onlj' a few strain gages m
The optical eciuipaccessible locations need be used.
ment can be of semi-portable type reriuiring a minimum

exce.ssively large.

tediousness

modification of

a ship's

structure.

The statistical studies of
8.8
ship stresses in relation to the ambient weather were
illustrated in Section 6 by an abstract of data obtained
Statistical

Studies.

on two C-3 cargo ships. The work of this kind should
be continued but more attention should be given to
It is suggested that a
reporting weather conditions.
complete copy of a ship's weather log be included in the

consider the

data to be sufficiently accurate for judging the relationships to ship stresses.
A weak part of the weather
descriptions, as it is used at present, is the lack of clear
tlistinction between swell and wind sea.
It is very
difficult to make this distinction visually even in moderate weather and impossible to do so in a wind of Beaufort 6 and above.
The value of stress measiu'ements,
such as were made on C-3 ships, would be enhanced if
ships were ecjuipped with shipborne wa^'e recorders.
From the analj^sis of wave records the presence of a
swell can be detected.
On large ships, however, the
a\'ailable wave recorders (Tucker's) do not give satisfactory records of moderate wind sea.
This is caused
bj^ the depth of the gage installation and the resultant
attenuation of the effects of small waves.
E. V. Lewis' (19o7c) report on stresses on two C-3
type ships indicated a frequent occurrence of high
stresses in moderate wind conditions.
It is almost certain that in such conditions the stresses are caused
prunarily by swells. A simple method of photographing
the radar screen (Roll, 3-1952) gives a valuable quantitati\-e information regarding the direction and wave

by the optical deflection measurement similar to those
used by Kempf on the SS Hamburg and Schnadel on the
jMS San Francisco. However, a continuous optical
recording must be de\'ised to investigate the time dependence of deflections and to permit the harmonic

flection

The author does not

forecasts or hindcasts on the basis of meteorological

1

The evaluation

of

wave conditions

at sea in terms of

directional spectra.

Evaluation of the elastic response of a ship to a
This appears to be particularly important for ship forms designed for high .«peed.
In these two domains the available knowledge is in2

sufficient

and the imcertainties of stress estimates are
Immediately next in importance is:

Evaluation of ship motions with seven degrees of
3
freedom (including rudder motions) and resultant ship
These motions and stresses occur in oblique
stresses.
irregular waves.

9

Condensed

List of

Suggested Research Topics

1
Bending Moment Analysis of se\-eral ships is .suggested using equations of motion with variable coefThe linearized theory (using conficients, Section 2.2.
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coefficients) can be assumed to hokl for ship
motions, l)ut instantaneous values of coefficients, taken
as functions of the draft, are to be taken for lien(Ung

stant

moment

analysis.

Bending

Moment

Analysis of ships to which the
apply is suggested. This includes
such forms, for instance, as the yacht discussed by
Korvin-Krouk(i\sky and Jacobs (3-1957) and a shallowdraft vessel of Akita and Ochi (3-1955).
In this case
the varialjility of coefficients must be considered in
calculations of motions, as well as bentling stresses, and
the proj(>ct involves step-by-stcp numerical integration
or the use of an analog computer.
3 Effect of Attenuation of the Wave Profile as the
wave progresses along the shi|) should be in\-<'stigated.
In the strip method of calculation, basetl on KorvinKroukovsky and Jacobs (3-1957) and Jacobs (1958),
2

linear theory does not

this effect is neglected.

Therefore, usually it is not ])osof the fiending-nioment
diagram, and calculations are based on the front half of
sible

to

achieve

the

closing

a ship's length. The method of corrt-cting for the wa\'e
attentuation can be based on Grim (3-1957(;, second
part).
In addition to closing of the bending-moment
diagram, the impro\-enient can be expected in the e-\'aluation of phase relationships.
These relationships are
sensitive to cross-coupling coefficients

affected

bj-

the

wave attenuation.

which are directly

Stresses are in turn

phase relationships.
Development of the Control Over Ship's Loading

sen.sitive to

4
is

suggesteil in onlcr to a\'oid exccssixc ship stresses.

was shown in Sections 3.1 and 3.2 (MS San Francisco
and SS Ocean Vulcan) that bending moment caused liy
a ship's loading often doubled the wave-caused moment.
5
Correlation of the Computed and Measured BendIt

Moment

on ships at sea can be made broadly following the technique of Schnadel and Admiralty Ship Welding Committee, Sections 3.1 and 3.2. However, coning

siderable refinement in the instrumentation

and analysis

needed.
Continuous and simultaneous recording of all
data must be pro\'ided. The method of recording must
be co-ordinated with the available methods of analysis
so that a larger proportion of the olitained data could be
utilized than heretofore has been possible.
The instrumentation should include a shipborne wa\'e-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 I'onsidered in reconstruction
is

of wa\'e profiles.

The wave

height at positions different

from the place at which the height is measured conceivably can be evaluated l)y methods of Fuchs (3-1952)
and Cote (1-1954).

The author does not

believe that

it is

practical to use

enough pressure gages to evaluate the total hydrodynamic force with sufficient precision. He suggests,
therefore, that pressure measurements and their correlation with theory be made only on one or two ship sections.
Other cf)rrelations would hv 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

nu)ments

l>e

established

b.y

calibration in port.

As

in the

case of pressure gages, one or two ship sections in accessible location

(engine room) can be ec^uipped

com-

pletely with strain gages.
It is recommended that a suitable towing-tank test be
conducted on the model of a ship usetl in sea observations.
The data from such an auxiliarj^ project will
help in interpretation of the data ol.)t.ained 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 Bending Moments should be investigated further by theoi-y
and model tests. The data of Schnadel, Lewis, and (Jchi
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-

moments

dejiends, of course, on tlic tj'pe of ship.
Limiting Value of Bending Moments in head seas
should be investigated b,y using nonlinear theorj- and
computational procediu'e. The techni(|ue is similar to

ing

7

that indicated in project 2;

moments

ship motions and bending

are to be evaluated employing step-by-step

iiitegratiou of the coupled pitch-heave equations of

mo-

evaluated

on

tion
tlie

with

time-dependent

coefficients

basis of instantaneous conditions.

A suitable

section

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
of a typical long-crested irregular

that the investigation

lie

made

in irregular wa\-es, since

the phase relationships in a continuous train of regular

may be different from those in a group of a few
high irregiUar waves, and since bending moments are
Calculations
strongly affected bj' phase relationships.
should be repeated for a few sea conditions of increasing
.severity in order to establish the relationship among bending moments and statistically defined sea conditions.
Once the computational programming is developed, the
additional cases can be evaluated on high-speed computers with but little additional lalior.
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 statisticallj' the fre([uency 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 riuis
in successive sections of a continuous pattern.
9 Bending-Moment Measurements on Models in
wa\'es
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made in wide
now becoming available.

Short-Crested Oblique Seas should be

number

tanks, a

of

which

is

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

bending-moment conditions may occur
or

beam

that

In pressure measurements, a thorough investigation
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.

must be made

critical

in steep oblique

short-crested wa^^es of too small a length to be

head waves.
The vertical and lateral bending moments should be
measured in these tests and/or strains should be recorded on both sides of the deck. In particular, the
models representing ships with lai-ge 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

Records

11

of

Slams

of

Ships at Sea should be

The observations reported by Warnsinck

obtained.

and Fig. 40, can be taken as a
improved by instrumental recording
The use of the more open time scale
of wave profiles.
is suggested in order to permit a more complete analysis
of the initial stages of the impact and of the subsequent

and

St. Denis, Section 5.3

critical in

guide, but should be

metacentric

Strain-gage instrumentation should permit tracing of the time history of shear and bendingmoment 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-

height.

Realistic

wave system should be used

short-crested

in these tests,

irregular

and exaggera-

tion of natural sea conditions should be avoided.

Model Experiments on Slamming

of cargo-type
Previous experiments of Lum, E. V.
Lewis, Akita and Ochi, Section 5.1, clarified the general
pattern of events, but more complete and detailed information is needed for the correlation with theory, which
is necessary for the proper understanding of the slamming
In particular, it is important to record all
process.
events simultaneously as functions of time, and to distinguish among approach conditions, the impact process
and subsequent vibration. It is suggested that experiments be made in reasonably realistic irregular sea conMost of
ditions at practical values of a light ship draft.
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
In the impact process, the
profile in the impact area.
development of the wetted area and of the total hydrodynamic force with time should be recorded. This
process in cargo-type ships is extremely rapid and highspeed 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 development with time. The time at which a slam occurs can
be established by preliminary tests in reproducible irThe short inregular wave pattern in a tf)wing tank.
terval of time of particular interest in a continuous wave
pattern can be covered in subsequent tests with highspeed 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
It is
effect of transients and to correlate with a theory.
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 verification of the elastic-response theory and the latter
subsequently applied to full-size ships.

10

ships are needed.

free vibrations.

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.
Effort to Evaluate Water Pressure Experienced
Slamming should be continued using theoretical

12
in

metlujds,

towing tanks, and observations
approaches may err in
Thereunrealistically severe conditions.

model

The

at sea.

stipulating

tests in

first

two

of these

sea observations are particularlj^ valuable in
establishing pressures encountered in practical operating

fore,

conditions.

be remembered that there is no uniciuely demagnitude of the water impact pressure.
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 response of a gage also affect recorded pressure.
It should

fined figure for the

13
Efforts to Develop a Suitable Theory for FlatBottom Impact are needed. Presently available Wagner's theories fail in case of a flat

14

Methods

for the

Impact

bottom.

Should Be Sought
Very Small (Vanishing)
from Wagner's
different

of Theoretical Analysis
of Surfaces of

An approach
Deadrise.
expanding-plate theory should be sought in that the
evaluation of the hydrodj'namic mass may differ from
the one derived by analogy with a fully submerged
The approach also may differ
plate in a steady flow.
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
peak pressures given by potential theory.
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 heretofore has been investigated in theoretical and modelIt cori'esponds
test approaches to the impact problem.
to a ship slamming in a smooth-surfaced swell in the absence of any wind. While such a condition may occur
of

15

LOADS ACTING
at sea,

waves

it

by no means common.

is

ON

A SHIP AND THE ELASTIC RESPONSE OF A SHIP

Usually swells, or

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. Theoretical efforts and model tests are suggested for the investigation of the impact pressure and total impact force

work is visualized as
progressing in two stages: («) The impact on a single
sharp wave crest can be investigated and the history
in these conditions.

of the force

of

the

Theoretical

development can be expressed as a function

wave

sharpness.

the degree of the crest
can be generalized by
statistics to represent the

steepness;

(5)

The

i.e.,

results

methods of mathematical
impact on a set of small wa\'es which are characterized
by the high-frequency end of a wave-energy spectnun.

16 Evaluation of Hydrodynamic Masses for High
The solution of the problem
Vibration Modes is needed.
was given initially Ity F. M. Lewis (3-1929) and J. Lockwood Taylor (3-1930&) and the ma.sses for the two

lowest modes were computed. The differences between
these two investigators were resolved, and a more complete solution was presented by Macagno and Landweber (3-1958) together with ninuerical data for the two-

The

extension of this work to higher
under the
project here suggested, Section 5.53.

node vibration.

modes

(at least to the seventh) is visualized

Evaluation of the Internal Damping Characteristics of ship hulls is needed for use in the analysis of slamcaused transient vibrations. The discu.ssion given in
Section 5.53 indicates the inaclecjuacy of the currently
17

available data.

Methods of Introducing Variable (FrequencyDependent) Damping Into the Finite-Difference Com18

putational Solution of slam-excited vibration should be

developed. This is needed in order to repre.sent faithfully the transient state of the slam-excited vibration and
the experimentally observeil \'ariability of the apparent
vibration period with time.
While it is not practical U>
distinguish among vibration modes in this method, the
variable damping can be set as a function of instantaneous values of dhj/dx\ d^y/dx-dt-, and d^y/dt^ as

shown by

ecjuation (12).

Active Theoretical Work in Analytical Solution of
Slam-Excited Vibration is Recommended, and is gi\en
a high priority in the present list of research topics.
This can be considered as a continuation of the work of
19

Ormondroyd and

Mathematical
of Ochi, Section 5.52.
have limited this work to the vibration
uniform section, considering only flexural
While a complete solution of the problem

difficulties so far

of

beams

of

deflections.

desirable in principle, the
the near futvu'e appears to
be remote. However, it aj^pears to the author that a
simple short cut in this procedure exists and may bring
for a true ship structure

possibility of obtaining

is

it in

remain sensibly unchanged

(McGoldrick et al, 1953; McGoldrick,
These methods take into con1954; Csupor, 1956).
sideration the variability of structural properties along
ship's length, flexural and shear deflections, and rotary

for ship hulls

inertia.
The activity under this proposed project can
be directed to evaluating the distribution f)f the momenta
and energies among various vibration modes. The work
of Ochi (1958f) 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 appropriate 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 beha\'ior of structures and thereby setting targets for the future analytical work; and 2) providing
experimental data for comparison with completed sections of analytical work.
In connection with 2), structural tests must be plaimed for a series of structures of
increasing complexity.
The following steps are suggested
:

Slender steel and brass bars.
(a)
A uniform section
bar flexural theory is expected to be applicable.
A thin-walled tube (steel and brass) in the air
(6)
and also floating half submerged on water. A uniformbar theory leased on flexural and shear deflections is
expected to l)e applicable.
(c)

and

of

uniform bar theory based on flexural and shear deand considering rotary inertia is expected to be
applicable with greater emphasis on shear than in subflections

project
(d)

(b).

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 mipact of a known force-time
pattern should be applied and simultaneous time history

number of points along the beam length
should be recorded. Suthciently close spacing of measlU'ing points should be used to permit the comparison
of experimental and analytical data at higher vibration
modes. In steps (c) and (rf) the design of instrumentation 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
of deflections at a

modes.

III-3-2.

a free vibration will

built-up steel girder of uniform section

A

mode

for

A

structure generally similar to those used in ships. Longitudinal and transverse-framing types may be compared.

worli.

computed

a slam-caused vibration.^"

A number of methods now exist for the evaluation of these

about a quick and comprehensive solution. It may be
assumed that positions of nodal points and the normal
frequencies

in

309

'"

This assumption appears to be implicitly included

" This

in

Ochi's

project corresponds to Lewis and flerard (1958) project
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Development

Method

Direct objectives of the tests are to pl•o^•ide data for
comparison with analytical work, to evaluate internal

tion

damping/- and, in structures alternatelj' tested while
floating on water, to e\'aluate added masses.

and in Specified Wave-Energy Spectrum is recommended. This is needed in connection with establishing

a free-free condition may be
on a number of lightweight long springs of low spring constant.

the

In tests

made

in the air

achie\-ed b.y suspending a structiu'e

21

and Well-Defined Statement

Investigation

of

Similarity Relationships should be developed for ships

and models involving hydrodynamic loading and the
response of the structure, Section 5.54.
appears at the moment that the strong dependence
elastic

damping

It

of

on A'ibration frequency prevents direct comparison of models and fullIt is necessary to establish what information
size ships.
can be obtained in model tests and how it should be
the structural

(hysteresis)

The investigainterpreted to indicate the ship behavior.
tion suggested here also has bearing on the compariso«i
of sea-observation

and

sizes

22

data obtained on ships of different

types.

Parallel Investigation of Transient Elastic Vibraand a Model is suggested. For tliis pur-

tions on a Ship

pose the model listed in project 20 item (d) should correspond to an available ship. Also the model test conditions should include those practical for the ship, such
The supfor instance, as the dropping of an anchor.
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.

Detailed Step-by-Step Calculation of Forces Acting on a High-Speed Ship Model and the Resultant
Model Vibrations is recommended as a further de\'elopment 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-

23

by Warnsinck and St. Denis (1957). A
short sample of a wave record can be chosen starting
with a ciuiescent period and running through a group of

25

A

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.
It is suggested
Lewis' activity described in Section 6.
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 unusuall_y high stresses
conceivably may be caused by the rolling of the ships
(with excessive metacentric height) in head seas. Therefore, the amount of rolling should be recorded, or at least
commented upon.
'-

The evaluation

and Gerard (1958)

of internal dam])ing

in their

is

emphasized by Lewis

suggested project III-3-4.

of a Statistical

Steepness in a Specified

for Predic-

Wave Length

maximum bending moment expected in ships at sea.
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 hanci, analytical work can
be pursued concurrently with the particular aim of
checking whether the existing vibration theories will

by mere insertion of disconIt
tinuous mass and structural property distributions.
is emphasized that discontinuities in mass as well as sectional property distrilnitions are important.
27 Experimental Investigation of the Impact of
Prismatic and Cylindrical Bodies^' of the section tj'pical
of bow sections of ships is suggested in order to help the
anah'sis of pressure and forces experienced by ships in
slamming impact. Two distinct ca.ses are visualized here.
In sections typical for cargo ships the deadrise angle is
small, the duration of the force is short, and the vertical
In destroyers
velocity remains constant during impact.
the duration of the impact is from the first contact to
the full submergence of the bow; i.e., about a quarter
yield satisfactory results

of the

wave-encounter cycle.

variable from

maximum

The

vertical velocity is

at the beginning to zero at the

Attention should be paid to choosing realistic
The results of this investigation subsequently
can be used to evaluate the total impact force by the

end.

velocities.

strip

method.

