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the waves., The theory is found to fail only for a sailing yacht che-
racterized by large slopes of sides at the LWL throughout its length

and by & pronounced bow overhang.

A discussion is given of the usefulness of the theoretically
computed responses to regular waves in predicting ship motions ir ==
irregul ar sea and a satisfactory agreement is shown for the destroye:
model between the statistical averages of heaving und pitehing amplis

tudes of motion obtained in this way and those obtained experimentally.
INTRODUCTION

In a papor writter for the November 1955 meeting of the Society
of Naval Architects and Marine Engireers, the first author presented
a theory of the heaving and pitching motions of a ship in regulay head
or following seas. That paper added one more chapter to the historic
development which was started by Kriloff (1896, 1898)1*, and which
received a strong impetus in recent years from the work of Weinblum
and Sv. Denis (1950), St. Denis (1951) and Korvin-Kroukovsky and
Lewis (1955). The particular advances made by the first author in his

1955 paper were consideration of heave-pitch coupling and a theoretical

the Bibliography at the end of the paper is arranged alphabetically
by authors' names, with the date of publication given in parenthesis,

- g mp—




calculation of the exciting forces exerted on a ship by waves the
results of which were in satisfactory agreement with experimental

measurements. The calculation took into account the interaction vet=-

ween ship and wave which is neglected in the heretofore \universally

applied "Froude-Kriioff hypothesis".

The motions of two ship models computed on the basis of the thzory
were compared with the motions measured in a towing tank. A reasonably
good agreement in the amplitudes of pitching and heaving was demonstra-

ted, but there was a large systematic error in the phase relationships.

In the 1955 paper a "strip" method of analysis was used, not only
because of its mathematical simplicity, but also because by this method
the 2istribution of hyirodynamic loads along tiw hull could be obtained.
This distribution combined with the distribution of inertial loads re-
sulting from the ship motions can be directly applied to the ~nalytical
calculation of bundi.g moments :::.i1g on & ship structure in waves.
Since publication of that paper, the second author has been engaged in

5

evaluating ship bending moments on this basis” for comparison with ex-

perimental results. It was found in the process that bending moment

5Under the auspices of Panel 5-3 of the Hull Structure Committee and
Panel H-~7 of the Hydrodynamics Committee of the Society of Naval
Mrchitects and Marine Engineers,



calculations require a much greatsr precision than calculations of
molions, and that the theoretical method which gave reasonably good
amplitudes of motion was not yet adequate for the calculation of bend-

ing moments.

In the course of re-examination of the original method occasloned
by this difficulﬁy, several errors and omissions were discovered and
rectified. Most important has been the realization that the velocity-
dependent (or damping) terms of the equations of motion cnnsist not
only of ensrgy dissipative parts but of dynamic non-dissipative parts
as well. The existence of the latter had been demonstrated by Haskind
(1946) and Havelock (1955), but not sufficient attention had been paid
to their studles, perhaps because of the difficulty in following the
mathematics of the first and because of the relatively recent appear-

ance of the second.

Introduction of the necessary corrections has improved the gorre-
lat;on between the calculated and experimental amplitudes of motion
and has resulted in a generally good correlation of the phase relation-
ships. Furthermore, confidence in the method has increased with more
extended arplication from the two models studied in 1955 to a total of

eight models of widely different types at present., The pitching ard

heaving motlons of these models in regular waves have been experimentaliy
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measuredé and analytically calculated, and the results are described

in this paper.

In his paper of 1955 the first author emphasized that his objective
was to place in the hands of naval architects a working tool to use in
the process of developing better ship forms. It is the aim of the present
paper to present. an improved tool and a broader basis for appraisal of

its success in application.
THFE. PATTERN OF SEAKEEPING RESEARCH

Before proceeding with a detailed analysis of ship motions in re-
gular head seas, it may be advisable to demonstrate how this particular
subject fits into the general pattern of research into the seakeeping
qualities of ships. The complete pictvre would require an investigation
of ship motions in all six modes — surge, sway, heave, vo1l, piten and
yaw — in realistic complex seas of any direction. Such a complete in-
vestigation has not yet been made, but as a first step the simpler pm?
blem of ship motiuns in head or following seas has been tackled by
several writers, beginning with Xriloff (1896). A further simplifica-

tion has been to assume regular seas, so that side sway, rolling7 and

6 The authors are indebted to Prof. Edward V. Lewis, Mr. Edward lNumata
and Mr. John Dalzell for all experimental data.

7
' Grim (1952) shows that at certain speeds in a following sea rolling
instability develops despite all symmetry.
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yawing motions are eliminated and only surging, heaving ari pitching

motions remain, Of these, surging appears to have little effect on

heaving and pitching, so that it i3 sufficient to consider ius motions
in these two modes. Only in certain aspects of towing-tank testing tech-
nique has surging appeared to be important (Vedeler, 1955 , Sibul, 1956,

and Reiss, 1956).

Formerly the response of a ship to regular waves was thought of
as an approximation to the actual behavior a2t sea. Since the publica=-
tion of papers by St. Denis and Pierson (1953) and by Fuchs and McCamy
(1953), and the subsequent work of Korvin-Kroukoveky and Lewis (1955),
Lewis (1955), Lewis and Numata (1957), Cartwright and Bydill (1957) amd
Cartwright (1957), the point of view has changed. Obtai.iing the res-
ponse of a culp to regular waves is no longer considered as an end in
itself, but rather as the end result of the hydro-mechanical phase of
the broader problem, which is to be followed by a stati>' .al phase in
order to obtain the response to realistic complex {or irrmgular) seas.
It should be emphasized that the ship properties such as shape and mass
distribution are considered only in the hydro-mechanical phase; the

stzatistical phase is a strictly mathematical treatment of tac results ‘

obtained in the first. The results of the first phase are required

only to be in the form of a rlot of amplitudes o! pitch and heave per



——

unit wave height versus frequency of encounter. Various methods of
non-dinensional plotting proposed and used from {ime to itimpe have 1ittle

usefulness in this connection.

~

The ship response to regular waves can De mezsuyed in z towing

3
LY

tem¥ with=zl =7 reference o theory., GZowever, experixernial data <o

!

25t boring out readily the significznce of the various physical proper-

ties of a ship. It is necessary w develor a2 reascnardly cororehensive

ot

heory in order to gain an wderstanding of the =ffects oI these pro-
perties on the motions of a ship. Such a ibeory would zlso provide a
basis for judging the experimental cdata. There are mamy -itfalls “n
towing tank testing of ship models in waves which can be awoided when

kowing what to expect on ‘heoretical grounds.

Tre theoretical approach to the croolem of ship responses o
regular waves has taken two general directions. One is to wndertake
toe camplete problex of a tody oscillating in waves at once, i. e. o
inciude initially in the eguaticus of motion itke dynamics of the body
ad the hydrodynamics of & flmid with a free suwface. Probably the
st complete study of this mnd is that of Hasicind {19L8), which nas
been made accessible to Engiish-sreaking readers by Dr. densusen's
transiation (under the auspices of the H=5 Pazel of the Society of

Naval Architects and Marire Engineers). These stdies nave been




valuable in providing guidance to the simpler approaches, but their
mathematical difficulty and the need for extensive calculationa to
bring out the final results prevent their being useid‘ directly by naval
architects. The nther, simpler, approach has been taken by Kriloff
(1896, 1898), Weinblum and St. Denis (1950) and St. Denis (1951). Here
the differential equations of motion are written on the basis of the
dynamics of rigid bodies and various coefficients are independently
and individually evaluated by hydrodymamic conside;'ations. They are
usually derived by analogy with a fully submerged body ani the effects
of a free water surface are allowed for by separate consider:ztions.
Specialized investigations of virtual masses and damping such as those
by Holstein (1936, 1937 a,t), Havelock (1942), Ursell (19Lh9, 1953, 195L),
and Grim (1953) are available, and while these studies are by no means
uninvolved the results are presented in simple form and can be readily
incluvded in the solution of the equations of motion, With this sup-
porting literatwme the simpler theoretical approach has become more and

more realistic.

The present paper follows this simpler approach. Its immediate
objective 1s the calculation of ship responses ‘o rezguiar head or fil=
lowing seas, with the expectation that this material can then be statis-

tically treated to permit prediction cf ship behavier in 2 realistic




irregular sea. In addition it is desired tc provide a method that can

be readily extended to the calculation of ship bending moments.
THE BQUATIONS OF MOTICK

Neglecting the surging, the eguations representing the equilibrium
of forces and moments acting on a ship moving in regular head or follow-
ing seas can be written in the form

mz +cz=H
b4

(1)
Je +CercH
m

where m 1is the mass of the ship itself and J is its roment of
inertia; 2z 1is the heaving displacement and 9 the angular displace-
ment in pitech; ¢ ond C are the unit restoring force and moment
respectively dve to chiuniss in the buoyant forces arising from the
deviation of a ship from its attitude of normal flotation; Hf is

the force and Hm the moment about the center of gravity of a ship due
te water pressures generated in the flow by the action of the wave as
well as by the ship's own oscillations. These forces and moments are
computed in the Appendix, and are found to he expressible by polyno-
mials the terms of which are divided into those corresponding to the
ship's oscillation in smooth water and those corresponding to direct

wave action on a restrained ship. When the terms of the first kind are
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transferred to the L.H. side of Equations (1), the equations take the

form

az+bé+cz+d'9'+eé+g9=

F eiu)t\

(2)
it
e

®e

+Ce+DZ+Ez+Gz =M

[ 513

+ B

The complete expressions for the coefficievis on the L.H. side are
given in the Appendix by Equations (L2). The terms on the R.H. sides
of Equations (2) are known as the exciting force and moment. They are
given in complex form in order to facilitate the algebraic work of the

solution and it s understood that only the real part of the expcomential

on the R.H. side ¢f Bquations (2) is to be taken. In this form

eiG‘ idt

F-Fo and the real part of ¥ e =F°cos Wt +0o),

_ _ (3)
M = Moeir and the real part of ¥ ¢+9% . M cos (e +).

Here Fo and MO ars respectively the amplitudes of heaving force a.nd
pitching mement caused by waves, as computed by Equations (26) and (27)
in the Appendix; " and U are the phase angles at which the maxima of the
forca and moment occur (positive angles are leads, négative angles are
lags). @ or T is zero if the maximum occurs at the instant when the wave
crest is amidships. The harmonic oscillation of force and moment is
given by the factor exp(iut) in Equations (2), where (), written for
brevity in place cfu)e, is the frequency of wave encounter. The terms

in © in the first and in 2z in the second of Equations (2) represent




|

the interaction between hecving and pitching motions. These terms are

usually referred to as "cross-coupling terms".

It is assumed that the ship is moving in a wniform sea, and that

B0%9

a steady state of heaving and pitching is established., In such a case,

the transient responses have been dsmped out, and only a particular

solution of Equations (2) is required. Since the exciting functions

- are assumed to be harmonic, the solution is likewise harmonic, i. e.

of the form
=iei®t and 9=§eiu)t
Z and @ are complex amplitudes

Z==Zei'S and § = 9 oi€
o o

where ZO is the absolute value of the heaving amplitude, 9o that of

pitching, and -& md -¢ are the phase lags of ship motion relative

to Wt.