Nomenclature
listed at the end of Chapter 2 and in Appendix
apply unless otherwise stated. Additional symbols

Symbols

dition reported

high waves. Corresponding ship motions can be estimated by the linear theory of Fuchs and McCamy
Such a project will help to develop under(3-1953).
standing of the wave and slam-e.xcited vibration of

Wave

of

C

are as follows:
b
bj

E
G
/

k'AG

m
M

=
=
=
=
=
=
=
=

damping coefficient
damping coefficient caused
modulus of elasticity
shear modulus

l).v

water

moment

of inertia of a hull section
effective shear rigidity of a hull section
a mass; mass per unit of a beam's length
mass per unit length of ship structure, equipment and
load (tlie overl)ar may be omitted when there is no

ambiguity)

m" = hydrodynamic mass
n

= number

P =
P{t)
P(j, /)
p(l)

q
r

an
6

=
=
=

=
=
=
=

of nodal points; also used as a subscript for a
vibration mode designation
impacting force
impacting force as a function of time
exciting force as a function of position and time
exciting force per unit of mass, also per unit of a beam's
length
damping factor (defined in Section 5.53)
radius of gyration of a hull section
characteristic numbers defined under equation (11)

logaritlimic

decrement

An
is here relevant.
^'
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.
Lewis and Gerard (1958) project 4-3-1
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Vih Vs
ri

t

T
oj

oi„

=
=
=
=
=
=

SHIP

AND

wavi'-h<'i{;ht ratio.s (Ochi, Section 4.2)
coctticiciit cif tangciitiul viscosityleqiiations (12)
coefficient (if ncirnial viscosity
and (14)
/
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APPENDIX

1

Theory of Simple Waves

A

an imiioi'tant part in the theory of ship
In this connection, this was demonstrated experimentally by W. Froude (1861), who htted a pendulum over a small float and found that the pendulum
later to play

The TrochoJdal Wave

rolling.

the

111

on

literature

architeeture,

iia\'al

the

"tro-

ehoitial" \va\'e ha.s been ino.st often used as a represeiitat

ion

(

)f

a simple wave.

This

is

a purely geometrie deserip-

shown in Fig. 1. The shape of the water surface is
generated by a point on the smaller of two concentric
tion,

circles (radius r) rotating together

The

radius R.

with the larger one of
an angle 6 on an

latter rolls througli

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 .r and y of the described trochoidal curve, are given
.(

ij

by the parametric

= Re +

= R

e(iuations

r sill
r

cos

t

passing through the center of the generating
circle.
The ordinates y are measured downwards from
the track .r — .r. A conspicuous feature of the trochoidal
curve is sharper cur\'atin'e at the wave crest and a lesser
curvature at the wave troughs. This difference is ag-

and approaches R. At r = /?,
the wave crest takes the form of a sharp cusp. In this
case the wave height would be '2R and, since wave length

gra\-ated as r increases

27ri?,

the

minimum

ratio of wa\'e length to height

would be 3.14. Such a wave height never occurs in nature, 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
^20 ior instance, the trochoidal cur\'e agrees well with

experimental tank ob.servations.
Etiuations (1) merely define the trochoidal form, but

do not give any indication

of its relation to tlie still-water

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 lie located r-/2R
level.

above the

still-water

The dynamic

le\'el.

characteristics of the wa\'e, such as

its

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
velocity

in a

position normal to the float,

He found

towing tank.

was

float

partially in\'erted

by the

float in

waves

even when the
the forward face of a

this to hold
fin

breaking wa\'e.
Certain \-alues of the circular frequency oj and of the
wave celerity c are needed to fulfill the foregoing conditions. The acceleration of a water particle at the surface must be such that, combined with the acceleration
of gravity g, it would gi\'e the total acceleration normal to
the trochoidal surface. On this basis, the following relationshi]3s have been established:

Wa\'e celerity

vertical,

=

in its still-water

(1)
-\-

The origin of the horizontal co-orilinutes .c is at the
wave hollow and the angle d is measured from the lower

X

remained

regardless of the inclinations taken

of

acceleration in this direction,

and

at the free surface are normal to

it.

=

accelerations

This fact

will

be seen

=

'\/g\;2w

2.20 -x/xTt (fps)

T = \/c =
X = 0.0196c-

1.34

Wave

peri(Ki (sec)

\/2ir\/g

Wave

length

(fps)

(ft)

=

Vx

O.oTTc- (knots)

ft

(knots)

0.442 v'xlt

5.118 r-

A

water particle, initially at rest in still water, is lifted
approach of the wave crest, mo\'ed forward at the
crest, lowered at the approach of the h(jllow and moved
aft at the hollow.
It thus describes a complete circle of
radius / at the circular fre(iuency w, the complete circular
path being accomplished in the pa.s.sage of one wave; i.e.,
This is known as the oribital motion,
in the period T.
at the

and the particle \-elocity as tiie orbital velocitJ^ The
whole mass of water in the immediate \'icinity 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. Howe\'er, any initial rectangular mass abed, 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 .se\'erely
limits the practical u.sefulness of this theory.

A

very simple and well-developed exposition of the
from the na\al architect's point of
A
view is given by [Manning (1-1942, pages 1-7
trochoidal theory

—

—

Reft'renre to sections, equations, fignres and bililiography will
be designated by chapter number and section, equation, figure, or
bibliography; refereni-e noted is to Manning, ehapter 1 (lil4'2).
'

all fluid

c
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-Wove Direc+ion

C

Fig.

••

Corresponding 5+i
wa+er levels

1

Track of Rolling Circle

Geometry of trochoid

Direction of waveodvance

A volume such as obc d
Fig. 2

in sfill

water

Trochoidal wave motion

is

distorfed 05

a

b c'd'in

wove water
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will be found in Lamb
(1-D pages 421-423), :\lilne-Thomson (1-F pages 381385), and, in a more complete form, in Kochin (1-C pages
441-448). The extension of the theor^y to shallow water
is given liy O'Brien and Mason (1-G pages 28, 29).
Historically, introduction of the trochoidal theory into

more mathematical presentation

Naval Architecture was rather unfortunate. As mentioned before, it cannot be used in most hydrodynamic
problems.

wave

It fails

height.

The

in

defining the

maximum

possible

vertical position of the troclioidal

curve on the water surface is not included in the basic
and has to be evaluated independently.
Finall\', it does not indicate the "mass transport," i.e.,
the greater amount of water surge in the direction of
wave propagation at wave crests than in the return backward movement at wave troughs, which is clearly obdefinition,

servable in nature. All of these characteri.stics form an
integral part of the potential theory of gravit.y wa\-es of
Moreover, the potential theory of
finite amplitude.

amplitude gives a wave profile which, like
the trochoidal one, is in agreement with observations
In other words, the
for wa\'es of moderate height.
trochoidal form and the form of waves of finite height
are identical within the obtainable accuracy of experimental observations although mathematically they
always differ in the terms of higher order.

waves

of finite

Horizontal comi^onent of water velocity

= — d</)

u

d.r

= — Si/-

di/

(2)

component

Vertical

of

water velocity
V

= —d<f>dy =

bip/dx,

where the origin of co-ordinates is taken at the water
surface, positive x is in the direction of the wave propagation, 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 <p
<t>

satisfy Laplace's eciuations:
V-</>

=

(dV/d.r=)

+

(d-</)'dy=)

=

(3)

W

=

{d-4'/dx-)

+

(d^f

=

(4)

and
d//-)

Solution of a hydrodynamic problem (in this case the

wave motion)
the function

between
and y such that

consists of finding relationships

or

4)

and the co-ordinates

xp

.r

the Laplace equations are satisfied. In addition, such a
solution must satisfy the geometric and dynamic conditions existing at various boundaries of the fluid.

In the

case of two-dimensional wa\'es in water of uniform depth
h,

three boinidary conditions are to be satisfied:
At the bottom { — y = h), the vertical velocity

(i)

nil;

Potential Theory of Surface

2

2.1

Outline

of

d0

Waves

Theory,

Velocity

Potential,

them

at a certain celerity

c.

in the direction

The word

(ii)

At the

(5)

free surface, the vertical velocity of the

water particles,

=

v

is

—d(t>/dy,

must be the same

vertical velocity of the surface itself, d-q/dt,

notes the

wave

elevation;

normal to

"celerity"

=

Wave

The theory of two-dimensional
Elevation and Celerity.
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

is

i.e..

as the

where

r?

de-

i.e.,

dr,

used

(6)

dt

for this velocity of propagation of irave form, to dis-

from the water-particle velocity U, which is
much smaller than c. With infinitely long
and uniform wave crests, the various functional relationships involved in the wave description remain unchanged for any change of position along the direction
Only the distances x measparallel to the wave crests.
ured in the direction of wave propagation, and the vertical 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
tinguish

it

usually very

elevation (as well as all other functions involved, such as
pressure for instance) depends on time t, as well as on the

distances x and y; that is, all relationships involved
have the general form F{x, y,t).
is assumed to be inviscid and incompressible;
motion can therefore start from rest only by pressures or impulses acting normally to any water surface
Such a motion is called "irrotational"
or boundary.

Water

its

or "potential" and is characterized by
and of the stream function
the velocity potential

The atmospheric

(iii)

surface

is

pressure

acting

on the free

uniform.

In connection with condition (iii), it should be noted
that the theory of surface waves treats the propagation
of free wa-\-es solely under the action of gravitational and

Neither the method of generating waves
nor the exciting or damping effect of air motions is included 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
inertial forces.

gra^^ity force

gv

where

F{i)

is

gri:

+

'/2(ii'

+

r'-)

-

d4>/dt

an arbitrary fiuiction

of

= ^(0

time resulting from

integration of Euler's equations of motion.

Including Fit) in

=

b<t>/dt:

1

^_1

iu'

+

V"-)

(7)

the existence of

such that

\j/

In the first-order theory, usually referred to as the
theory of "waves of small amplitudes," simplifying as-
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The

level, y has negative values.
as a positive quantity.

The Laplace equation
and

(i)

watei' (lei)lh

li

is

taken

and the boundary conditions
by the expression for the com-

(3)

(iv) are satisfied

plex potential (JXIilne-Thomson,

change

for

1-F, p. 357, modified
the origin of the co-ordinates from nodal

in

point to crest and from bottom to still-water level);
Table

Deep-Water Waves

Properties of Harmonic

1

Surface profile

r]

Velocit}- potential

</)

Stream function

xp
II

\

=

=
=
=

.

=

=

I

Wave

c=—T =-

celerity

kace''''

=

-d<t>/d!i

.

=

cos k{x

kace''" sin

—

.,

+
,

= -ac

iiP

=

-

ik-k

-I-

kct)

(11)

,,
smh kh
.

,

+

—

ci)

k{x

-

ct)

cosh
ac

)

=

2:2C,\/x*

h)

y..

^inh

^

+

k(ii
.

V-t/

CO

sin(fo

z = .r
iy, k is written for 27r/X and a is the
amplitude, or more exactly half the wa\'e height measuretl from trough to crest.
Separation of real and
imaginary parts gives the velocity potential;

where

ci)

diA/dx

('

^
4>

ct)

= —dip/dy

=
c

—
—

cos k(x

—aci'''"

—d(i>/dx

I

\
.

w =

el)

—ace''" sin k {x

Horizontal water velocity.
Vertical water velocity

—

cos kix

<t

.

,

-,

sni k(x

-

(!-')

ct)

/,/(

and the stream f miction

'2ir

Wave

X

length

=

2Trc-

—=

w'

27r

k

~

\

=

5.127'=*

g

~

g

e-

Pressure**

p

Horiz. pressure gradient**

dp/dx = —apgke'"

Vert, pressure gradient**,

dp/di/

apgc''" cos

=

k(x

apgkc'''"

4-7r^

~
—

el)

cos k{x

—

—

*

X

ct)

sumptions are made
(ii) and (iii).
In the
tion

(ii) is

fulfilled at

instead of at y

=

-q,

X

in evuluatinj;;
first ea.se it is

(ii-simplified)

br)/bt

= ( — d(^,

d(/)y=o

=
(8)

g

to

simplified conditions

(ii)

and

(iii)

which

0,

t

.i/

X/2),

/,(.)

—

ct)

(15)

ip

= —ac

c*'"

cos

/i(.r

—

cl)

(1(5)

of the water velocity at

any point
by partial differentiaThe resulting expresthe summarj^ tal)les of wave proper-

and

(2).

The
by

elevations of lines of equal pressure are obtained
using expressions (14) and (15) for 4> in equations (9),

as follows;
h,

=

cosh k(y
a

usually referi-ed to as the free-surface conditionIn the present work the notation confoi-ms to the
sketch at the top of Table 1. The origin of co-ordinates

= 0) is taken at the still-water level
(x = 0, // =
at
under the wave crest. The .r-co-ordinates, the wave
celerity c, and the horizontal component u of the water
<

The ordinates jj and
the vertical components v of the water velocity are positive in the upward direction; i.e. below the still-water

h)

cos k(x

cosh kh
for

_
"')

(17)

deep water.
ac'"'

(10)

is

+

^y-;

can be combined

= Oi

>

f'" sin

sions are listed in

and

-

in practice, h

h:

(14)

(9)

form
(iv)

ct)

— —ac

The components

ri

The

kU

(j>

For water depth

1 d(/>

N

sin

p{x, y) in the water are obtained
tion, as shown by equations (2).

ties, (1)

-q

h)

cosh kh

For very deep water (i.e., large
become

In the second case the squares of the small perturbation velocities u and v are neglected in comparison with
i><i>/'dt, and (iii) reduces to
(iii-simplified)

(13)

ct)

these expressions

boundary renditions
assumed that condi-

the undisturlied water level ;/
i.e., condition (ii) is written as

+

ga cosh kdj

=

0)

Exclusive of hydrostatic.

in feet, c in feet per sec.

cos k(x

ecjuation (12) can be rewritten in an alternate form;

<t>

ka

fe)

ct)

2Tra

Ma.ximiun wave slope

+

By the u.se of expression (19) for c", and noting that At
= w (where w is the circular fre((uency in radians per sec),

gT''

sin k{x

kjy

sinh kh

27r

!/

Wave number

'^'"h

^ = -ac

gT

27r(/

cos

/,'(.r

ct)

(18)

In particular, the surface wave profile is obtained by
= 0. In this ca.se the factors containing hyperbolic functions and the exponential become unity.
The velocity of wave propagation c is found by in.serting the expressions for (^ in the surface condition (iv)
letting y

i.e.,

equation (10),

For water

.so

that:

of tlei)th h,

velocity are positive to the right.

'i-

tanh

irh

(19)

X~
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Table 2

Waves

Properties of Harmonic

Water

in

of any

Depth

=

Surface profile

t]

Com])lex potential

w =

—

a cos k(x

+

4>

cD
ikh

—

+

eosh k(y

= -ac

.

,

h)

—

,

.

sni k(x

= — —

ct)

s'"h k(y

celeritv

.

h)

cos k{x
,

—

ct)

—

ct)

—

ct)

k(i/

+

h)

.

sin *:(x

,'

,,
sum kn

+
-—

h)

(Mish k(ij

apy

water of limited depth

and

1-F,

defined

is

page 3oG:

cos k(x

Coulson,

1-A, page

(24)

1,

-F'
where ^ and
are the horizontal and A^ertical displacements of a particle from its initial still-water position, and a and i3 are ,semi-axes of the ellip.ses:

—

+

y)

sinh kh
ct)

(25)
fi

eoshUy^M)

.

.

SHI kix

—iipak

;

the path

—

ct)

;

=

a sinh k(h

+

y)

sinh kh

again written for bre\-ity in place of 27r/X.
have the same distance 2a sinh kh between their foci, but the semi-axes a and /S dimini.sh
with depth and (3 vanishes at the bottom, y = —h, where

Here, k

is

All the ellipses

Vert, pressiire gradient

.

t)p/d//

=

,

+

sinh kiy

h)

cos k(x

iip(ik

—

rt)

cosh kh

<
=

shallow water (h
c-

(h

>

X/20),

llii.s

becomes

gh

(20)

X,'2),

c=

=

(21)

I'

The
of reference in Table 1.
waves in water of hmited depth are
summarized in Table 2. Table 3 shows the relationships
aniouf;- wa\'e length, period, and rcierity in deep water.
The total
2.2 Velocity and Path of Fluid Particles.
velocity of a fluid particle can be obtainetl by adding
vectorially the u and c components:
ea.se

characteristics of

U =

u

+

water particles have a rectilinear motion between foci.
The theory as outlined in the foregoing, i.e., based on
the simplifying assumptions (ii) and (iii) shown by ecjuations (8) and (9), is known as the linear theory, or theory
The wave described by
of waves of small amplitude.
efiuation (18) is known as a "simple harmonic wave."
derivation becomes exact for vanishingly small wave
With waves of growing height the true
a.
surface profile, which is practically trochoidal. deviates

The

amplitude

All characteristics of the deep-water gravity wa\-es are
for

/;,

by the equation

-q

cosh kh

and, for deep water

ab.solute

78)

dp/di

.

a.

eosh kh

=

summarized

in

'— tanli kh

=

p

Horiz. pressure gradient

\'ery

is

elliptical

is

a cosh k(h

Pressure

For

wave

,

kh

.

the

(iMilne-Thom.son,

h)

,

-\-

,

When

of a particle

-\,

snili

sinh

ack

=

c-

cl)

snih kh

ack

=

''

—

l'os A-(x
,

eosh kiy

=

"

Vert, water velocitv

Wave

h)

,

:

is

theory.

+

sni k(x

f = — "'

The

value of the velocity vector and the radius of the circular
path of the particle diminish with depth as c'-"" ^. This
result is identical with the result of the trochoiilal-wave

cosh kh

Cl)

of the particle at

therefore a circle of radius

the surface

,

eosh k(y

(ja

Horiz. water velocitv

water

ckl)

snih kh

Stream tunction

'lirac/X at the

The path

period of the passing wave.

+

sin {kz

sinh kh

(j)

is

and which rotates at the angular \'clocity oj in
radians per sec, making a complete revolution in the

i^'

= —nc

Velocitv potential

tor who.se uniform ah.solute value

surface

(22)

ir

increasingly from e<iuation (18).

However, the

profile of

such a wave can be represented by a Fourier series of
simple harmonic waves, and in that ca.se equation (18)
represents the first term (the first harmonic) of such a
Ec[uations (15), (16) and (18) represent the
simplest form of gra\-ity wa\'e. As such, they are indispensable as the basic material from which any type
wave can be constructed by a suitable superposition of a
series.

number

of simple forms.

Pressure and Pressure Gradient. A wave characwhich is often ncetleil in aiiah'ses of engineering
structures (inclutling ships) is the pressure acting at any
point in water. Within a first approximation, equation
2.3

By

inserting the values of

water waves and letting

U =

^^

it

.r

e-"-'^''

=

from Table
and 'lird/X =

(cos

o)/

and

r

-

i

sin

1

for deepwt,

a)

\

teristic

(9) for

example, the pressure

where

p

is

given by

or
(23)
2irl//X

„-!"'

water.

The

particle velocity, therefore,

is

represented by a vec-

is the mass density of water 2 lb per cu ft for sea
For water of limited depth h, on the basis of

equation (12)
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Table 3
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Properties of Simple

Waves.

From Robert
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X or

giving:

y,

In the horizontal direction, for shallow

to

water,

compare the

= -apgk

'"'''

''^

sin k(x

^l^t

-

(29)

ct),

cosh kh
anil for

deep water
(dp/dx)

in

=

-

-ap^fre'-'sin k(x

(30)

ct),

The theory

id for

=

sinh k{y

apgk

+

h)

cos

-

A:(.r

(31)

ct),

cosh kh

=

apgke"" cos k{x

(1-G, pages 14-24). The subject is completely
missing in other basic texts on hydrodynamics.
Stokes (1-1847) gives the following expres.sions for the
wave in deep water:
To the second order,
(r,/\)

—

of finite

was formulated first by Stokes (1-1847), and was further
developed and confirmed by Levi-Civita (1-1925), and
A brief exposition of it is given by
Struick (1-192(1).
Lamb (1-C' par. 250, pages 417-420), and the results are
stated in a simple and convenient form by O'Brien and

deep water
{dp/dy)

waves

of

Mason

the \'ertical direction, for shallow water

(dp /by)

with the
amplitude

results of the potential theory

trochoidal one.
{dp/d.v)

made, and

strate the significance of the approximation

=

(o/X) cos

+

A-.r

7r(a/X)2 cos

2kx

(34)

(32)

ct)

and
In applying the expressions for thf pressure gradients,
the distinction between the effects of the hydrostatic and
dynamic gradients should be remembered. In a hydrostatic 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

where

A'x

is

-|-

the coefficient of accession to inertia in the
A similar

is obtained for the vertical force by using the
derivative dp/dy, and the A'„-value for the vertical direcFor a cylindrical body A-j, = 1 and the force due
tion.
,

dynamic pressure gradient

hydrostatic one.
Now the complete forms sin

is

double that due to a

A-(.r

—

ct)

and cos k{x

—

ct), which had to be kept throughout the development,
since various derivatives had to be taken, can be simpli-

two typical

cases.

a ship, relatively long with respect to the wave
length, is analyzed at a specified instantaneous location
on the wave, the time t at this particular instant can be
considered zero, so that the expressions become sin(27ri:/
In another case an analysis may be
X) and cos(27r.r/X).
recjuired of time-dependent pressures and forces acting
on a small body at a fixed location, which can be taken
The expressions become then functions of
as x = 0.
{2Tct/\), and are expressed more conveniently in terms
If

of the circular frequency

to the third order,
{r}/\)

=

(a/X) cosA'.r

of Finite

co

as sin wt

and cos

cos2kx

+
(35)

-0'

+

1

X/2a = 20, the
only 1.25 per cent.
According to Stokes, equation (35) for a potential
wave of finite amplitude to the third order of approximation coincides with the sum of the first three harmonics of
the trochoidal form. This is above the accuracy attainable in practice in wave generation and measurement. For
the equation of tj to the fourth order, and for corresponding 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
in deep water is valid within a .second
velocity potential
approximation correction is needed only for third-order
and higher approximations. Correction of the fu-st-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 u and v of equation

For a wave

of length-to-height ratio

correction to

c in

the latter case

is

</>

;

Denoting
and

(7).

uit.

c-

=

this correction to
/'

listed in

Table

1

17

by Air/ using expres=0) and substitut-

(for y

g\/'2Tr,

Height

In the previous section the ap3.1
Stokes' Waves.
proximations made in writing the boundary condition
equations (8), (9) and (10) made the analysis exact only
It has been menfor vanishingly small wave height.
tioned already that in the case of a finite wave height this
analysis gives correct expressions for the
of the

(a/X)-

and

ing

Waves

tt

37r-(a/X)3 cos 3Au-

sions for u
3

-|-

(33)

A',)

expression

fied for

the linear case)

{gX/'lirY^^ (as in

(gA/27r)

volume) (1

.r-direction in the case of the horizontal force.

to a

=

modified and becomes:

= — (dp/d.r) (body

Force

c

wave form expressed by a Fourier

first

harmonic

series.

A

brief

discussion of the theory of waves of finite height will now
be given in order to support this statement, to demon-

AiV

= -

[sin^

k{x

-

ct)

+

cos^

A-(.i-

-

ct)]

(36)

The second necessary correction A^?; to the 17 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 equaand it is desired to
two terms of the expansion

tion (8) represents a function F(.v, 0)
find F{x,
in

7i).

Taking the

a Taylor's Series

first
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=

Fix, n)

Fix, 0)

+

ivdFix, 0)/by)

=

The

2i7ra-/\) cos'

total correction

A(77/X)

=

(AiTj

+

is

/v(.r

-

ne

(37)

AoTj then amounts to the second term of expression (37).
Substituting expression (18) for t], taking its derivative
with respect to i/, and letting y =

Sin

321

The

U =

velocity along the surface

= -nAr"-^

-id4>/dr)

(38)

therefore

A,7/)/X

=

TT

T

C'V

kix

[cos-^

C^y

cos 2k ix

-

-

ct)

-

sin'^

kix

-

ct)]

(39)

this is seen t(j be identical with tlie
After letting t =
second term of Stoke's equation (34).
In a great majority of potential-flow problems connected 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 discussion has been to demonstrate that iLwrk based on the

wave

due to

solely

is

(43)

(2grcose)'/'

(44)

Transport. The volume of w^ater flowing
surface and a depth y below it is exthe stream function

Mass

3.3

pressed by

trhe free

^ =

--ace'"'

cos kix

-

ct)

(45)

where to the second order of approximation

Height.

Stokes on the following basis: A uniform velocity — c is
imposed on the water, so that the waves become stationary 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 coordinates and the notation indicated in Fig. 3, the velocity

= ±a

exponents of r, in — 1) in equation (43)
equation (44), n is evaluated as 3/2. From
equation (42) it then follows that max 6 = a = 7r/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 is O.I'fX (expre.s.sed 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 prematiu'c breaking of crests.

proximation in the potential gravity ivave theory. While a
simple harmonic wave is usually referred to in the introductory text of any such work, the results apply in reality
to very nearly trochoidal wa\'e form.

As the wave height increases, and the terms of higher order become significant,
the crest of the wave becomes sharper and sharper, until
The value of
finally it takes the form of a sharp cusp.
the minimum included angle at the cusp was derived by

6

ill

between

Maximum Wave

at

B}' equating the

wave-velocity potential is correct icithin a second-order ap-

3.2

sin nd

gravity and inertial forces, and since the velocity is zero
at the cusp, the velocity at any vertical distance r cos d
below the cusp is

and V2

ct)

(42)

is

Since the water motion in the
ct)

U =
=

w/2.

y

=

yo

+

ae""'

cos kix

—

ct)

(4(3)

Substituting equation (46) into (45) and retaining only
the flrst two terms of a serial expansion of the exponential,

=

\p

—ace"'"' [1

-\-

kae""" cos

kix

—

ct)]

cos

A;(.r

-

ct)

(47)

The mean rate of flow for the water layer contained
between the surface and the depth yo can be oljtained by
Tli(> mean rate
\p over the cycle period T.
independent of the position .r, and without loss
Noting fm'ther
(jf generality can be evaluated at x = 0.
that onh' terms containing cosine squared in the integral

integration of
of flow

is

contribute to the value of the integral, the
^, designated here by ip, is
i/'

1
= - T

r^
ka-ce-""'

mean

value of

cos- 2Tvt/T dt

Jo
(48)

Fig.

3.

=

Sketch used in connection
with Section 3,2
is

potential of such a flow
p.

(Lamb, 1-D,

par, G3, p. G8

The mean velocity ii of the water flow at the depth
obtained by partial dift'erentiation

and

u

=

-diA/dj/o

=

k'-a^ce-"""

yo

(49)

418)
(j)

The
e

is

-^/ika.^ce-"""

=

Ar"

sin nO

velocity normal to the bounding surface

wiiich
(40)
(i.e.,

at

= ±a)

is

identical with the expression derived

(1-D, p. 419, equation 16).
As an example, a wave 600

ft long and 30 ft high (a =
can be considered. Its celerity is 55.4 fps. The surface layer of water is shown by eciuation (49) to drift at

15)

-id<t>/rdd)

and therefore

=

=

«.4r"-i cos nd

by Lamb

(41)
^

Table
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Fig. 4

Sketch used in connection with Section 4.1

1.3(1 fps;
i.e., ;i shallow floating object will drift 19.3
nautical miles in a day. Because of the factor of 2 in the
exponential, the drift velocity diminishes very rapidly
with depth.

the values of
f.r

—

ac sin kx

= —ack

dcfi/dij

Wave Energy and Group

4

sin

=

(54)

kx

(55)

Velocity

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 (6) energy transported by waves through a
vertical plane normal to the direction of wa\-e propaga4.1

and omitting the constant term resulting from ex, the
kinetic energv due to wa\'e motion is found to be
E,
i.e.,

of these aspects, distinction

first

V2 pg SI

v'd.i

E =

(50)

Using the artifice of making tiie wave motion steady by
superposing the water velocity -c, which is e(iui\-alent to
taking
at t =
r;

a cos Am-

and the

(51)

total

E„

is

nnule between the potential and kinetic energy.
The
potential energy is due to the weight of water pg, and its
ele\ation or depression with respect to the still-water
le\-el.
For a unit width of the sea surface area, and for
one wave length, it is defined as

iCi'pgX

'

(56)

the potential and kinetic energies in

ecjual

tion.

In considering the

for y

+

energy

=

El,

wave motion

are

is

',

••a-pgX

per

wave length

(57)

or
'/>a-pg per unit area of sea surface

(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 .r = 0. This rate of work
is evidently a product of the pressure p and the horizontal water-particle ^'elocity u.
Using the previously derived values of these, the instantaneous rate of work is

and theref
:>reiore
Ef,

=

dE
^/ta-pgX

dl

=

/i\,

pii fhj

=

pga-kc cos- k{x

=

The

kinetic energy contained in a body of fluid is defined in terms of the conditions existing at its boundaries

E^
where ds
boundary.

=

"2

-

ct)

/»„

c'""

(,52)

The mean value of cos-

/i'(.r

^/ipga-c cos- k{x —ct)

— ct)

over a cycle

is

'2,

1

(59)
so that

finally
f^<f>(d<f>'c>n)(h

(53)

Mean dE/dl =

'/.pga-(c/2)

(60)

an increment of length taken along the
Consider a mass of water contained between
the free surface, the bottom and two vertical control
planes spaced one wave length X apart, as shown in Fig. 4.
As the integral is taken following the.se boundaries in the

(luoted from

clockwise direction, the contribution due to the control
planes \anishes, as it is equal and opposite in sign on the

minor changes and some abbreviation
It has often been noticed that when an isolated group

planes.
At the bfittom (d4>'dn) = 0, so that the
only non-vanishing contrilnition comes from the free
water surface. With the low wave height assumed in the

ailvancing over
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

is

two

linear theory, the

normal surface velocity -^0/d?i can

be replaced by the vertical one

—c)(t>/dij.

Substituting

i.e.,

wave motion in
wave celerity.
Group Energy. The following

the total energy of

deej)

water

is

transferi'cd at half the

4.3

Lamb

is

e.s.sentially

(1-D Art. 236, pp. 380, 381), with

of waves, of sensibly the

same

length,

is

relatively deep water, the velocity of the
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iipijroaches the front, while
is

former place

it.s

in the

by other waves which

oeeupietl in suece.s.sion

group
ha\-e

come forward from the rear.
The simplest analytical representation of such a gnnip
is obtained by the superposition of two systems of waves
of the same amplitude, and of nearly, but not ((uite, the
same wave length. The correspontling etiuation of the
free surface will be of the
7)

=

a sin

—

(/.'.r

+

wt)

1

,(A-

-

sin |V2(/>-+

any instant has the form

=

((^

-

is 27r(a)

co')/(fc

-

—

so that the

wave

rate of energy loss expressed as

(Lamb,

forces

w'), the group-\-el<icilv ((', say)

=

for the

r/a-

by

ilone

\'iscous

624) the rate of energy dissijiation

-2m/.''c-o-

where n

(()6)

is tlie

viscosity of water.

By

e(|uating

(66) the rate of decrease of wa\-e am))lifu(le

da

and

(6."))

is

= -2vk'a

(67)

dt

or
-•2,kn

is

(68)

flllC

m)

dk

where Oo is the initial wave amplitude at t = (L a the
amplitude at the time
and v is the kinematic \'iscosity
= fi/ p. The time neces.sary for the wave amplitude to
l)e I'educed to 1/c of its original amplitude, callecl the
/.,

modulus

of decay,

is

t

g tanh kh\/'

group

d{kc)/dk

=

x'clocity,

V2

c

1

2kh
^--—
+ <nih

(63)

is

=

X=/8!'

(69)

s(|uarcd in the ex]3onential, the short

waves

with large k are damped rapidly, while the long waves
with a small k are attenuat(>d 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/c

wave celerity c increases as kh diminishes, Iwing 1/2 when the depth is
very great, and unity when it is \-ery small, compared
with the wave length.
which

(().5)

is

Since k

ratio

tlie

work

k')

c

The

l-I), p.

profile at

This result hokls for any case of waxes tra\'eling
through a uniform medium. In application to waves on
water of depth h,

U =

(64)

of a cur\-e of sines in

I'

and therefore,

^/2pkc-a-

I'rom a consideration of

which the
amplitude alternates gradually between the values and
The surface, therefore, presents the appearance of
2a.
a series of groups of wa\'es separated at ecjual interx'als liy
bands of nearly smooth water. Since the distance lietween the centers of two successive groups is 2iv/{k — k')
and the time occupied l)y the system in shifting through
this space

change
but propagate with gradually and very slowly
decreasing amplitude.
Ki|uation (.18) for the total
enei-gy per unit area of sea surface can be rewritten as
of form,

A-').*-

.r,

of fluid elements.

d/dt{ \'2pkc-a-)

written for the circular fre(|uency kc = '2Trc/\.
k' be very nearly etjual, the cosine in this expres-

sion varies very slowly with

but there is a
due to internal

wa\-es, therefore, cannot propagate without

and the

co is

If l\

The

.(c.