The solution of Equations (2) is readily obtained as

7.MQ-FS

QR-PS
- FR-¥P
® "TE-FS

where the capital letters represent the groupings of the coefficients

of Equations (2) as followss

(4)

(5)

(6)
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P=c-ad+ibW+e

+

R=-DW +1iEBW+G

Q=-d DZriede g '
‘ [
|
S’-Au)2*iBu§*C

dere the "cross-coupling® coefficients of Equations (2) set esual o
zero, i,e. d =e =g=D =E =G = 0, the two equations would represent

two simple harmonic oscillatoi('s in forced motion, and Equations (5} and

(£) would take the familiar form of "magnification factor".
THE SHIP MODELS USED FOR COMPUTATIONS AND EXPERIMENTS

The heaving and pitching motions in regular head seas have been
~alelated from Equations (5), (6) and (7) above for eight ship models
of different forms. Tber properties of these models are given in Table 1
and the body plans in Figs. 1 to 5. These hulls are currently subjects
ef research at the Experimental Towing Tank of Stevens Institute of
Technology for various project: sponscred severally by the David Taylor
Model Basin, the Office of Naval Research, and the Society of .iaval
trchitects and Marine Engineers. This collection of models does no%
therefore represent a serles daveloped for a particular purpose; it
includes a wide range of ship forms and displacemsnt-length ratios.

These forms may, however, be considered in groups of two or three having

~ertaoin recemblmces and differences,
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Model 1LUS is the Series 50, 0.60 block coefficient form and Model
1516 is an experimental modification of it by E. V. Lewis (1955) which
has the same dimensions and the same afterbody but an extiwem Y-type
forebndy (Pig. 1). These two models were investigated by Korvio-Xroukovsky

in his 1955 paper but have been sulmitted 4o re-analysis by the corrected
and improved procedure given in the present paper. The newly-computed
values of all the coefficients for wave length A equal to skhip ilength
L, /L =1, are listed in Tables 2 and 3, which replace Tables 4 and 6
of the earlier paper, and the new curves of B, b, e, and Ez versus
frequency and of C and g versus forward speed are shown in Figs.

and 7 which replace Figs. 1 to I in the earlier paper. The calculated

and experimentally measured responsegs of these moadeis ta warec of twa

!
{

lengths, A\/L =1 and 1.5, are shown in Fig. 8 which replaces Zigs. 5

to 8 in the earlier paper.

Model 1uhl; is the T-2 Tanker (Fig. 2) which has been the subject
of many experiments conducted by E. V. Lewis (195L) in commection with
the measurement of bending moments (wnder the sponsorship of the S=3
Panel of the Society of Naval Arcibtects and Marirme Engineers). The
calculated and experimentally measured motions for A/L = 1 are shown

in Fig. 9.
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Model 1723 is the destroyer ID692 (Lewis and Dalzell, 1957) of
displacement~length ratio 60 (Fig. 3). The results of computationz amd

towing tank tests for four different wave lengths are shown in Fig. 1C.

Model 16994 (Fig. L) is the German fishing trawler "Stralsund®,
described by Captain W. M3ckel (1953) as possessing particularly good
seagoing qualities. It is a short stubby hull of displacememt-length
ratio 204. Model 1699C has the same section forms as the irawler but
spaced wider apart and dimensioned to give the low displacement~length
ratio of 60 1ike the destroyer. Fig. 11 shows the calculated and ex~-
perimentally measured motions of 1699A and 1699C in waves of two lengths,
A/L =1 and 1.25. Attention should be called to the diffsrent spesed

scales on the L.H. and B.H. sides eof Fig. 11.

Model 1699B (Fig. 5) is the British cruising yach:t "Brambling",
also reputed to have excellent sea-going characteristics (Fox, 1938).
¥With a displacement~length rstio of 370, it is the stubbiest model of
the group investigated. The lengthened counterpart of the yacht,
Model 1599D, has the same section forms spaced wider apart and a dis-
placement~length ratio of 60 like the destroyer and the lengthensd

travler. Fig. 12 compares the calcrlated and experimentaily measured

P

sy




aotions of 16998 and 1639D in waves of wwo lenztss, /L = 1 ax

A/L = 1.25. {Note differemnce ir speed scales op L.Z. zmd ZEZ, sides

Since sueh small vessels as tradlers and 7achif Save suoceeded in
operating efficiently in Az open ocean, it was thouoght ithat their forms
nay have some partictlarly desirstle Teatures worih irrestizstirg,

B. 7. Lewis {1935) and Sumatz and Lewis [19S7) nave - r <he Eramiages
of a low displacement~liensth raztio so i1hat the Zigh disrlzcement-lernsth
io of these s=ma’> shinz zooears L0 Te z fr=@back. Tre reason Jor ithe

sewfortkiness of these *alls zmrst lie, ithern., in their Sreetozrds and

The destroyer {Model 1723), the lenzthened iramier {Vocel 155C)

and the iengthened yax-t {Kodel 1699D) can e compared “or ibe effect
of section fom at the same low displacemert-iergth raiio of 0. The

effect of section Zom is aiso showm o= Tig. 3 by comparisos of Model
1L4S, the Series 50 Ix1l, =nd Model 1£36. YModel 1€16 nas the same

sectional area curve apd the same aflerbody ac ¥odel 1hES wut iis fore-

-z

Gy is modified o have extieme T sections, more or less 1ike a Mader

L,

0T .

- - e T . ..
-ze effect of grestiy redecing the displacement-iengia © Lo,




1. e. of stretching the models, while keeping the same section forms
cen be seen by comparison of the original and the lengthened veraions

of the trawler and the yacht on Figs. 11 and 12.
CORRELATION OF CALCULATED AND EXPERIMENTAL RESULTS

Excellent agreement between analytically calculated and experiment-
ally measured results is found on Fig. 10 which depicts the responses of
the destroyer (Model 1723) to waves of four lengths, A\/L = 1, 1.25, 1.5
and 2, which cover the most important operational range. It ghould be
noted that of the eight this model comes closest to being "wall-sided"
at the INL, and in this sense conforms closely to ihc 2eoswmntions made
in the theoretical derivations of the Appendix as well 2s in the support-

ing literature on damping.