'

(i2.3-()25),

from the distortion

friction resulting

E =
Lo't)

(/,'.r

-

pages

;U(),

.

I

where

i-D, Art.

certain small rate of dissipation of energy

form

a sin

A-'),r

(Lainii,

323

of its initial value.

this liears to the

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

Table 4
\^'ave
period,
sec

Wave

Wave

Wave

length,

celerity,

travel,

ft

fps

miles

1

5.1
128

5.1
25,6

10

512

51 2

32.5
102000
3250000

the group.

4.4
cu.s.sed

perfect

Damping of Waves. The theory of waves disup to now neglects the viscosity and assumes a
or in viscid 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
Under
contained in the sj'stem remains constant.
"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; i.e., heat. In

an actual fluid po.s.sessing a small viscosity, as is the case
with water, the e(|uations resulting from the potential
theory are still found to describe the flow correctly

The

foregoing theoretical computations are conlirmed
by observing waves in nature. The small
ripple is foimd to disappear in a few minutes, while the
long swells are found to travel hundreds or thousands of
This slow rate
miles without appreciable attenuation.
of damping of long swells makes it po.ssible to forecast
ciualitatively

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 bi-eaking of steep
waves.
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Streamlines of water flow in standing wa\es (from Lamb, I-D)

Fig. 5

5

Standing Waves

=

V

The

discussed in the foregoing propagate in one
direction \yith celerity c and are known as "progressive
waves," as distinguished from "standing waves"; in

is

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

{kx

\va\'e,s

This system can be represented mathematically by superposing two progressive wave trains
moving in opposite directions, each with the amplitude
a/2.
It will be convenient first to modify eciuations
straight lines.

(13)

and

and

vice versa.

(14)

by replacing cos

k(.v

—

ct)

by

sin k{x

—

ct)

This brings the notation to the form
used by Lamb (1-D, Art. 228, page 364). Substituting
(a/2) for (a) in these ecjuations, forming two pairs of
equations with -\-c and —c, and using trigonometi'ic re-

sum and

lationships for the

following

expressions

two

difference of

the

for

velocity

angles, the

potential

and

stream fimction are obtained

=

^P

h)
'-

}^,

+

,

cos kx cos

cot

(70)

kx cos ui

(71)

cosh kh

CO

ag sinh k{y

-\-

h)

sin

cosh kh

u>

+

/()

.

smh

cos

,

Am:

sui

The corresponding streamlines are shown in Fig. 5.
The relationship between the circular frequency oj, wave
length X (through k = 27r/X) and water depth
by (Lamb 1-D, page 364):

/(

is

given

u =

(72)

by partial
with respect to x and y,

^•elocities are foiuid

of efjuation (70)
d(t>

_

agk cosh k{y-\-h)
CO

cosh

agk sinh k{y

dy

CO

differentiation

kx cos

coi

(73)

cos kx cos

coi

(74)

sin

d.c

A7(

-\-

h)

cosh kh

and displacements

of water particles ^

still-water position

(.r,

and r) from the
obtained by integration of
the foregoing equations with respect to t, and coml)ining
with etjuation (72) for co-,

5

= -a

y) are

cosh k(y

(76)

These eciuations show that the motion of each particle
rectilinear and simple harmonic, the direction of each
motion \-arying from \-ertical beneath the crests and hollows {kx = 0, -K, 2ir, etc.) to horizontal beneath the nodes

=

7r/2, 37r/2, etc.).

The shape
letting y

=

of the free surface is

obtained from (76) by

0,

a cos kx sin wt

(77)

Two cases of standing waves are of greatest interest to
naval architects; namelj', 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
applj' for the case of a complete reflection.
Li the case
is a weaker standing- wave
system superposed on the progressive wave system.
This is often found in towing tanks when the waveabsorbing beach at the end of a tank is not sufficiently
good. Li the actual sea this phenomenon is often manifested 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
deri\'ed theoretically and verified experimentally (Penny
and Prince, 1-1952; Taylor, 1-1953) that the minimum included angle at the wave crest of a standing wave is 90

deg, as against 120 cleg for the progressive

gk tanh kh

The water

coi

kh

of partial reflection, the result

+

aq cosh k(y

=

<p

snih k(y

a

-\-

smhf^V
kh

h)
-

.

«'"

,

''•i'

.

sni

,

o3t

,__,

(75)

i.e.,

much

wave system;

steeper waves can be encountered in a stand-

ing-wave system than in a progressi\'e one.
5.1
Waves in Rectangular Tanks. The sloshing of
water in rectangular 1anks is an instance of a standingwave ."system which is of interest to naval architects. The
basic principles of the problem are discussed by Coulson
(1-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 hoard ships by Comstock (1-1947).
All the boundary conditions discussed earlier in connection with waves in water of limited depth h are applicable
in this case, and in addition the normal velocity at the
tank walls must vanish. E(|uation (72), connecting the
wave freciuency, wave length, and tank depth applies in
this case, but the possible choice of A--values is now
limited to certain ratios of tank length or width to wave
length, 1/2, 1,2,..., or specifically

THEORY OF SIMPLE WAVES
fc2

=

{2w/\y-

=

w-[(m\'L-)

are whole numbers
where m and
the width. If L
tank length and
/;

W

oscillation of the longest period is

m =

=

+

(nV'Tr^)]

1, 2, 3,

> W,

.

.

.,

(78)

L

mode

?!-

is

m =

2, i.e.,

X

=

L,

is

often also

In this case crests occur simultaneously at
both ends with the trough in the middle, or vice versa.

modes can occur

sinuiltaiieouslv,

represented by the double Fourier's

the

component
obtained by making
the

of interest.

all

is

r;

=

ilw o„,.„ cos

and the

{mT.x/L) COS imvz/W)

and the velocity potential

0;

corresponding to

Generallv

elevation

series.

the wave motion is then parallel to the
long side L of the rectangle and the wave length X = 2L.
The crest is at one end of the tank simultaneously with
the trough at the other end. The wave component or
1,

wave
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ga cosh k{y

+

</>

0)

of

(79)

each inilividual mode

is

h)

COS im-wx/L) COS {n-wz/W)

(80)

cosh hh

In writing these eciuations the origin of co-ordinates
f)ne corner of the tank, so that the tank

taken at

bounded by the vertical planes at .r =
and L, z =
and IF, with y negative downwards, and h the depth

is
is

of

the tank.

-Nomenclature-

a

= wave

mnpliluilc

(more

e.\:ii-tly,

half the height)

A = a coefficient
c = wave celerity
E — wave energy
El. = kinetic wave energy
E^ = potential wave energy
h = water depth
k = 27r/X.
Wave number
= acceleration of gravity
k^ = coefficients of accession

= pressure
= a [lolar co-ordinate
= time
T = wave period
V, v = horizontal and vertical

in ilirections of

n

=

an index

x and y-axes

a.

horizontal and vertical displace-

ments

/

orbital

orliital

cimipo-

water velocity

= water velocity
w = complex potential
a = included half-angle at wave cus))
ji = horizontal
and vertical semi-

ZJ

to inertia

=

r

ncnts of

(/

k.

rj

/)

axes of water-particle path in

water of limited depth

=
=
d =
X =
H —
V =
p =
4> =
\p =
w =

of water
motion

1}

wave

6

a polar co-ordinate

particles

surface elevation

maximum wave

slope

wave length
ooellicient of viscosity

kinematic viscosity, yi/p

mass density
velocity potential

stream function
circular freciuency

=

'Iir

/T

in

Neumann's 1948-1952
APPENDIX

Work

B

on Wave Generation by Wind

(d)

Nomenclature

The mathematical and
by

are preceded or accompanied

The nomenclature on page 90
general to

of

Chapter

1

apphes

in

follows
pncrsy
A„= energy transmitted li\- normal com])onent of drag
force, equation 11)1
.1,= energy transmitted by tangential component of drag
force, equation (20)
(

B{i3)= "effective dissipative factor," ei|iiation (56)

C(0)=

=

Hi, H'. Hi
7'j,

7',i=

=

a
0,n

"effective friction factor" or "resistance factor" in
work on drag force, eipiations (37 and 38)
e(|uivaleiit heights of three

mean

characteristic
a coefficient

= "sea"

witli r

< V

wave c =
* = long wave
l3,„
c

fi

=

I

I

1.37 I'

maior waves,

/3,„, /5( 1 )

and

periods of aliove waves

Designations of waves, defined
mean values
for certain period intervals
when a continuous spectrum is
as characteristic

/3(1)= intermediate
!•

I

I

visualized as .subdivided into
three major intervals (Neu-

mann,

= value of

turbulent viscosity m*
seaway with li = const

11)52/))
f
(

')

in

a fully developed

Introduction

1

In this Appendix the work of Xeiimaini on wave genll)4;)a and h, 19.50, 1952« and 6)i will
be outlined. This work is based either on consideration
of the significant wave, as by Sverdrup and Munk (11946, 1947), or on taking the sea as composed of three
predominant wave systems. Xetmiann's formulation of
the continuous sea spectrum (l-195o, 1954, and Pierson
and Neumann, l-II) 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 obtained by Neumann himself, covers a very wide range of
wind and .sea conditions and of geographic locations.
(5) A determined attempt is made in the analysis to
adhere as closely to the rational procedure as available
eration (1-1948,

means permit.
(c)

It

ment

in

appears to be the only work on wa\'e developwhich the l)alance of energies transmitted from

the wind and dissipated in waves

is

fully discussed.

References to sections, equations, figures, and bibliography
will be designated by chapter number and section, and so on;
reference noted is to Xe\imann, Chapter 1 (1948).
'

The author

considers the foregoing features (particu-

l)e of sufficient importance to warrant a
comprehensi\'e 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 futiu'e research. At least it
has to serve as such until a more modern work of comparable 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.

larly item c) to
.-1= a coefficient;

7'i,

formulations
of physi-

amount

cal description of sea conditions.

Additional symbols are as

Appendix B.

statistical

a large

In the following exposition an attempt will be

made

to

and as short a form as possible, the
of Neumann's papers published in the
1952.
While the mathematics and basic

present, in as logical

content of six
years 1948 to
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 adec}uate 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 (juite 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 subsecjuent work
on the .sea-energy spectrum.

The work on

the spectrum

is

concerned

entirelj'

with

the statistical study of observational material, without

any regard
ties.

It

is

to its physical or

hydro-aerodynamic proper-

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 represents the most complete investigation of the mechanics
of

wave formation

available to date, while his description

of the ob.servable characteristics of a .seaway

kept

in

mind by

experience.
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all

must be

theoretical investigators of lesser sea
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Table

Sin

1

\}/

Versus U:

Number

Made
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1925; Average Depth 70

in

M

1

~

4

o

(i

7

8

!l.5

I'-'o

IS

0.2

0,8

1.2

1.4

2.0

2.1>

3.0

3.0

4,(i

7,7

14.4

34

50

51

G6

44

32

23

14

13

15

5

meters ps

[/,

lO'sin^J'

Observations
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'.'i

days

of

olm-rved

Table 2

Sin

tp

Versus U:

Average Depth 50

Single Observations;

M

Jan. 2 and 4

-In a storm fnjin Octolier 4 to

meters

f/,

p.s

0,3
6.8

.

lO'sin^....-

In the Section G of Chapter
large differences exist

11.8
0.7

13.0
12.4

10.1
10.1

17. G

23.3

demonstrated that
among various spectra obtained on
1

it

10.4
25.7

24.

26.0
43.6

(i

36.3

-44

has to be supplemented by, and
blended with, the recently developed mathematical sta-

11135

10.5
6.5

18.0
16.0

• Ostsee (Palmen), Bo+tn Busen
X Ostsee(Colding)
A Erie- See
o Center See
® Lake Okeechobee

-4.8

-5.2

5.6

outlined, can be taken as a general guide for such an ap-

However,

23,4
31.5

•

wajs

In the intiixhiction to Chapthe basis of empirical data.
ter 1 the author stated his behef that theptuciy empirical approach is inadecniate and that concurrent theoretiThe Neumann's work, here
cal de\Tlopment is needed.

proach.

1936-

0,

6,0

it

I
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;
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n:T= BZxio-'v-"-""
in:7=

tistics of irregular sea.
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IG

Horizontal Drag Force
Fig.

In accordance with items (b) and (c) of the introduction, the cjuestion of the energy balance in wa\-e growth
is given a large amount of attention.
The primary information (experimentally obtained) neeiled in this connection is the horizontal drag exerted by wind on a water
surface.
This forms the specific subject of Neumann
In Sections 1-2.3 and 2.7, an attempt was
(1-1948).
made to correlate the drag force with the wave form
which, in turn, depends on wind speed, fetch, and so
forth. Since cjuantitative data on the wave form at sea
are not available, Xemnann attempts a direct correlation

wind speed. For this purpo.se he examines the large number of observations of wind-caused
inclination of sea surface made by Palmen (1-1932 a and b,
1-1936, Palmen and Laurila, 1-1938). Observations were
made in the Bay of Bothnia in the northern part of the
Baltic Sea, where the relati\'ely miiform, small water
depth and steady wind conditions o\'er a large area provided the opportunity for the most accurate observations.
The mean obser\'ed data on wind and sea-surface slope
are given in Table 1, together with the number of observations involved. Table 2 gWes a set of isolated observations made during a storm in the Baltic Sea where
of drag force with

satisfactory observation conditions also existed.

For observations made on land, i.e., with a constant
degree of roughne.ss, G. I. Taylor expressed the tangential
force T as

pyU'

(1)

with the coefficient y between 0.0022 and 0.0032 based
on the wind velocity [/ measured at the height of 30 m.
With particular emphasis on strong winds, Palmen and

1.

T

Plot of log

-)

2

24
en U

versus log

2£

U

3

2

3.6

4.0

44

(from Neumann, 19-48)
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=

T

O.ODp'f/^/'-

(4)

(11)

The

the coefficient 7 ver.sus

final plot of

U

is

shown

in

('»^")

Fig. 2.

The drag coefficient 7 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
shown earlier by Sverdrup and Munk (1-1946, 11947) that wave steepness decreases with increase of wind

fact

strength

(see

Fig.

Neumann

1-18).

inde-

(1-1948)

pendently obtains a rapid reduction of wave steepness
per
from the limiting value of \/H = 7.33 at U = 1
sec to the maximum \/H = 25 at 12 m per sec. Darbyshire (1-1952), attempting to use .Jeffreys' (1-1925) theory

m

to explain

some

came

of his findings,

to the conclusion

that the sheltering coefficient s is not constant, but can
be assumed to be proportional to the wave slope dr;/dj.

This slope decreases with

H/\ and with

increa.se 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 measurements 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 is assumed that the flow
of air along the sea surface is of the same nature as along
a rovigh plate. L. Prandtl expressed the tangential force

= Adu/dz =

p'Hdu/dzy-

(5)

where u is the air velocity at the distance 2 from the
plate, and I is the "mixing length," expressed in the
vicinity of the plate as

=

I

+

koiz

(6)

20)

a constant evaluated theoretically by \'on
and experimentally measured as 0.40;
2o is a length dimension which defines the "roughness"
of the plate. I'rom (5 and 6), it follows that

Here

ko is

Karman

as 0.38,

T

=

p'AV-(2

+

zor-(du/dzy-

(7)

or
1/2

du

1

(8)

dz

ko{z

Assuming that shear

-f-

Zo)

\p

stress in the vicinity of the plate

can be taken as independent of

2,

it

follows after inte-

gration, that
1

V/=

_

2

+

20

(9)
ko

\p J

Zo

and
P

/lO"

z

-\-

(10)
Zi^

In
2o

Comparing
that

(10)

of velocity u at several heights 2 the
and the roughness parameter Za can
l)e computed.
The results of such measurements and
computations made by Wiist (1-1937) and Jeffrey.?
(1-1920) are given in Table 3. The roughness parameter
2o is seen to diminish very rapidly with increase in wind
speed at low wind speeds, and more slowly at higher wind

tangential force r

speeds,

when

Table 3

with Taylor's expression

(1), it

follows

it

generally has a very low value.

Roughness Parameter

Z[

Versus

Wind Speed
Rough-

Method

Source
Wiist
(1-1937

Jeffreys

(l-i920)
JefTrevs

(1-1920)

per unit of plate area as
T

From measurements

velocity gradient in
lowest air layers

I'ind

.\ngle Ijetwcen surface

wind

and gradient wind
Relationship between wind
velocity on the surface
and strength of gradient

wind

NEUMANN'S 1948-1952
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wave crests and appear much smoother
The turbulence caused by breaking
wave crests also damps out small wa\'es temporarily, but
they are again regenerated by wind. Tiierefore, with the
ward

side of large

the lee side.

oil

d

de\'elopment of larger waves the mean value of
can
be expected to assume values smaller than the maximum
and a further reduction of 7 can be expected.

3

Drag as Function

For

later use,

of

Wave

Slope

Xeumann

de\-elops an expression for the

maximum wave

tangential stress as a function of the
surface slope

wave number

=

2tt/\.

=

where k is the
In terms of the drag coefficients,

(dij/d.r)„,„x

27ra/X

'-

c.

al;,

in

terms of the wave slope and a coefficient

.s

Neumann

(14)

=

(15)

sa-k'

obtained different
wind-tunnel experiments,

(1-1<):]7)

(1-1949) writes Ca generally as

Cd

=

^

ak{U

-

(16)

cy-

(17)

is then adopted.
The restriction to c = U/3 in the
derivation of C'a appears to be neglected in the subse-

quent work, and a constant value of
independently of 13 = c/U.

4

s

=

0.095

is

used

Description of the Sea

As mentioned under (</) in the introduction, Neumann's work is valuable not only for its formal derivations, but also for the descriptions of the observed sea
conditions.
These descriptions are inserted thi'oughout
the cited references, and it would be impractical to reproduce them with any degree of completeness. However,
a few quotations (in an informal translation) will be useful here.
Thus from Neumann (1-1950, page 42), speaking about initial waves: ".
at a wind of about 1 m/sec
they are about 7 cm long, and the height of these 'ripples'
.

strongei',

with relatively rapidly growing waves, all possible wave
lengths appear beginning with small ripples up to the
maximal wave. In this wa\'e 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/X
= 8) is relatively large. According to the results of various
observers, the maximum ratio 8 appears to lie at 1/8,
which comes close to the theoretical maximmn 5m„x.
= 1/7, which Michell calculated for the steepest waves
according to Stokes' theory."

A

sea travellers

is

than with an older sea at corresponding wind strength.
With a steady wind \'elocity and with waves reaching
full development, a certain maximal wave corresponding
to the wind strength always develops. It is what a seaman designates as 'sea.' These seas can l)e individually
recognized, sometimes more, sometimes less clearly, in
the wave confusion in a seaway. But the mijre fully developed 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

sa"k"

Using equation (4) for the total stress r, Ca is computed by equation (13) on the assumption of c = U /'i.
By using the empirical relationship for o/X 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 n = 1 and s = 0.095 can
be assumed. The final relationship
s

wind becomes

(similar

(rk~{U

his

the;

that with a suddenly developing wind,
and quickly whipped-up sea, the wave crests are steeper

It follows that

Noting that Motzfeld
powers for a and k from

As

"When the wind strength further increases, the wave
lengths and wave heights grow rapidly.
fact known to

to Jeffreys' except for the factor of 1/2),

Ch

about 0.5 cm.

the sea surface takes on a pronounced 'rough' appearance. The early regularity of initial wave is destroyed;

all

and

to
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(13)

0-

a-

amounts
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overlaid by shorter waves down to
The stereophotographs in the work on "^leteor"
(Schumacher, 1-1925) show how the wave-agitated sea
'sea' is entirely

ripples.

surface consists of overlaying of the large forms by the
smaller and the smallest.
Particularly in 'storm seas'
this is a well known occurrence. The long 'rolling' sea is

almost always clearly seen in a seaway, and its surface
apijears to be strongly roughened."
"The wave confusion of overlaying small waves stands
close to a 'continuous spectrum,' which can be observed
in a young seawaj^ thrown up by a sudden onset of wind.
Again and again these small waves are rebuilt by absorption of the energy from wind, grow to maximum steepness and break; they represent an important factor in
the cjuestion of energy transfer fi'om 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 5 = H/\ versus c/U, shown
in Fig. 1-19, Neumann (1-1950, page 45) writes: "Among
the wa\'es in the appearance of the complex seaway three
types will play particular roles:
"1
of

is

.

^

The short but steep breaking c = U/3 wave.' It
small practical significance, but theoretically it

Symbols are given here

graph.

in the notation of the present

mono-
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27,000 .... The workiufi; out of the material followed
the system in which the iii(li\idual 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.
"In Fig. 3a to c, three such diagrams are presented as
examples of three series of ol)servations under ciuasiIndividual 'bands' come
stationary wind conditions.
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

"The

of

,

.

law in a seaway at different wind

velocities.

shows, besides the frequency
maximum in the class inter\'al 3.0-4.5 sec, three addiThis series gives observations at
tional concentrations.
a wind of 9 m/sec from a stf)pped ship (observations
in the sea region southwest of tlu' Azores in a steady wind
from an easterly direction). The arrows designated Ti
and 7^2 give the computed periods in accordance with
earlier theoretical results (Xeumami, 1-1950) for the
characteristic predominant wa\'es corresponding to the
wind speed. Ti designates the period for the 'sea' and T^
The periotls in the
the period for the 'long wa\-e'
interval 3.0-4.5 sec are ex'idently connected with measurements of steeper 'sea' for which the theoretical
period was given as 3.9 sec. In the band of periods between 7.0 and 8.5 sec 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
In the
the above named main waves should be noted.
case of Fig. 3(a) the intermediate maximinii occurs in
series in Fig. 3(a)

periods from 5.0 to G.5 sec
"Fig. 3(6) gives a series of measurements at a wind
The most conspicuous is the sea
speed of 13.5
sec.
with periods between 5 and 8 sec. The calculated period
The 'long wave' should have the period
is Ti = 6.6 sec.
Ti = 11.8 sec, which could also agree with the concentration 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 seaway, with periods in the inter\-al 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

m

The diagram in Fig. 4
measurements.
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-

of individual

unites

all

dominate."
As an example, the following data are gi\-en for three
predominating waves in the fully developed sea in wind
strength of 16 m/sec (52.5 fps or 31 knots). The sub"inter"long wave/' and 3
script 1 denotes "sea" 2

—

mediate wave."

Xi

=

107

m

—
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Ci

=
=

12.95 ni/sec

25 knots

€>

=
=

21.9 m/sec

ca

16 m/sec
31 knots

42.7 knots

amplitudes:
*->
;.0

fli

m

3.4

Assuming each

of

the

three

m

m

a-j

waves" to be
waves is

"partial

sinusoidal, the resultant profile of the total

represented as

Fig. 6
fective
c^t

y

Oi sni

+

Cit

Wave
drag

T

profile with rough surface and resolution of efinto normal and tangential components (from

Neumann, 19526)

+

flo sill

C3I

as sin 27r

(18)
[

Quoting from Neumann (l-1952a, pages 106, 107)
"The time-dependent fluctuations of the seaway, resulting from the superposition of the thi'ee designated
waves, are shown in Fig. 5. The upper wave train a
represents the sequence of waves at the place ,r =
for
the duration from t =
to t = 260 sec. The lower wave
train b gi^'es the corresponding fluctuations for the same
time interval at a place x = 550 m; i.e., at a position
located almost 1/3 of a nautical mile from x =
in the
direction of wave propagation.
The constructed wave
records show that outstanding wave groups can be expected onl_v 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
at the end of the
observation period. In these 'groups' certain wave crests
In nature they
grow to particularly great heights.
probably do not reach their full theoretical height, since
after exceeding a certain raaximiun steepness they become unstable and break.
"Between the groups at the beginning of the wave
train a, and correspondingly at the end of 6, 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 passage of a sequence of outstanding groups the seaway
picture at a fixed place changes. The conspicuous difference 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 (1-19526 pages 253, 254):
"The complex picture of the development of a seaway
must be strongly taken into account in the question of
energ}' transfer from wind to water; the shearing forces
of wind at the rough wave boundary surface are determined to a very large extent by the short wave overlay

m

of the

main wave

.

.

.

mean and maximum wave

periods as well as the

heights

depend on the wind strength, and in a not-f ully developed
seaway, on the state of development of indi\-idual 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 r caused by the wind as compo.sed of the
normal pressure component and tangential shear force.
The former is taken as proportional to the slope (ir}/bx 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 .4 transmitted by
these two components

is:

For the normal component

ip

A„

„w dx

(19)

For the tangential component

profiles."

"In the following, an attempt will be made to calculate
the growth of a complex seaway for different wind velocities as dependent on the duration of wind and on the length

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
of effective

spectrum of periods' of characteristic waves also grows.
"The whipping-up of the seaway to the fully developed condition of all waves appears to be a not continuous process. Rather one must assume discontinuities in certain stages of wave growth;
the relatively
short 'seas' even in a fully developed state must be accepted as steep waves breaking from time to time. These
steep breaking waves (with various 'apparent' wave
lengths) are probably necessary for the further development 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

A,

r,{u

+

u')dx

X jo

where u

is

the horizontal

component

of

velocity of a water particle at the surface, u'

the
is

orbital

the

mean

transport \'elocity of Stokes' waves of finite height, and
w is the vertical component of the orbital velocity.

For the wave

profile expressed as

NEUMANN'S 1948-1952

=

7,

a sin

-

/>(.!

ct),

the vertical velocity of a water particle

w =

dt

dri

= —akc

and the horizmilal xclncity
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—

rt)

portant features of the complex .seaway (irregularity,
wa\-e-group formations) can be approximated by considering the joint action of the.se wave .systems.

(21)

Quoting from Neumann (1-1952/*): "Under the a.ssumption that the seaway pa.sses consecutively through
three main stages of development until it is fully ari.sen,
the relationships among wave characteristics (wind
speed, duration of its action, the fetch) can be derived;
these represent a pragmatic approximation for the prediction of wave conditions. The waves defined at a given
point, Neumann (l-1952a), (3,„, ,3(1), li,„* with the periods

mean mass

(including; llic

transport)

+

(/

The

=

'/'

sin

((/.:(•

wiutl velocity

U

-

A-(.r

ct)

+

a-l:-r

over a sinnsoidal

(22)

\va\c' prolile is

expressed as

=

[/

where

5

lecting the

+

,r5sin

-

/,(.(

of the velocity over the

d'-,

f/2

L"- is

written as

=

_^

{7-.[]

Owd

sin

-

/,(.(

(23)

ct)]

wave steepness 2a/X, and
wave

the

is

mean value

r[l

C

a constant

profile.

ct)]

Neg-

(24)

Ti, To, Ti, 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 Hi, H-2, Hi are then visualized as 'e(iui\-alent' heights for these major intervals."
In the foregoing, /3(1) is the "intermediate wa\'e" with
c

and the tangential

=

r,

p'f.r-

stress

=

+

'2iv5

sin kix

-

ct)]

T„
f„

=

denotes a

f„

+

T,,'

cos

mean value

-

/,-(.r

ct)

(2(5)

normal force oxer

of the

the wave profile.
Substitution of eijuations (23), (25) and (20) into equations (19) and integration over the wa\'e length leads to

An =

U,

the

i3„,

",s(>a"

with

6

Energy

in

Terms

of

=

+

2iv-pTfdJ-c

(27)

Ep = p'UWi^)

starting point

is

of the

maximum \alues of 5 could be
1/3 at which the maximum energy
transfer from wind occurs according to Jeffreys (1925).
Neumami a.ssumed therefore that

associated with

(3

=

for

13

<

1/3

(30)

Later Fig. 19 was constructed in which many experimental points at (3 < 1/3 were added, mostly from Neumann and from Roll (1-1951). On this basis Neumann

5

=

eon.st

=

0.124

For the other stages of
6

=

0.215c-'-''"'*

for

/3

<

1/3

(31)

wuxe development,
for

1/3

<

/3

<

1.37

(32)

and

tangential stress

('(0)p'U^

with ecjuation

(1),

const

(29)
C(lS) is

seen to be

which was previouslj^ evaluated, equation (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
identical with y

corresponding to the plot of wave steepH/'\ versus wave age (3 = c/U as shown in Fig.
The stages are /3 < 1/3, 1/3 < /3 < 1.37 and (3 >
1.37.
The objective of this work is to derive functional
relationships for three dominant wave systems. The im-

=

Slope

on theoretical groinids,

(28)

where U is now the wind velocity at anemometer height,
= c/U, and C{IS) is a coefficient which is a function of
To the energy equation (28) corresponds the effective
(3.

in three stages

wave

empirical ex'aluation of 5 = /(/5).
development outlined here, very
little empirical data were available for the range fi < 1/3,
as can be seen from the plot in Fig. 18. At the same time,

The

At the beginning

|8

ness 5
1-19.

the long

(3,„*

sets

Ai) tran.sferred from wind to waves

By comparison

U, and

V2ir5r,/c

Since data on the coellicients t„' ami/, are not available, Neumann writes finally for the total energy {Ep

= An

<

Wave Age and

1.111/3=
.1,

c

1.37 r.

(25)

where/, is the "effective" tangential-iorce coefficient.
The assymmetry of the normal pressure distrihution
over the windward and leeward wave faces is assumed to be

where

=

withe =

p'!,U-[l
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(20)
is

cos k{x
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Next

0.022 for

(3

>

1.37

(33)

assimied that the effective shear-force cofiniction of the maximum wave slope
2ira,\ = ird, in terms of a coefficient of proportionality s
(similar to Jeffreys'), and the relative air-wa\-e \-elocity
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
5, the mean value of the coefficient C'(|8) is computed by
integrations over the relevant ranges of variation of (3.
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 friction of a smooth water surface is here neglected in comparison with the much higher effective force due to
efficient

it

is

is

a
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Table 4

...

NEUMANN'S 1948-1952
respdiiiliii^

stages

At

the fully tievelopcd seaway.

III

wave development the turbulent

(if
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<

for 0.1

E
dX
„
„
~—
= Ep - E,,

+
,

—:
ot

fi

<
=

l3

H*{I3)

exp

.,

l.:]7

.,.,,

-

substituting the

or,

^*{\) exp [-.3.:m(l

expressions for

da

(44)

^)1

c

p.

is

asshownby

referred to the very low

8

the value for /Jm* = 1.37.
however, according to

wave,"
The actual energy

/dE

c

£>c

o

/

Introducing now

and

Case

of unit width and wave length X in length.
wave energy advances at the group \'elocity c/'2.
wave length X and amplitude a change with time

The
The
t

da
dx

=

l3

A

for

<

(5

=

{Ep

-

dt

and

<

for 1/3

—

<

l3

(3

4
p

-

n-'U'li'e--'^{:i

d/3
rl3)

Ca.se B, for

(i

<

<

for 1/3

<

/?

=

f
dx

U^P^

g

all

E„.

(52)

-

n-U'ii' e--'^ (3

cases {Ep

—

Ed.

(53)

/3,

Eds)

r/3)

is

^
dx

Ep

a function of

/3.

-

£„,

(54)

In writing the

was u.sed for the number 0.0(i2,
for the number 1.667 and n for the number 0. 1075 found
in equations (31) and (32), and /3,„* = 1.37.
symbol

foregoing, the

j)

/•

Substituting the previously derived expressions for

Ep and Eds and transposing

leads to differential ecjuations

as follows:

Case

and

.4,

for

dl

/3

<

1/3

p^ 127r-p-

li'

jj

-

dli

(55)

5i(/3)

where
E,.)\

(45)
Bi(/3)

8^-gp-

=

M*(/3)

(56)

and

U'I3

^^D/^

c5/;X

/5X

C5X

(Ep

-

Case A, for 1/3

<

/3

<

13

E,i.)\

dt

(46)

In Ca.se A a constant
blows over an unlimited space.
Waves in all positions grow with time at an ('(jual rate.
The space derivatives vanish and
cases are
of

now

velocity

U

considered:

= '—p'g

(3

_
-

-

B-Afi)

-irff(o

p4ir"

wind

Ep-

g

In

-

1/3,

6'^^

^'

Ep

^

dt

g

dt

Two

(50)

1/3,

C\{I3)

(E\)

Eds

according to eiiuations (31)

fid)

position X so that
'^

E„

(ol)

P

an area

c

2

,

g

Energy Balance

writes the expression for the rate of change in energy for

(49)

(32)

of the "long

With the nece.s.sary expressions ile\-eloi)ed for the
energy Ep received from the wind, and E^s dissipated by
turbulence, the energy balance can be set up and from
this the rate of wave growth can be computed.
The
symbols Ep and E^s designate the energy per unit area
of sea surface per second.
Neumann, following the
procedure previously used by Sverdrup and Munk,

E,

or

and
8

58,

dt

E^
\dx

,

2\dx

equation (40) is
mostly caused by "young waves" of low (3 and large 5,
and is proportional to the product /j*(/3)6-. It would appear that consistency would require the e\'aluation of
M*(/3) by integration over all values of /^, following the
same procedure as was used earlier for the evaluation of
y{0) in equation (35).
dissipation,

(equation

In Ca.se B a wind has blown for a sufficiently long time
along a fetch of limited length x. Thus, time derivatives
vanish and

dx

Author's Remark: The rapid growth of the coefwith wind speed U and wave age 13 gives a distorted impression as to the magnitude of the actual energy
dissipation iJrf,.
This growth of ^u* results from the
presence of 5- in the denominator of ef|uation (41), and the

E

Appendix A)

pga- dc

dt

,

ficient IX*

1,

(48)

(43)

1,

(47)

X ot

Appendix A) and X (Table

IS,,*'

where ti*(l) is the value of ti*(l3) at /3 = 0„* = 1.
Table 5 shows the values of n* versus wind speed. Table
6 shows the coefficient m*(/3) (cm^'g sec~') at a wind
speed of 10 m sec at various stages of seaway de\-elopment.

fact that

335

ij.*(I3), is

M*((3»,»,)

and

dE

earlier

viscosity,

an unlcnown function of the wave
Neumann assumes for it an exponenlial relationage.
ship: fori </3,„*< 1.37,
designated as

GENERATION BY WIND

"" f^

cm

r,3)

dl3

(5/)

where

B-m

8T^-gn' M*(/J)e-^"^
(58)
p'

U'fi
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/ao

10

12

14

Wind Speed; U

Minimum

Fig. 7

wave

fetch

CaseBJorlS

<

18

20

22

24

for 1/3

<

/^

""'

Quoting from

fully de-

W (\w)
<

13'

-

sm

(59)

rf/3

/3„,*

n^u^

g

Xeumami

^::"^z'^
m
C2m - Bm
(1-19526, page 265):

(60)

"Just

was designated the 'effecti\'e fric'resistance factor' for the wind friction on

as the (juantity
tion factor' or

28

needed for development of three main

9

d.x

p

2G

m/sec

1/3

P

B

In

At l3* = 1.3 5 the seaway is practically
veloped (from Neumann, 1952b)

stages.