Next in degree of correlation cow. coe Series 60 hull (Model 1LLS),
Fige. 8, and the T-2 tanker (Model 1LLL), Fig. 9. Here, too, the agree-
ment is excellent between ihe calculated and experimentally measured
pitching motions and _nase relationships. However, there is a signifi-
cant overestimation of the heaving motions at and near syuchroni=sm, for
both models, and, while the calculated phase lags in heave are close to
the measured lags for Model 1LLS, for Model 1hlL) there is soms discre-

pancy at speeds higher thaa 2 ft/sec. Both of these models have U sections
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forward, where they deviate little from the assumption of wall-sidedness.
Pronounced slopes of the tangents to the section form= at the IWL occur
only at the stern where the relative ship-water motions are generally

smaller and the effect of section form is less important.

The calculated and observed amplitudes of motion for Model 1616
(lower half of Fig. 8) agree very well at /L = 1, but at \/L = 1.5
there is a significant error in the estimate of pitching amplitude. The

phase relationships show gocd correlation in piteh but not in heave.
This model, with its extreme V sections at the bow, has, of course, a
pronounced slope of the tangents to the sections at the LWL, deviating

in this respect from the assumptions of the theory.

In the case of the lengthened trawlar Model 1699C (right hand of
Fig. 11), there is on the average a very good agreement between the
calculated and test resulis, but the calculations underestimate the
pitching amplitudes and <o not show the exaggerated narrcs peak in
heaving at synchronism. The calculated phase relationships agree very
well with the test results. As can be seen from Fig. U, the slopes of
the tangents to the bow s:ctions are more moderate for the trawler than

for the V-bow Model 1616 but greater than for M-iel 14kLS.

The original trawler Model 1699A combines these section character=-

istics with the high displacement~length ratio of 20L. The experimental
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and calculated motions agree quite well at \/L = 1, but there are large
discrepancies in the pitching amplitudes and phase lags at \/L = 1,25,
The agreement in heave amplitudes and phases at the latter wave length

is excellent.

The only models for which the computation method fails completaly
are the yachts, both the original Model 1699B and the lengthened Hodel
1699D. These mulls have not only large slopes of the tangents to the

sections at the LWL at bow and stern, but also appreciable slope at

midship section and, in addition, a large bow overhang and a cutaway
forefoot. These deviaticus from the assumptions of the present theory

of ship motions appear sufficient to mviilate computed resulta,

Tt wer expected that estimates of the motions of 4:= original
yacht would be poor not only because of the slopes of the sides at the
IWL and the large overhang but also because of its stubbiness. This
mode]l was included in the analysis in an attempt to establish the limits
of the applicability of the theory. However, the failure in the case of
the lengthened yacht with a low displacezent~length ratio of 60 is illu~-
minating. It indicates that the section slopes and the end overhang
have much greater weight in the calculations than the displacement-
length ratin. The rslatively small importance of the latter could have

been inferred frem Vosser's (1956) calculations of three-dimensional

T e e



R-659
-16-

damping forces for three length-beam ratics, as shown in Fig. 17, and
from the comparisun by Korvin-Kroukovsky (1955a) of his inertial force
calculations for a spheroid of length—diameter ratio S with Havelock's

for an infinitely long sphercid.

To summarize, there is excellent agreement between the calculated
and experimentally measured ship motions in the case of a destroyer,
and a generally satisfacilory agreement in the czse of normal ship forms.
Only in the case of a yacht is the coamputation method completely in-~

adequate.

In the discussion above the authcrs have purposely refrained from
mentioning non-linearity. Certainly the slopes of the hull surface at
the INL indicate a strong non-linearity in the restoring forces and the
corresponding cross-coupling tzmms, i. e, in the coefficients ¢, C, g
and G of the equations of motion. However it is not certain whether
it is this non-linecrity or the inexaciness of the virtual mass and
damping coefficients which is responsible fpr the discrepancies between
the caicul ~ted and the observed motions. Attention should be called to
the fact that althouvgh the forms for which Grim has derived the damping
forces include what appear to be extreme V sections, these sections
have a sharp turn of the bilge and are “angent to a vertical at the

IWL, whereas the bow sections of a Maier form or of the yacht discussed




above Lave large slopes at the INL and s0 may well ha{re quite different
damping properties. Unfortunately neither theoretical norvexperimntﬂ_
information on such sections is available. Infomgtion available on

wide V sections used in speed boats and in seaplane hulls has been derived
for very high Froude numbers, at which the force of gravity can be ne-
glected in comparison with acceleration forces, and is not valid for the

range of Froude numbers found in ship operation.
THE SIGNIFICANCE OF THE CHASACTERISTIC PROPERTIES QF SHIP FORMS

As a result of all investigations made so far, the effecic of
certain properties of ship forms have become established. The natural
pitching or heaving period of a ship oscillating in =mooth water becomes
somewhat modified in coupled motion, but meverthe’ess remains a2 most
important criterion. The shorter tLe natural pe+iod, the higher the
frequency of wavc encounter gt synchronism, and therefore the higher
the ship ¢ e#ed for synchrv.dism in waves of any given length. The waves
causing large chip motions are equal to or longer than ship length, and
E. V. Lewis (1955) has shoun that the limiting siuip speed in rough wea-
ther therefore ‘uncieases with ship length. This effect i3 clearly shown
on Figs. 11 and 12 by a compariscn of the original and lengthened modals

of the trawler and the yachta.

HNm.e that the speed scales are different for the original and length-
ened hulls.
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However, a naval architect will arrive at a certain ship len;;rt"n
and a certain displacement~length ratio by many considerations other
than seakeeping ability. Whatever the dimensions chosen, it is Elesir-
able to see what improvement in seakeeping can be obtained by select-
ing a suitable ship form. Evidently the most important characteristic
here is the dzming. The theoretical work of Holstein (1936, 1937a,
1927b), Haveiock (1942) and Grim (1953) shows that darping increases
rapidiy with decrease of the mean draft of a ship section. Yet awvoid-
ance of bow emergence and slaxming dictates a large actual ‘drai‘t. Zoth
conditions lead to the requirement of a low saction coefficient,
usually associated with a V form, or at least with a large deadrise of
the ship bottan9. This is indeed a characteristic of the small ships
operating in high seas, the yachts, fishing trawlers and coast-gunard
cutters.
These principles are well illastrated by the romparison on Fig. 8

of the Series 0 Model 1LkLS with its modified V-bow version, Model 1616,

The larger beams of the bow sections of Model 1616 increase the moment

? The advantage of a low section cueflicient in reducing the amplitude
of hpeaving motion in waves is vividly demonstrated in the recent theore~
tical work of Grim (1957). Of two sections having draft equal *o half-
beam, the one with section coefficient of 0.555 is shown to oscillate
with a magnification factor close to unity through a wide rapge of fre-
quencies, while the one with section coefficient of 1.015 has a magni-
fication factor of 3 at 2 sharp synchronous peax,
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of inertia of the waterplane and this results in a higher ship speed
for synchronism. The smailer mean drafts of the V sections increase
the damping forces and thereby markedly decrease the ampiitudes of

vitching and heaving.

The advantages of the trawler and yacht secticn forms over those
of a conventional ship like the Series 50 lie largely in the increased
damping due tc smaller section coefficients. There is rather little
difference in the behavior of the destroyer (Model 1723) and the length-
ened trawler and yacht (Models 1699C and 1699D), which were made to match
the displacement~length ratio cf the destroyer, because the destroyer
also has i32» desirable low section coefficients. Indeed the very low
mean dra’t of the stern sections of the destroyer gives it somewhat

heavier dampirg and slightly lower amplitudes of moticn.

This advantage of the destroyer over the lengthened trawler is
offset in part by the fact nmoted during the model tests (Numata and
Lewis, 1957) that the destroyer frequently shipped water more heavily.
It appears that concentration of heavy damping at the stern is not as
desirable as a more unirorm distribution of damping between bow and
stern. This conclusion is in agreement with the often-expressed opinion
that "double-ended” boats are preferable for good seakeeping qualities,

and in fact trawlers, and fishing boats in general, show a distinet trend
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in this directior.

The beneficial effect on the behavior of a hull resulting from a

low section ccefficiznt with its corollary a large damping coefficient

is quj.te evident qualitatively from the familizr definition of "ampli-
fication factor®, i. e. the solution of the simple uncoupled eguations
of motion. It is impossible, however, to judge the effects of the cross-
coupling coefficients by inspection of the coupled equations of motion
or their solution. Experimentally also these effecis are difficult to
trace because of the number of different wodels required and the tedious-
ness of towing-tank testing. So far all amalytical efforts have been
expended in developing a theory of ship motion and in demonstrating its
validity. Until recently the theory was not good emough to warrant ke
series of calculations necessary to bring out the in{luvence of the cross-
coupling coefficients; but now it appears that at least for ship ‘forms
not deviating too much from conventional ones the theory is sufficiently
reliable to make pueh eomputatiens wertiwhile., A eemputalinnal series

of systematic changes of foim leading to chamnges of cross-coupling coef-
ficients could be easily orzanized and carried out economically on many

of the currently available computing mschines.
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PREDICTION OF MOTIONS IN IRREGULAR SEAS
FROM THE CALCULATED RESPONSES

As stated earlier, ths ship responses to regular v{aﬁs do not
indicate directly the behavior in irregular waves. However, a statis-
tical treatment of these responses in combination with the spectrum of
sea waves can give results which are significant fur the ship motion
in the reslistic sea. The technique of this process was first described
by St. Denis and Pierson (1953) and it was applied to model tests by
E. V. Lewis (1955). A simple exposition was presented by Korvin-Kroukovsky
(1956, 1957). In this process the square of the amplitude of ship motion
per unit wave height, for a given wave length at a particular speed (i.e.
f>r a given frequency of encounter),is multiplied by the ordinate of the
sea spectrum (corrected to that ship speed) at the same frequency of
encounter. These products plotted against frequencies of encounter
(resulting from a range of wave lengths at a particular speed) form the

} spectrum of the ship motions at that speed. Since the ship motions in
an irregular sea are also irregular, varying continuousl& in amplitude
and period, they can only be described statistically, as for insiance
by mean amplitude, mean of the 1/3 highest amplitudes, or mean of the
1/10 highest amplitudes. The last figure is often taken as the probable
near-maximm. These means were derived by longuei~Higgins (195Z) as

multiples of the square root of the area E under the response spectrum

n e ————
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curve: the mean amplitude is equal to .88 'E, the mean of tle 1/3
highest is equal to 1.41VE, and the mean of the 1/10 highest is equal
to 1.8 YE. These factors are applicable to the typical spectra of

ocean waves as well as to the ship mot.ions in them.