Case

IG

C'((3)

the sea surface, so the dimensionless quantity B(fi) is
named the 'effective dissipation factor' for the turbulent
wave motion. The difference between the two represents the 'effective energy factor' for the whipping-up
of the wave motion."

9

Final Results

For the remaining part of the discussion the reader
the

referred

to

Suffice

to say here that

it

original

paper,

Neumann

is

(1-19525).

by numerical integration the

NEUMANN'S 1948-1952 WORK ON WAVE GENERATION BY WIND
(^uiiliiifi

from Xeumaiin

(l-l'.)52/>,

page

'27')},

in (oii-

gi\-e
nectiou with the foregoing; figures: "Tlie curves
the conditions of growth, and the horizontal liranchiug
lines the condition of tlie fully arisen tfu-ee main waves
in a complex sea.
In the region of lower ^'alues g.v/U'-,
the observed fi and gH/U- values arrange themselves
very well about the cur\-es. At larger values of the fetch
.

.

.

parameter gx/U- the observations deviate to the right
from the computed cur-\'es this can be expected when the
first mean wave (the /3„, wave) has reached its fully developed state, and remains as a dominant wave independent of the buikkip 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 proceeds further, at sufficiently long fetches and duration of
wind action, the /3(1) waves and (3,,* waves (with (3,„*
= 1.37) also appear in addition to the /S™ waves. For
these, the corresponding values of x and t for a given wind
strength can be taken from the upward branching curves.
In a fully developed .seaway, l3 numbers and corresponding periods can thus be expected, which lie sulistantialiy
between the upper horizontal line and the lower lines for
the corresponding wind strength.
"In order to give an example of application of the diagrams, let us consider the de\'eloi)ment of a seaway in
wind strength of 16 m.sec. [.3I knots].
"The first 'main wave' with li = 0.81, c = IH //(/sec will
be reached at the fetch parameter gx/U- = 11,500 and
time parameter gt/U = ->7,200; this wave is fully built
up after a fetch of 300 km [102 sea miles] or after Hi.S hr
with a .sufficientljr long fetch.
It has the foll(.)wing

and 15

107
[19.3 ft], the cor[350 ft], Hi = 5.9
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.

gX/U- = 13,210 and gt/U
and 18.4 hr. Its
dimensions are X3 = 163 m [535 ft], H3 = 6.6 m [21.6 ft],
period = 10.2 sec. Development of the waves proceeds
further under action of the wind, and at gx/U- = 18,060
and gt/U = 48,610 the longest wave in a complex seaway age;8* = 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

"The

=

wave appears

fid)

40,5(10 or after

at

km

345

(186 sm)

—

duration of

=

t

'characteristc'

=

X2

298

m

22.1 hr.

wave

[980

in

ft],

The dimensions

a seaway
H-,

=

is

6.75

of this longest

then about

m

[22.2 ft],

period 13.8 sec

Were we

=

to take, for the longest wave, the I3„*

wave with

m

[1002 ft] and //-.
= 6.8 [22.3 ft] at .r > 500 km [271 sm].
"These three 'main weaves' characterize the seaway
at 16 m/.sec [31 knots] and embrace the region of 'significant waves.
The characteristic periods lie between 8
c

1.37t/,

then

X-,

would be 307

m

'

'

in

m

of 6

Convfr.sion to knots, nautical miles and

square brackets not in original

te.\t.

fci't

which are

[{9.7 ft]."

Summary

10

The observational evidence on which Xeumaini's
velopment
(a)

The

is

de-

based consists of

= H/\ \'ersus = c/U originated by
Munk (1-1946) and supplemented by ex-

plot of 5

Sverdrup and

/3

by Neumann himself, and (for low
by Roll (1-1951) and Francis (1-1951). Empirical relationships were fitted to these plots, as shown l)V erjuatensive observations

13)

tions (30) to (33).
(6)

Evaluation of the hoi'izontal drag of the

sur-

.sea

Neumann (1-1948) on the basis of the inclination
the mean water le\'el, supplemented qualitatively by

face,

of

observations of the wind-velocity gradient.
The inclination of the water surface was measured on large sea
areas,
The resultant empirical relationships are given

by ecjuations

With

(1), (3)

and

(4).

many

observational points were
added to the original jilot of Sverdrup and Alunk (1-1946)
by Bretschneider (1-1952) and the Neumann (l-19.52a).
For the range fi > 1 '3 this mtiterial represents proliably
the most reliable empirical information available on sea

waves.

reference to (a),

The values

of 5 corresponding to the range

13

<

are rather uncertain, but this does not represent an
important factor in the over-all pattern of Neumann's
l/'3

work.

m

m

=

Xi

obser\'e(l fre(iuency distriljution oi the

time inter\'als between wave crests, following one-afteranother at a fixed point of the sea sin-face, gave a scatter
of periods between 6 and 16 sec, with the maximmn oi the
frequency distribution at 8.3 sec at the mean wa\-e height

;

'dimensions'

The

sec.
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The evaluation

of 6 for

l3

<

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
rational evaluation of the wind-drag force.

more

With reference to (6), the number of ob.servations made
and the care exercised by Neumann in choosing the data
can scarcely leave any doubt as to the validity of the
evaluation for wave lengths smaller than double the
water depth,

Neumann's

m

On the basis of
i.e., X < 140
[4(50 ft].
(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 wa\'e steepness 6.
Jeffreys' expression (14) was not based on ob.served
physical facts, and Neumann finds that, in order to
agree with available empirical data, it has to be modified
as shown by e(iuation (17); the drag is expre.s.sed as
directly proportional to the maximum wave slope, rather
than to its square. In this eciuation 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 c = C'/3; i.e., a constant value of (3 =
Expression (17) was used thereafter in disregard
1/3.
This is mentioned here in
of its limited applicability.
order to warn future investigators against indiscriminate

in.sc-rti'd

u.se

of these conclusions.

Calculation

Hydrodynamic

of

APPENDIX C

Forces by Strip Theory

CG

Evaluation of Hydrodynamic Forces

Appendix
possible Appendix

arranged to l'oll(j\v as closely as
1 of an earlier paper (Korvin-Kroukovsky, 19555) so that the changes made can he easily seen.
Thits

Where

is

sufficient discussion

was given

in that reference,

the details will be omitted here.

(positive forward). Vertical displacement of the
(i.e.,
the heave) is designated by z (positi\'e upwards) and angular displacement or pitching motion is designated by
(po.sitive for bow displaced upwards).
The vertical
displacement of the section at .v due to pitching is then
^9, with 9 in radians, for the relatively small angles en-

9

countered.

Formulation of Problem

Consider a ship mox'ing with a constant forward \'eV (i.e., neglecting surging motion) with a train of

locity

planes at

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. 14.- With increase in time

t

penetrate these control surfaces. Assume that the perturbation 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 hypothesis," is ihus an approximate one in the sense that
a certain degree of interaction between adjacent sections

The

cross section of the ship at

results

Vertical \'elocity of the center of the circle

2

A^ertical

v

=

+

:

component

ve

wave

-2-!rhc

2ir»/X
rje

-

^e

of

7ry/\

A

will

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. Corrections 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-ordinate 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 ?
Appendi.v from Korvin-Krovikovsky and Jacobs (3-1957). References in this Apix'udix will be found at the end of Chapter i.
' Figure and ecuiation numl)ers ot tlie original paper are retained
in this reproduction.

,

(.<•

-

ct)

(9)

A

where h is wave amplitude, X is wa\-e length, ij = —R cos
a, the depth below the still-water level to any point in the
= h sin 27r (x — ct)/\.
fluid, and
3 Apparent variation of the radius ; of the ship section at the control planes with time; r = r(t).
All motions are assumed t(; be sufficiently small so that
the derivatives of the potential can be taken on the surface of the circle as if its center were at its initial position
y = 0, and the knowii expression for the potential in a
uniform fluid stream can be applied, despite the slight
nonuniformity induced by the waves which are assumed
r;

to be small.

The

vertical

now be taken

as
semi-circular; the correction necessary to repre,sent other
ship sections will be introduced later. Following F. M.
.r

(8)

oribital velocity

COS
--^

-

,

hydrodynamic

force acting on the length

dx of the submerged semi-cylinder

neglected.

is

.r

1

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 -q. Imagine two control planes spaced d.v
apart at a distance x from the origin, and assume that the
ship and water with orbital velocities of wave motion

assumed that cos 9=1.)
flow pattern between the control
from three imposed motions:

(It is also

The two-dimensional

—
dx

dF

=

T""/-

2r

I

given by

is

p cos ad a

(10)

Jo

F denotes the vertical force, a is the polar angle as
defined in Fig. 14, and the time-dependent part of the
Nepressiu'e p is obtained from Bernoulli's ecjuation.
where

glecting the squares of small perturbation velocities

P

where

The

-

(11)
dt

the velocity potential and p the mass density.
velocity potential of the flow about a cylinder due

4> is

to the relative vertical velocity

(v

—

v,t)

is

given by

'-

</>6

=

-(''

The

first

term of equation

potential due to the
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- cos a
a
may be considered

as the

smooth water,

desig-

i\.)

'

(12)

body motion

in

(12)
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r-

—

= The

—

''"'

a

r-'«/^ fos

'

C(js

potential due to \va\'e motion alone

—A

eos

hce-"'"'^

4>u

The

total veloeity potential

(14)

and

the

is

(x

—

sum

-

(,r

(14)

ct)

is <f>^

(15

ct)

of eciuations do),

(15)
4>

^

+

<i>ti'ii

<t>t>u'

+

(II')

<Pii'

Exciting Forces

the second and
two component parts of
potential which '^We the exciting forces due

Attention

will

now be eoncentrated on

third terms of e(|uation (Ki), the

the ^-eloeity
to waves.
Fig. 14

The

Sketch illustrating notation used in Appendix

pressure due to

from eciuations

is,

0,,„,

and

(11)

(14)

4 w'-c'-h
P

sccoikI

body-wave

(

p

-

c

— 2ttR

cos cx)/\

dt

</)(,„,

= -.-..OS
The

=

Pt,-u.

iiated

term of

t-quatioii (12)

a

is tlic p<itciitial

due

COS a sin ~
A

X

(13)

to

IttIk

X

(.(

—

ct)

A-'-i^It cos a)/X

R

rp

a cos

cos

—

(,(

—

(/)

X

iiiteraetion, (ptw

Nomenclature
A, B, C,\

_

D,E,Gj ~

coefficients

terms

the

equations
coefficients

</,

e,

(I

terms

I

the

ratio of

made
Oo

=

b\' ship to

B = beam (local)
= instantaneous

r

L =

M

m =
A'(t)

=

R,&\

= hydrodynamic heaving force
F — heaving force imposed on a
ship

=

by waves (= Foe")

acceleration of gravity
to

water pressures

generated

by waves and

force

due

H,„

= moment about CG due

water pressures generated
b}'

waves and

lations
h

=

z

=

a =
/3

=

= wave amplitude

ship's oscil-

b, t

bj'

equa-

q
d

R

radial distance to a point

d

=

LWL plane

(=

of heav-

Zoe'*)

vertical co-ordinate or heav-

polar co-ordinate

angle

between

local radius of semi-cylindri-

^

p
tlis-

= time
(
u — horizontal component of orbi-

longitudinal

body surface

= phase angles of ship motions
= local wave-height co-ordinate
= angle of jiitch
= complex amplitude of pitch-

=

longitudinal co-ordinate with

=
=

water density

CG

respect to

sectional area

amplitude of vertical
placement at bow

to

ing motion (= Sof")
X = wave length

i]

in fluid

So

nodal

and j-axis

of

ecjuations

pressure

S =

wave

to

vertical co-ordinate or local

tangent

cal bod}-

to

wave

ing displacement

V

=

of

longitudinal co-ordinate with

ing motion

tions (7)

r

component

half-breadth of

vertical

motions defined

ship's oscillations

vertical velocity

vertical

Z = complex amplitude

a ship by waves (= Moe'')
mass of a ship or of a ship

differential

/'

(I

y

groupings of coefficients of

celcritj-

area under spectrum

in

ship speed

respect

ship length

foot per second

stern from

water

point

nodal of wave as defined in

bow and

=

water surface

Fig. 14

= wave

Hj =

X

correction coefficient for ef-

section

of

of

orbital velocity

flow

= hydrodynamic moment
= pitching moment imposed on

bow
distances

V =
V =
V =

atlded mass coefficient in twovertical

velocity

waves

mass

coefficients of equation (25)

fect of free

i1/

ac-

tal

of in-

in

damping force per
unit of body length per

ship

E =

vertical

of

.s

amijlilude

ship

about a ship section

=

waves

motion

celeration at

/(,

of

a

dimensional
^4

amplitude

amplitude

h>

=
=

motions,

(2)

of heaving

/vj

differential

of

equations

of

units

K,

of miscellaneous

equations

A =

motions,

(2)

of

ertia

differential

of

equations
a, b, c,\

J = longitudinal moment

of miscellaneims

of

(7,

T

phase

angles

of

exciting

forces
4>
CO

or

oj,

=
=

velocity potential

fre(|uency of

wave encounter
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On
c-

the surface of the body wliere

=

Pbw

g\'2w)

— -

R =

r

(and since

CALCULATION OF HYDRODYNAMIC FORCES BY
It is clear that the factor

'2pgrh sin 27r(.r

—

=

r

and

r in this

fall;

case then

is

wave

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

on a circular body

effect

is

equal to

where

is

^S'

(25/7r)"2

This factor
by analogy with G. I.

for a circular .section.'
a free water surface and the formation of a
standing-wave system, the value of A-o = 1 for the circular
cylinder is modified by a factor which is designated as A4.

(23)

sectional area below the load waterline,

and

therefore
(IS

cir

tan

(24)

(3

doubled.

may be interpreted as (1 -|- A'2)
Taylor's exjircssion (1928) for the force acting on a body
placed in a fluid flow with a velocity gradient. Here A'2 is
the coefficient of accession to inertia in vertical flow and is
of 2

is

2pgrr]

represents the change in displacement force with
rise

341

is defined by the coefficient As, the factor r in this case
interpreted as a measure of sectional area; i.e..

=

ct)/\

THEORY
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(27r,S)'/2(/$

With the

substitutions just indicated, the distribution

heaving forces due to the action of waves on
a ship at a particular instantaneous position of the ship
on the wave (t = 0) is expre.s.sed as
of vertical

1

(IF

With

and answer to discussion, Korvin-Kroukovhas computed the following values of A4 versus

,,
= pghB Ai

27r,r

.

where

A'l

,,

,

sui

\-

A2

27r.r

cos

(25)

X

(l.r

and

A'o

X

are nondimensional coefficients

Ursell (1954,

sky, 1955fe)
w-r/g (or a}''B/2g) for the circular cylinder:

A, =

CO

0.818
0,632
0.592
0.673
0.738
0.762
0.818
0.859
0.883

In the absence of more complete information

be
non-

it will

circular sections as well.

Golovato (1956)
derived the coefficients of added (virtual) mass in heaving 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

small.