As an jllustration of the above, pitch and heave spectra were
predicted for the destroyer model N.o. 1723 from the calculated respon-
ses to regular waves of eight lengths at two ship speeds. The squares
of the computed responses were divided by the square of the wave height
and the quotients were multiplied by the ordinates of the irregular wave
spectrum derived from analysis of the waves in the towing-tank tests,
thus yielding motion spectra. These spectra were compared with the
spectra obtained experiwentally by Prof, E. V. Lewis and his associates
at the Experimental Towing Tank of Stevens Institute of Technology
(Lewis and Dalzell, 1957) who used two different methods: first, the
spectra were obtained directly oy statistical analysis of irregnl:zi
model motions, and second, thm spectra were computed from experimentally
measured responses to a series of regular waves., A comparison of the
varios spectra is given in Fige. 13, where the solid lines represent the
spectra resulting from the statistical analysis of th» oxperimental
records of ship motions in irregular waves, the dash lines the spectra

computed from the experimental reaponses tc regular waves, and the




crosses the spectra predicted by the methods of the present paper.

It should be emphasized that the shape of the spectrum curve has
no significance for the amplitude of ship motion. Con;ponents of all
frequencies exist simul taneously and only the area of the spectrum, Z,
is significant. Yeans of the 10% highest amplitudes, corputed from
the areas under the spectra, are given in Table 4. The amplitudes of
heaving motion obtained by the three different methods are in excel-
lent agreement., The pitch smplitudes computed frox responses to
regular waves are slightly smaller than those resulting directly from -
a statistical analysis ;f the irregular model motions. On the aversge
there seems to be no important difference between the amplitudes com-
puted from the experimental and those computed from the theoret:c-l
responses to regular waves (second and third lines of Table L); at
zero speed the theoretically computed values are nears: ihe statis-~
tically derived ones, at 2.53 ft./sec. ihe values based on experiments
in regular waves are closer by about 5%. The deviations are well with-
in the accuracy of the calculation procedure. Since there is always a
rather large statistical uncertainty in evaluating sea spectrs, further
improving the accuracy of the calculation of responses to regular waves
would have little meaning. It is only important to look for ways to

correct consistert discrepancies or a trend contrary to reality.
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The discussion so far has been limited to amplitudes oi: motion.
These are readily obtainable by both experimental and theoreticai méthods
in use at present but they are not important just by themsélves. Other
phenomena may be more decisive in qualifying the seakindliness of ships.
The accelerations, which for a given frequency are proporticnal te the
amplitudes, are more important for passenger and transport ships since
there is a direct comnection between accelerations and sea-sickness
(Geller, 1940, and Shaw, 1954). On fishing trawlers the accelerations
impose hardships on the crew at work (M&ckel, 1953). On modern cargo
ships, with crew accommodations not far from amidships, the accelera-
tions in pitch and heave are of minor importance except for the structure
supporting the cargo in the lower decks in Nc. 1 holde The criticsl
ronditions limiting the operation of these ships appear to be shipping
of water and slamming, the latter mostly in the light condition. These
conditious probably also limit the operations -f such naval ships as

destroyers.

The statistical treatment of the acceleratinns jis zimilar to that
of the amplitudes of the motions. The wvertical acceleration at the
bow, for example, can bc dJdarived analytically from the computed moctions
by the formula &= u)zso, vhere a, is the amplitude of vertical acce-

leration, Sy is the amplitude cf vertical displacement obtained by




combining the heaving snd pitching motions in the correct phase, and
w is the frequency of encounter. Acceleration spectra can be obtained
and from these the mean amplitudes, the mean of the 1/10 highest ampli-

tudes, etc., in irregular waves.

E. V. Lewis (1955) has shown how, by superposition of the path of
the ship's bow on the regular wave profile, the bow submergence or
emergence can be evaiuated for each wave length and ship speed. If
these values are treated statisticelly by the method outlined above
for amplitudes of motion, the frequency of deck submergence or fore-
foot emergence in an irregular sea can be estimated. The frequencies
thus obtained in one case were found to ._ree wall with observations
in a towing tank irreguiar wave test. Since the ship motions derivsd
analytically here for hulls of normal form are close to the model test
data, the calculated motions can be used instead of model tests to pre-
dict bow submergence, hence shipping of water, and frequency of forefoot

emergence, which would qualitatively indicate likelihood of slamming.

It is well known, however, that out of a number of forefoot emer-
gences only a few result in slamming. In order to predict quantitatively
the frequency of slamming a more elaborate statistical treatment of either
experimental or calculated responses to regular waves is needed. The

probability must be found of the joint occurrence of forefoot emergence,




a high descending velocity of the bow and approximate tang=ncy of the
keel to the water surface st the instant of impact. A beginning has
been made in the work of L. J. Tick (195L) where the prob‘ability of
the joint occurrence of two of the conditions, forefoot emergence and

high descending velocity, was investigated.

It is believed that the phase relationships are of greatest
importance in this ccrrection. Sea captains and other observers are
aware of the difference small changes of speed make in the shipping of
water and slamming., With propeller R.P.M. on a typical cargo ship re=-
duced to say 75 in mildly adverse conditions, the change of § R.P.M.
often makes the difference between acceptable and unsatisfactory ship

chavior. Thsrs is littls changs in amplituds of motion in this came
and the change in ship behavio. appears to be primarily due to change
in phase relationship. At the lower speed the descending ship bow may
settle quictly into the hollow of a wave and at 5 R.P.M. more it may
strike with force the flank of an oncoming wave, causing either slam-

ming or shipping of water or both in succession.

Since the phase relationships in regular wavss are given satis-
factorily by the method of calculation presented hers, it can be
expected that this behavior will be predirted correctly. Thus the
stage has been reached at which the significant aspects of ship per=-

formance a%t sea can pe predicted by analytical methods.
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CONCLUDING REMARKS

At the conclusion of Korvin-Kroukovsky's 1955 paper, two lines of
research were cuggested to improve the theory of slip motlons ia Tegu—
lar waves., These were 1) the solution of non-linear equations of mﬂon
(using numerical methods of computation if necessary) and 2) the expe-
rimental evaluation of the various coefficients of the equations of
motion. The need for such research appeared to be acute since there
was a large systematic error in the analytically computed phase 1ags. |
However, .s has been shown, most of this error was due to omission of
certain dynamic coupling terms. Application of the -~~—c:iad linsar
theor, described in the present paper has yielded generally satisfactory
estimates of both amplitudes and phase relationships for ships of nurmal
cormercial form. Apparently the deviations of most of these ship forms
from the simplifying assumptions of the theory are not large emough to

affect the results seriously.

While the suggested research is no longer critically necessary it
1s 8til]l desirable. The present theory has failed in application to a
rathcr unusual ship form (the yacht and its lengthenmed counterpart)
characterizsd by sloping sides at the LWL throughout its length and by
a pronounced bow oy‘erhang and a cutaway forefoot. Development of the

theory along the lines proposed is absolnutely necessary for success in




estimating the behavior of such hulls and would make the theory more

reliable for ship types like the Maier form and ths fishing trawlers.

Since publication of the theory of ship motions in irre\gular seas
by St. Denis and Pierson (1953), a large amount of practical experience
in its application has beem accumulated by E. V. Lewis (1955, 1957);
Lewis and Numata (1957), and Lewis and Dilzell (1957) in connection
with & «ing tank experiments, and by Cartwright and Rydill (1957) and
Cartwright (1957) in comnection with an actual ship at sea. The vali-
dity and vsefulrere of this statistical theory have now been fully
established. The theory of motions in regular waves can therefore no

longer be considered by itself alone. It is only a part of the picture,

the hydroemechrmice) phase which estahlishes the dependence o

(]

2 ehimic
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motions on its form and mass distribution. The results obtained in
this part, the ship responses to regular waves or "response factors®,
are then ireated by methods of mathematical statistics in conjunction
with a measured or assumed spectrum of a realistic irregular sea to

give the realistic ship motions.

These statistical methods assume that the motions vary lirearly
with wave height and require that the results of the hydro-mechanical
phase te supplied in linear form as ratioss of respon2e to wave height.

The rccommendation that solutions of non-iinear equations of motion be
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obtained should thus be qualified. What is desired is not a rigorous
solution of a non-linear problem but rather a solution of a substitute
linear problem which would approximate the true solution. Such a pro-
cese of "equivalent linearization" has been used by Golovato (1956) to
take into account the effects of non-linear damping in heave. However,
non-linearities are usually pronouvnced in both the damping force coef-
ficients and the restoring force coefficients, and the coupling of
heaving and pitohing motinns further aggravates the difficulties of

this problem,

It is to be noted, slso, that in the statistical meithod the ship
responses to a number of wave lengths are averaged, so that non-
csystematic errors ﬁnd to compensate each other. Because of this, and
the statistical uncertainties in the evaluation of a sea spectrum as
well, there is less need for a high degree of accuracy in estimating
the ship response. The theory of ship motions can thus in its present
state of development be practically useful. The application of the
theory is not limited to amplitudes of motions and accelerations; the
frequency of shipping water can be readily rredicted and prediction of

the frequency of slamming is not too far in the future.
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NQMENCLATURE

The following nomenclature is used throughout the paper:

A, B, C,) = Coefficients of miscellanecus terms of the diffarential

D, E, G equations of motions, Equations (2).

a, b, c,z =~ Coefficients of miscellaneous terms of the differential

o -~ -

¥ vy 6y equations of motions, Equations (2).

i = Ratio of amplitude of waves made by ship to amplitude
of heaving motion.

2, = Amplitude of vertical acceleration at the bow.

B = Beam (local).

b, s = Instantaneous distances of ship bow and stern from the
nodal point of wave as defined in Fig. 1k.

c = Wave celerity.

B = Area under spectrum.

F = Hydrodynamic heaving force.
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Heaving force imposed on a ship by waves (= YoelG).
Acceleration of gravity.

Porce due to water pressures generated by\waves and
the ship's oscillations.

Moment about c.g. due to water pressures generated by

waves and ship's oscillations.

Wave amplitude.

Longitudinal moment of inertia of a ship in mass units.
Coefficients of Equation (25).

Added mass coefficient in two-dimensional vertical flow
about a ship sectiovn.

Correction coefficient for effect of free water surface.
Ship length.

Hydrodynamic moment.

Pitching moment imposed on a ship by waves (= Hoeit).
Mass of a ship or of a ship section.

Vertical damping force per unit of body length per foot

per second.

Groupings of coefficients of the differential equations

of moticns defined by Equations (7).
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Pressure.

Radial distance to a point q in fluid.

Local radius of semi-cylindrical bodye.

Sectional area.

Amplitude of vertical disvlacement at the bow.

Time.

Horizontal component of orbital velocity of*water in waves.
Ship speed.

Vertical velocity.

* Vertical component of wave orbital velocity.

Longitudinal co-ordinate with respect to wave nodal point.
Vertical co-ordinate or local half-breadth of IWL plane.
Complex amplitude of heaving motion (= Zoeis ).
Vertical co-ordinate or heaving displacement.

Polar co-ordinate.

Angle between longitudinal tangent to body surface -nd
x-axis.

Phase angles of ship motions.

Local wave-~height co-ordinate.




e = Angie of pitch.
) = Complex amplitude of pitching motion (= Qoeie ).
A = Wave length.
£ = Longitudinal co-ordinate with respect to CC.
’ e = Water dersity.
|
o, T = Phase angles of exciting forces.
7 = Velocity potentisl.

Q)oru)e

Frequency of wave encounter,

APPENDITX

EVALUATION OF HYDRODYNAMIC FORCES

ence, the detai: - 111 be omitted here.

Formulation of the Problem

Consider a ship moving with a constant forward velocity V (i.e.

R-659
..)_,1..