+

(1

mass and
smooth water;
tual

exciting forces.

will

A-2A4)/2

inertia effects
it

was omitted
Subsequently,

due to body motion

in

in the expression for the
it

was found necessary

to apply the ^4 correction to each section for the calculation of bending
this

moments and highly advisable

more accurate procedure

Therefore, this
present paper.

+

+

X

A2A4)
1

-

4

+

(1

1/2"

l(i

2.S'

Y

;5x

Tt

c

J

J

A2A4)

f„
A"

,S'

dS

1

{:2Trsyi^di,

The distribution of forces along the length of the ship
given by equation (25) can be used directly in the computation 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

M

F =

^

/

dF
—
-

J
ax

(26)

dx

and

M

I

(IS

dx

Js dx

(27)

TT (/$

where the limits of integration s and b are the values of
X at the stern and the bow, respectively. The second term

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 13) and, by the use of the relatioiisliips
(23) and (24), for a normal ship form the moment arm
may be assumed to be (J -|- dS/wd^). Equations (25),
(26), and (27) replace Equations (33) and (34) of the
of eciuati(jn (27) results

then be applied to all
terms of equation (22) after the first displacement-force
term. In the earlier paper, A:4 was estimated for the ship
as a whole and it was applied only to the integrated virfactor

7r(l

-^ (2.
^y/2

oscillator,

these differences on the ship response are expected to be

The

+ hh

These coefficients depend on the sectional shape and area,
on the wave length and also, because of the presence of
the coefficient A;4, on the frequency of wave encounter.

this table of corrections applies to

From experiments with an

1

2

k,

assumed that

1

A',

omission

for the

to adopt

motion calculations.

has been

corrected

in

the

Since the modified Smith-effect terms are connected
with virtual masses and since the effect of section shape
' O. Grim (3-1957) proved this interpretation on basis of F. M.
Lewis' (19291 transformation.

;

earlier paper.

The integrals of equations (26) and (27) can be evaluated readily by Simp.son'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 a and t. Calculations of
these amplitudes Fo and i1/o, were made for a 5-ft-long
model of the Series 60, 0.60-block-coefficient hull (ETT
Model No. 1445) in waves of ship length (X/L = 1) and
wave height of 1.5 in., for comparison with the ex-

342

C

>
O

^5

THEORY OF SEAKEEPING

CALCULATION OF HYDRODYNAMIC FORCES BY

STRIP

THEORY

343

making, Havelock gives the dynamic coupling terms as

— pMVd

for the

heaving force

and
r/,

= pf

(Sk,h)^

'/t

-fr/jl/Fi for the pitching

moment

M

Cl

Q'A)

Bi

-2rpy(^'A,A,)^

rfs'-

Tp

J

^^^

.^=

rf,^

where
is the mass of displaced water.
In general
p y^ q, and each is given by a fairly complicated expression in terms of ellipsoidal co-ordinates and associated
Legendre functions of the second kind.
For a long
spheroid Havelock finds that p = g = (1 -|- ki)/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 = q for a thin or "Michell" ship symmetrical foreand-aft.

For a prolate spheroid

(S is

a function of

^

alone and

ftSd^ = -fL^dS = M/p

= pf(SUu)t

/A

Therefore expression (35) of the present development

becomes

CdSkJu,,,

,.

,,

d^

-kikiMVe
Dynamic Terms

in

z

and

and

^

+kikiMVz

Attention should be called to the fact that the velocity-

dependent terms in z and d of equations (31), (32) and
(33) do not involve dissipation of energy, but only the
transfer of energy from one mode to another. This was
demonstrated by Haskind (194G) 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 development of the potential theory merely implied tlamping
and could be replaced by damping terms determined on
the basis of energy dissipation by wa\'es as a quid pro quo.
since the initial statement of the problem did not provide
Later, examifor inclusion of energy-dissipation terms.
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 l)cn(ling moments.
A study of Haskind (194:0) and Havelock (1955) confirmed this and therefore the terms in i and 6, (iii), (iv)
and (v) of equation (31) have been reinstated. They
yield a heaving force due to pitching velocity d and a
pitching moment due to heave velocity i equal to

[-2pf(Skju)d^

-

pft,d(Sk,k,)]ve

where the bar indicates the value for the entire body.

Thus p =

q

=

kiki.

For a circular section

pfid{Sk,k,)]Vi

1

and,

most ship forms, kt is of the order of 0.75. It appears from the application to the models in this paper
that the damping in heave is reduced and in pitch is increased by the addition of the dynamic coupling terms.
Dissipative
It

Damping

was mentioned previously that the

was not taken

free

water surface

into account in the basic derivation of the

present paper and that a correctton for it must be introduced independently. The effect of the free surface on
the \irtual

mass has been allowed

for

approximately by

the use of the coefficient /m derived by Ursell for a semicylinder (1954, and discussion, Korvin-Kroukovsky,
(Grim, 1953, also has calculated this effect for
19556).
some ship-like forms but his material is not extensive

The other well-known
the dissipation of energy in the
formation of waves which propagate away from the ship
In the "strip" method of analysis it is
in all directions.
enough

for general application.)

effect of the free surface

is

assumed that waves from each length segment d^ propaIf the ratio of the amplitude of these
gate laterally.
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

N(0

(35)

For the case of a half-immersed spheroid inider the
condition of a free water surface but neglecting wave

=

for

(Holstein 1936, 1937a, 19376,

and

k2

at the oscillating freciuency in the vicinity of synchronism

where ui,
ship and

is
is

and Havelock 1942)

pg 242/^^3

(30)

the frequency of the waves radiated by the
equal to the frequency of wave encounter.
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Table 5

Values of co-t/g for Synchronous Speed, i/6,

L/B

Model
•

V-bow (Model 1616)
T-2 Tanker (Model 1444)
Destroyer (Model 1723)
Trawler (Model 1699A)
Yacht (Model 1699B)
Lengthened trawler (Model 1699C)
Lengthened j-acht (Model 1699D)

,

,

THEORY

k; and k', of the Various Ship Forms
Submerged Spheroid

Havelock's submerst'd spheroid
Series 60 (Model 1445)

" ki

STRIP

for the ship

moment

.

7.5
7.5
7.4
9.4
5.8
3.5
10.3
8.0

forms (with free surface correction

added moment

_

,

8

of inertia of

^-4)

of inertia

water displaced by a ship.

for
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Comparison with Hovelock's

Analog Equipment for Processing
APPENDIX

D

Randomly Fluctuating Data'
FRANCIS

Experimental studies of buffeting,

and atmospheric
amenable to analysis

flutter,

turbulence produce data which are not

by the

usual

process of measuring or calculating

necessary to use
the
tion

statistical

phenomenon being
usually

spectra,

and

required

investigated.

are

cross spectra.

expense involved

in

methods

using

to

analyze and describe
The types of informa-

probability
In

distributions,

power

order to avoid the time and

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
The
desired analyses and automatically plot the results.

magnetic tape recording system and the analog analyzers
are described in this paper and their application to aeroA discussion of the comnautical problems is illustrated.
parative accuracy and reliability
analog methods is also included.

of

the

numerical

and

and study of the random amplitude fluctuations
about the mean value.

The most
niciues

In much of the experimental work undertaken in

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
ing a given test run.

through on the time-historjf record.
However, manj' phenomena being studied produce
data in which random amplitude fluctuations are inherent and measurement of average or faired levels only
Typical examples are gun aimis of little or no value.
ing errors encountered in fire control systems, loads imposed on aii'planes by turbulence of buffeting, stresses
produced by engine noise or vibration, and aircraft
In these
landing gear loads caused b,v rough runwa\'s.
cases, the information sought must be secured b}' analPresented at the Electronic Aids to the Aircraft Industry
Twenty-Third Annual Meeting, IAS, Xew York, X. Y.,
January 24-27, 1955. Reprinted with the kind permission of the
Aeronautical Engineering Review, May 1955 issue.
^ .Aeronautical
Research Scientist, Instrument Research Division, Langley .Aeronautical Laboratory, XAC.A.
'
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way

of

to describe

is

these

series.

techniciues

(luantitatively

to use the statistical tech-

which have been devised

random time

for analyzing stationary

The simplest and most
is

the

probability

familiar

distribution,

which, for example, has been used for years to describe
Recently, the generalized
atmospheric turbulence.
liarmonic analysis techniciues have been developed and
are being successfully applied to many random-type
data anal_ysis 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
[()]. Pre-ss [7], Chilton [8] and others.
These authors have demonstrated that statistical

extremely useful in aeronautical reif conventional time-history records
and numerical data work-up procedures are used to
secure the various reciuired analyses, the application of
these techniques to actual samples of experimental data
This is esis a time-consuming and expensive process.
techniques

aeronautical research and development it is possible
to set up experiments so that the amplitude of any quantity being measured remains \-ery nearly constant dur-

practical

these amplitude variations

search.
Introduction

SMITH'

ysis

discrete

Instead, where
values of static force, pressure, or moment.
randomly fluctuating quantities are involved, it becomes

B.

are

However,

pecially true in the case of

power and cross spectra de-

In addition to the digital computer expense invoh-ed in making the thousands of required
numerical calculations, several days may be required
to read the necessaiy number of data points from the
terminations.

time-historj- record.
strict the

number

These factors often seriously remight be

of statistical analyses that

made, or force one to limit severely the length of the
data samples and to accept the consequent poor statistical reliability.

To overcome these limitations the XACA has combined commercially available electronic equipment with
NACA-developed components to pnn-ide an analog
data processing facility which produces the reciuii'ed staThis fatistical analj'ses rapidly and inexpensively.
cility consists of four basic elements:
(1) magnetictape data storage and playback system, (2) a probability distribution analyzer, (3) a power spectral density
analyzer, and (4) a cross spectral densitj- anal.yzer.
This paper will describe these pieces of equipment,
^ Xvuiibers in
brackets designate References at the end of the
paper.
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in the order listed,

2

Probability

and

distribution

will briefly illustrate the appli-

cation of the various types of analyses to aeronautical
research.
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6

Fig.

power

spectral density relationship

Frequency
Fig. 5

Power

spectral density

Consequently each sample on the tape
ing equipment.
is spliced into a continuous loop before being played

back into the

FM

demodulators and the analyzers.

three types of analyzers through which data recorded on tape may be processed are a probability distribution analyzer, a power spectral density analyzer,

The

These three
cross spectral density analyzer.
analyzers and the type of statistical information produced by each will be discussed in the following sections of this paper.

and a

Probability Distribution

The time function shown
trates a

randomly varying

at the top of Fig. 2

illus-

cjuantity of the type to be

One way to anaconsidered throughout this paper.
lyze such a function is to determine its probability disThis is a measure of the proportion of total
tribution.
time during which the amplitude of the varying quantity exceeds given levels.
For example, suppose the time function shown at the
top of the figure were a plot of the gust velocities encountered by an airplane flying through rough air.
The intensity of the turbulence could be shown by plotting the probability that the gusts would exceed specific
The gusts in the atvelocities against gust velocity.
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

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 furnish information sufficient for calculating system inputoutput relationships or transfer functions. If this sort
of information is required, a second type of statistical
analysis called the

be

power spectral density analysis may

u.sed.

Power

is sometimes referred
harmonic analysis" and is similar to
the familiar Fourier series harmonic frequency analysis

spectral density analysis

to as "generalized

time.

The

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 limiter circuit will be at level .4.
The percentage of time
that the level is at B then represents the probability of
the input being above the fixed level E^.
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 recorder in synchronization, a complete plot of the probability distribution may be obtained.
To illustrate the use of the analyzer, I-'ig. 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 determined numerically. Setup and running time on the
electronic analyzer was about 20 to 30 min and about 7
man-hours were recjuired to read the time-history record, calculate the mean, and determine numericallj' the

electronic analyzer used to determine probability

The data sample
is illustrated in Fig. 3.
recorded on an endless loop of magnetic tape is continuously played into the analyzer, and its instantaneous
amplitude is compared to a reference voltage En. The
level of the reference voltage is determined by the position of the potentiometer slider.
If the input voltage
is larger than the reference voltage, the amplifier will
distributions

except in the following re.spects:

(1)

Fourier series anal-

applicable to repetiti^'e functions while generalized harmonic analysis is applicable to stationary random time functions, (2) as illustrated in Fig. 5, the .specysis

is

ti'um
as

is

repi'esented as a continuous curve rather than

and

(3)

plotted in terms of mean-scjuared

am-

discrete harmonically-related frequencies,

the spectrum

is
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per unit bandwidth (e(iuivalent to average
power per unit bandwidth in the electrical system) instead of simple sine-wa\'e amplitudes.
plitude
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Constant Bandwidth

Inpui

Tunable Filter

The power spectrum then

represents the distril)ution
I'or example,
the frequency spectrum.
the portion of the total energy included in the frequency
band/i to/2 in the figure is represented by the area under
the cur\-c between /i and /;.
One extremely useful feature of the power spectra

energy

of

concept

is

o\'er

the simple input-output spectra relationship

illustrated

in

Fig.

For linear systems, the power

6.

spectral density of the system's output Go{J) is e(|ual to
the power spectral density of the input Gi{j) times the

squared absolute value of the transfer function }'(/).
Thus, we ha\e a relationship among the three variables
such that if twf) of the three are known, the third may
be determinetl.
This sort of input-oiitput-transfer function relationship is one which is familiar to the electrical engineer
who is often fortunate enough to be able to work with
It should be noted that the
strictly sinusoidal signals.
power spectra concept now enables the aeronautical
engineer, who often has no choice but to work with randomly fluctuating type of "signals," to perform the same
sort of "circuit analysis" as the electrical engineer

customed to do.
For example, again consider the problem

is

ac-

an airplane flying through rough air; the airplane can be considered as a mechanism having a tran.sfer function Y{j),
the turbulence can be considered to be the input Gi{f),
and the airplane's response can be considered as the output G,Aj).
Thus, by measuring an airplane's transfer function
and its response to atmospheric turbulence, it is possible to use the plane as an instrument for measuring
turbulence, as Clementson [4] and Summers [(')] did. Or,
if a specific turbulence spectrum is assumed and the airplane's transfer function

is

known,

it is

of

possible to pre-

dict the plane's response to the turbulence.

Also,

by using the

technicjues developed

by Rice

[3], it

many

instances to use power spectra to
calculate such things as the number of zero crossings and
is

possible in

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 ]. A'ery briefly summarized, this procedure is as follows: First, read the
time-history record point by point; second, calculate
the autocorrelation function of the data sample by evaluating the integral
I{t):IV

+

t)(H

Jo
for se\-eral discrete values of time lag r;

and

thii'd,

de-

termine the power spectral density of the data by taking
the Fourier cosuie transform of the autocorrelation
function.

This process is equivalent to passing a tunable, constant-bandwidth filter of known characteristics over the

Squaring

fie

Averaging
Circuits

-^ffi
Recorder

Fig. 7

Power

spectral density analyzer

data and measuring the time average of the Sfjuare of
the filter's output.
Except for scjuaring 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 electronic analog equipment which might be used to determine power spectra: one type parallels the numerical process by first determining the autocorrelation
function and then taking its transform to get pfiwer
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 analj^zers are comparatively simple electronic devices and are commercially
a\'ailable, the
uses the direct spectrum measurement approach.
This type of analyzer is illustrated in Fig. 7 and operates in the following manner.
The data sample stored
on a continuous loop of magnetic tape is applied to the
iiandpass filter.
Any fre(|uency 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
ujiward through the spectrum until the entire freciuency
range of interest has been covered; at the same time the
recorder paper is moving under the stylus so that a continuous plot of power spectral density against frequency
is obtained.
The scanning speed of the analyzer is normally conservatively adjusted so that about three jjasses of the
data sample on the loop are made diu'ing the time re<iuired for the filter to scan one filter bandwidth. Under
these conditions, the time required for complete analyFaster scanning
sis of a typical record is 10 to 15 min.
.speeds may be used, but .some ".smearing" of the spec-

NACA

trum might

result.
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'
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•
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_

Cross spectral density analyzer

—
——
whose power siiectra are represented on Fi";;. 9 as PSDi
and PSDj. The cross spectrum between the two functions will indicate only those frequencies in PSDi which
are also contained in PSD2 and which bear a specific,
nonrandoni phase relationship to the fretiueneies in
PSDi. For example, PSD, and PSD. may include
power in the same freciuency band, but, if the corresponding freciuency components are entirely independent of one another, the phase between them would be
random and the cross spectral density would be zero
throughout the band. Howe\'er, if some of the frequency' components in P8l)i bear a iletinite phase or
time relationship to the corresponding components in
PSD2, this relationship will be indicated in the cross
spectrum.

One

useful application of the cross spectriun

is

in

the

determination of the phase response of a linear system
Recall that the
subjected to a random-type input.
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
By using cro.ss spectra, both the
the phase resjionse.
amplitude and the phase response may be calculated.
As shown by Lee [9] the transfer function Y(f) ec|uals the
input-output cro.ss spectrum G',,//) di\ided by the power
spectrum of tlie input Gu{f).

An

interesting featiu'e of this relationship

is

the fact

that the equation liolds true even though other independent random noises are present in the output. This
is true since the input-output cross spectrum will ignore

the presence of uncorrelated random fluctuatidus in
the output.
The cross spectra has other useful, practical applications to sy.stems with multijile inputs and outputs, Init
A good illusthese are too involved to di.scuss here.
tration of this usage, however, is included in Simimers'

paper on atmospheric turbulence measurements [6].
The numerical process for determining cross specti-a

<

Transfer Function

20

o

f^,
/

«

30

40

50

Frequency, cps
Fig.

1 1

Cross spectra of wing bending

moment

even more lengthy and expensive than that rc(|iiiii'il
for determining ])ower spectra.
However, the numerical i-esults can be tluplicated l)y the analog process
illustrated in Fig. 10.
The two fluctuating data samples recorded on a continuous loop of dual-channel tape
are simultaneously apjilied to two synchronized filters
of the same type used with the power spectral density
analyzer.
However, instead of S(|uaring and averaging
the outputs of the filters as would he done to determine
power spectra, the two outputs are fed into a multiplier whf)se output is a\-eraged and automatically
plotted against frequency to fin-nish the co-power spectral
density.
At the same time, one of the filter outputs is
run through a 90° phase shifter and again multiplied
by the output of the other filter. The product is then
averaged and plotted to give the (|uadrature power
spectral density.

To

spectrum analyzer,
shows some data secured from a buffeting airfoil in a supersonic wind tunnel.
The double-peaked
spectnnu is the power spectral density of the fluctuating aerodynamic forces existing at a particular spanwise station and the single-peaked spectrimi
the power
spectral density of the fluctuating bending moment
illustrate the use of the cross

Fig. 11

i.s

existing at the root of the wing.
densities

The

cross spectral

between these two quantities as determined

the analyzer are shown in the center of the figure.
calculated amplitude and phase response shown at
the bottom of the figure indicate that the wing is simIjy

The
is

Phase
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ilar to a spring-mass sj'stem with low damping.
(This
simple example does not pro\'ide 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 IV2 hours. To read the timehistory records and run the same four analyses digitally
would recjuire an estimated 40 to 50 man-hours which
explains why no numerically calculated check points
are shown in the figure.

—

analyzers in processing a specific data sample is somewhat inferior to that available form digital computers.
This factor is normally outweighted, however, by the
analog equipment's capability for economically handling longer data samples and providing improved statistical reliability.

It

appears that more extensive use of the analog analy-

might facilitate further advancement in
the application of statistical methods to aerodynamic
problems.
technitiues

sis

References
Accuracy and Reliability Considerations
Electronrc 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 precision that might practically be desired.
Conseciuentl.y,
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. Consequentl.y, if an experiment or test is repeated several times, sizeable variations in experimental results occur even if the instruments and analyzing processes introduce n(j error at
all.
For example, consider again the wing loads power
spectrum, pre\'iously shown in L'ig. 8, which is fairly
typical of the type of problems encountered.
The statistical reliability in this case was such that only one
out of three tests would be expected to yield power estimates within plus or minus 10 per cent of the true
value.
If the length of the data sample could be increased by a factor of 20, however, 19 out of 20, instead
of 1 out of 3, of the tests would be expected to yield results within plus or miiuis 10 per cent of the true value.
In analysis of actual data .•samples, then, consideration of the statistical aspects of the problem usually
shows that improved reliability might be obtained, not
by improving computational accuracy, but by analj^zing longer data samples.

Longer samples are not always possible, especially
where steady flight conditions 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 airplane or missile flights,

In conclusion, the various statistical analyses required in aeronautical research and development can
be secured rapidly and economically by the use of electronic analog analyzers.
The accuracy of the analog
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Liberty type ships, 138, 198

Limiting speed, 281

Limit of speed

Period distribution

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

Logarithmic decrement, 120, 128, 295, 296
Log,
data (ship's), 246, 249, 253, 298
declv, 254, 310
engineer's, 245, 254
-normal distribution, 57
weather, 254, 310
Lurching, 161

Maier-form ships,
Mariner type SS,

136,

240

134, 241,

250

waves,

12,

40

PhssG
angle, 153, 156,

1.57,

158, 1(59, 214. 239. 244

relation.ships. 3, 157, 167, 258, 259,

significance

rapidly applied, 257, 283
slowly varying, 257, 260

in

Perturbation velocities, 109

Pitch stabilizing
Potential flow,

of,

fins, 209,

2, 3,

267

158

13, 24,

217
130-133, 316

Pounding, 283

Power consumption, 184
Pressure,
coefficient, 23,

24

distribution, 2, 4, 5, 89
gages, 34, 56, 145, 194, 204, 261, 263, 265, 285
generated bA' water acceleration, 109
gradient, 3,'314, 319, .320
in slamming, 140, 141, 145, 287-290, 308

meter, 47
normal, 3

257, 263-266,
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Sampling

Pressure

effects, (il

285, 28<J
recnnlors, 55

1)11

Ise,

interval, 65, 66
variability, 68-70

Prisms and cylinders,

San Francisco (MS),

deeply subniorged, 115
oscilhding on water surface, 115
Probabilistic methods,
Probability,
distribution of
joint,

186-191, 207, 211, 257. 260-205,

Sea

wave

temperature difference, 51, 52, 81
characteristics (description of), 29
complex (ahso seawav, or wave sv.stem), 21, 24, 35, 36. 45, 72,
138, 142 145, 329, 336
conditions, 281-283
I'onilitions conducive to slamming, 136
disturbance n\nnber, 247, 248
fully developed, 40, 42, 45, 46. 331
irregular, 54, 145, 161, 164, 206, 211, 283
quatcring, 124, 165, 178, 204
regular long-crested, 155
scale, 247, 249
short-crested, 24, ISO, 204

slopes, 19-21

air

Products of velocities, 182

wave numbers, 75

Propeller,
a])|)arent slip, 244, 245,
effective pitch, 246

253

243

efficiencj-,

138,

Schwartz-Cristoffel transformation. 111, 115

1(36

298

Projection of

17,

273, 285, 306, 307

Quasi fully arisen sea, 46
Quasi static conditions, 290
Quasi stationary wind conditions, 331
Queen Elisabeth (SS), 208

-sickne,ss,

158

state, 30, 44, 54, 59, 60, 70,

73

surface variability, 70, 88

Seaway (Neumann's

Random,

fully develoiied,

distribution, 16, 17
processes, 17, 58, 60, 61

Range

Seaplane, 136, 137

expanding plate theory of imjjact, 136, 137
impact forces, 137
landing impact theory, adajitation to ship slamming, 138
Sectional forces, 258, 259
Seewetteramt, 48

of stress variation, 186, 264

Rapidly applied loads, 283
Rate of load application, 257
Rational theory, 257
Rayleigh distribution, 57,
Read effect, 257

72, 73, 172, 201,

200

Separation of air flow at wave crests, 5

Reference velocity or speed,

Region

description), 330

334

Series 60, calculated slamming pressures, 140

23, 24

of practical applicability in

damping

versiis

froquoncv

plots, 123

Set up (or inclination) of water surface caused

Seven degrees

R.PSlSt3tlCG

bj'

wind, 4-10, 237

of freedom, 163, 304

Severity of waves, 2S0 283

addcl'liy

wave

reflection, 238,

253

caused by waves and ship motions, 238, 239, 253
caused by waves directly, 238
shii>-niodel correlation, 242
towing tank methods and data, 240-242

Sharp-crested wave

profile, 4-7, 10, 18, 141, 321, 328,

coefficient (effectiv<^ at
forces, 2.58, 263, 2(;5

water surface), 333

modulus, 292

Resonant pendulum, 78

Response amplitude operator,

Sheltering coefficient, 20, 23, 328

169, 173

Ship,

Restoring moment (in rolling), 126
Reverie (s<hooncr), 18
Righting arm, 126, 160

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 sj'stem. 111, 118, 119

Ripples, 14, 17, 22, 23, 25, 73, 329

Roll stabilization, 159

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 eharaclcristics, 181, 185

Rolling, 1.58

amplitude decay, 127
in irregular waves, 176, 177
in regular waves, 126
in still water, 126
linear approximation, 127
nonlinear, 160, 161

Shipborne wave recorder (or gage),

34, 55, 56, 73, 78,

Root-mean-square (wave amplitude), 72

Shipbuilders Research Association (dr. Brit.), 248

Rotary

Ship forms,

inertia,

292

oscillating

Rotating arm, 124, 125

Rough boundary
Roughness

wave-covcrod

sea),

330

328

protuberances, 329

Royal Sovereign (battleship), 129

Rudder, 209
control, 164, 180, 181, 215
control fmictions, 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

85

on the water surface, 116

subjected to

surface, 332

(in relation to

of a plate,

329

Shear,

wave

action, 117

Ship model motions (comparison of calculated and measured), 155
Ship motions,
in till' plane of symmetrv, 153
observed at sea,"l84, 188. 191, 199, 200, 202, 203, 204, 205
prediction of by linear super])Osition theory, 166
significant characteristics of, 158
six component (or in six degrees of freedom). 152, 162
two sviperposed systems of oscillations (in undamped rolling),
1.59

Shipping of water, 248
Shock-absorbing travel (cushioning
Short-crestedness,

16, 75, 82, 8(5,

effect), 141,

142

175, 178, 180, 181
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Shortness of pressure pulse, 285

Supercritical conditions, 190

Side

SWOP

Kill

drift,

(a project), 48, 74, 70.

80

Side sway, KiO

T-2 tanker,

Significant
l)oriods, 51

range of periods, 42

wave

conditions in ship

2!)ti.

force or force coelllcieiit, 9, 29, 327, 333
viln-atioii,

cMiiscd

l)v

Thin

:i.

4, 8,

directional. 170

14

Transient,
behavior, 291

I

130
model experiments, 308
stresses, measured on destroyers at sea, 288
ilefinition,

towing tank data, 138-142
Slender body (or strip) theory, 109
Slope of water surface, 2, 10, 18-20

Smith

lichavior in rolling, 161
elastic vil>ration, 292, 293, 310
res])onse, 214, 215
state, 25, 290, 305

Traveling disturbance (or ])ressure area),
Three-dimensional effects, 114, 122

effect, 115, 1()3, ISS, 190, 2.56, 257, 261, 265, 207, 209, 274.

340, 341
moditication of by a ship,

344

Transfer functions, 61. 169, 171, 348
complex, 174

Slamming, '.10. 192, 195, 217, 250
immersion of liow flare, 280, 304
impact, 28:i, 284, 290, 305, 310
Kent's

ship, 132,

Towing tank, 179

15!)

areas, 125
friction,

stress, 33)5

shiiiiiniiig,

HIO

:5(IS,

Simple harmonic oscillator, 1(10, 158,
Skeg, 146, 105, 100, 20i), 215
Skin

260, 26,5-274, 278

<lrag, 1(J-13

25, 51

lii'lghts,

Similarity

2.59,

Tangential,

Tucker's wave recorder, 34,
Turbulence, 82, 83
stimulation,

259, 201, 340

1.55,

Smoothing operation, 03

Turning

4,

.52, 8.5,

2,

17

211, 216, 217,

30(;,

307

179

radii, 124

Two-node

hull vibration, 267, 279, 284, 290,

305

Spectral,
ciinipiinents,

42

Unimak U.SCCiCj, 285-288, 290
(

density, 17, 02, 69, 72

29-48, 52-5.5, 86
Spectrum,
co-ctimulative, 41
continuous, 329
co-spectrum, 173
10, 17,

cross,

Velocity,
gra.lient, 3, 4, 10, 23, 82-84, 328, 341
I)erturbation, 109, 130, 131, 132, 338
potential, 107, 109, 111, 130, 131, 132, 182,

173-170

descriptive, 54, 86
directional (or two-dimensional). Hi, 74-80. 82, 84, 88, 170,
212, 217
of air pressure fluctuations, 17

power or energy, 59-74

scalar, 61, 02, 70, 73, 74 78,

170

Specular point, IS
Speed,
attainable liy destroyers in waves, 279, 281-283
in ship operating conditions, 243
loss vs. ship form, 249

Spray root, 137, 308
Spring constant, 106

Victory (SS), 238, 248
Victory type

sliip,

237, 248

Viscosity,
air, 2,

3

effect in

waves, 83

luolecular, 14, 18, 24, 25
turbulent, 14, 15, 25, 334,
water, 2, 127, 130

Stabilization of

209
208

])itchiug,

Stabilizing gyros, water tanks

291

modes, 292, 294, 296, 305, 309
natural period, 267, 290
response, 296, 297
similarity conditions, 296
transient, 290, 292, 293

smootheil, 64

rolling,

apparent perio<i, shortening with time, 291
caused by shunming, 136, 284, 287, 290, 294
decay of, 139, 284, 293, 296
forced, 292
free,

quadrature, 173
raw, 04

and

tins,

335

208

Wave,

wave energy, 81
Stationary random time series, 346
Static concept of

aiisorbing beach, 147
apparent length, 239
characteristic, 28, 29, 30, 39, 330, 331

Statistical,

components, 2, 47, 180
development, 48-51, 87, 320
dispersion, 25
energy, 30, 38, 322, 332

studies or anah'sis, 300
theory, 18, 205, 298, 310

Steering system, automatic, 210

Step-by-step integration, 157, 103,
307

16,5,

182, 211, 213, 215, 200,

Stereophotographic measurements and data,
198, 212, 329

17, 76, 186, 190, 192,

Stochastic, 59

Stokes' theory of waves, 320, 329

generation, 1, 4, 16, 20, 47, 81, 178, 179, 326
groups, 16, 307, 322, 330

growth, 24, 80, 81, 87
-maker, jjlunger type, 147, 180
practical wave prediction, 51-54
profile, 2, 188, 261, 202, 264, 209, 272, 273,

Strain gage, see Gages

profile indicators, 180, 192
reflection, 82, 84, 178, 238

Stralsund (fishing trawler), 196

steepness, 26, 81, 83, 193, 309, 310

Strip theory or method of analysis (also cross-flow hypothesis),
107, 108, 109, 114, 122, 123, 125, 129, 130, 130, 143, 154,
1.57. 214, 253, 310, 338, 343, 344

Surface

slick, 18

316-318, 338, 339

Vibration, 257

308

Waves,
amplitude cau.sed by
apparent periods, 40,

njlling of noncircular c>'linder.s, 129
41,

55
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Wave

Waves

gage or recorder, 36, 206
also see Tucker's wave recorder,

apparent steepness, 42
breaking of sharp crests, 329
capillary, 1, 87
damping of, 323

decay

of,

])(irtal:)le,

Wave

height,
a]>parent, 54, 56
effective (in causing stresses). 188, 263, 273, 277
equivalent (in energy content), 31, 33, 34, 35
significant. 25. 48. 57, 178, 212

25, 26, 51

energy dissipation Ijy, 13, 14, 334
from an oblique direction, 143
gravity, 1, 10, 87, 316
in rectangular tanks, 324
irregular,

1,

7, 10. 23. 24, 36, 54, 55, 57, 80, 82, 84, 87, 89, 149,

152, 161, 164, 166-181, 185, 198, 200, 201, 206, 207,

279

length of crests, 329
macroscopic description
modulus of decay, 323

conditions, 51

86

Wave

310, 320. 329, 332

scale,

Weather
16

20, 85,

180,

181,

height, significant), 20, 25, 33 36,
,

337

age, 26
10, 14, 20, 23, 24, 29, 80, 81, 249,

Exjjlorer (weather
Wetted,
beam, 276, 297
bottom area, 284, 308

ship),

34

Wind,

standing, 324
trochoidal, 5, 193, 198, 314-316

1, 4, 9,

246
248

fai'tor,
5,

204
significant (see also

317, 334

87

Weather,
of,

of finite am])lituile of height (Stokes')
of small amplitude, 316
short-crested (also short-crestetlness),

celerity,

15, 84,

78

sharp-crested, 142

long-crested, 152

Wave
Wave

Wave number, 14, 16, 17, 21, 2.3, 75,
Wave pole, 60, 76
Wave spectrum, 29-48, 52, .53, 54
Wavelets,

282, 283, 286, 298, 302, 307, 308

39, 45, 48, 51,

217

sliipborne, 55, 50, 60, 73, 78, 210

314 316,

duration, 20, 22, 29, 42, 45-51, 54, 86
gradient, 31, 32, 35
shearing forces, 332, 333
velocity gradient, 10, 13, 328, 333

Wind

tunnel,

4, 10, 82,

197