This Appendix is arranged to follow as closely as possible Appendix I
of the earlier paper (Korvin-Kroukovsky, 1955b) so that the changes made

can be easily seen. Where sufficient discussion was given in that refer-

neglecting surging motion) with a train of regular waves of celerity c.

Assume the set of coordinate axes fixed in the undisturbed water surface,
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with the origin instantaneously located at the wave ncdal point prece-
ding the wave rise, as shown in Fig. 1lh. With increase in time t the
axes remain fixed in space, so that the water surface rises and falls
in relation to them. This vertical displacement at a;xy instant and at
any distance x 1is designated M e Imagine two control planes spaced
dx apart at a distance x from “he origin, and assume that the shipi
and water with orbital velocities of wave motion 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 oi the perturbotion
velocities due to the trdy, as in the "slender body theory" of aero-
dynamics. This form of analvsis. also known as the "strin methad® ~r
"cross flow hypcthésis‘, is thus an approximate ocne in the sense that

a certain degree of interaction between adjacent sections is neglected.

The cross section of the ship at x will now be taken as semi-
circular; the correction necessary to represent other ship sections
will be introCuced later. Following F.M.lewis (1929) and Weinblum and
St. Denis (1950), the flow about the semi-submerged body used in the
basic derivation will be assumed to be identical with that about he
lower half of a fully submerged body. Corrections to account for the

presence of the free water surface will be brought in later.
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In considering the pitching and heaving motions of the body it is
necessary to introduce a second coordinate system moving with t,he. ship
with its origin at the center cf gravity of the ship. The longitudiral
distance of my section of the ship from the origin is designated 2
(positive forward). Vertical displacement of the C.G. (i.e. the heave)
is designated by 3 (positive upwards) and angular displacemert or
pitching motion is designated by © (positive for bow displaced upwards).
The vertical displacement of tha section at x due to pitching is them
$6 , vith 0 in radians, for the relatively small angles ezcountered.

(I% 3= 2lec asswmed that cos © ¥1,)

The two~dimensional flow pattern between the control plames at x

vaentde PFomam thenn Lomamad wadd amee

e cmam e e .- —————

l. Vertical velocity of the center of the circle

v=t+£0-Y0. (8)

2. Vertical component of wave orbital velocity

n o2%V/A 2 ®he 2xi/h -2{ (x - ct) (9)

e :
vhere h is wave amplitude, L\ is wave length, v = -R cosd,
the depth beiow the still-water level to anyv point in the f1uigd,

and 7] = h sin 2n (x = et)/n.

3. Apparent variation of the radius r of the ship section

at tbe control planes with time; r = r(t).

«t
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All motions are assumed to be sufficiently small so that the deri-
vatives of the potential can be taken on the surface of th2 circle as
if 1ts center were at its initial position y = 0, and the imown expres-
sion for the potential in a uniform fluid siream can be applied, despite
the slight non=uniformity induced by the waves which are sssumed to be
small.

The vertical hydrodynamic force acting on the length dx of the

submerged semi-cylinder is given ty

n/2
=27 p coso da (10)

Sk

where F denotes the vertical force, & is the polar sngle as defined
in Fig. 1h, and +he fime—damendant coxt 5f LLD BINOSUNE, Py 46 vibalued
from Bernoulli's'equation. Neglecting the squares of small perturbation
velocities

P=0 %% (11)

where @ 1is the velocity potential and ¢ the mass density.

The velocity potential of the flow about a cylinder due to the

relative vertical velocity (v -vw) is given by

2
¢b = (v = vw) % cos O . (12)

The first terx of (12) may be considered as the potertial due to the

body motion in smooth water, designated ﬁbm,
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Bp = =7 g 084 . ~ (12)
The second term of (12) is the potential due to body-wave inter-
action, & . !
o
r2
¢‘w = v, cosd.
2
-.28hec r 2my/A coso{ cos 28 (x - ct). (1L)
A R A
The potential due to wave motion alone is [6“,
¢' “=he 277/ cos _i_u_ (x = ct)e (15)

The total velocity potential is the sum of Equations (13), (1L} and (15),
=, B, * 8, (16)

Exniting Forces

Attention will now be conceatrated on the second and third terms
of Equation (16), the two component parts of the velocity potential

whdch give the exciting forces due to waves,

™y pressure dus o gbw is, from (11) and (14),

22 2
Py * €-5-—¢b“ 7——&“ e%é(-znﬂcoscx)/.\ cosq, sin—-(x-ct)

ol{=2n B cosax )/\

.2z !-Q ZnXh ¢ coso, cos 3;!: (x - ct).

On the surface of the body vhere R = r (and since 2 = g A/2n),
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pbw.-[iz-'! Re hsing-;-l.- (I-ct)] r cosq e(-an gosd)/l

-[—@-5—2 5 5 cos 2—: (x - et) ] t cosa e('2“ r cos)/A an
(In the 1955 paper an error was made in substituting ‘R = r before dife-

ferentiating with respect to time, since r is a function of time.)

The corresponding component of the force due to body-wave interfer-

ence is obtainad by substitution of (17) in Equation (10):

aF R 2 n SR a) oo BRTE 2
(dx)bw -hlgghr sink(x ct} = Lo - cos 5 (x ct)
n
xf cosa e(-2nrcoso()/idq
o

The series expansion of the exponential is

o{=2% T cosol )R 1 - _2_%3 cosol + 2n°rCcos ol o
and the integral is evaluated as
b
2 3.2
coszo( e(-ZﬂrcoscL)/Xdu = n_hnr+3nr « v e
L YN 8%

o
Neglecting cubes and higher powers of the small guantity r/A in the

first term and also ::'2/)‘2 in the coefficient of the ¥ temm,

2 2.2
{(21‘ §——T) sin &= 2n (x ~ ct)

+ _Z:(g_snr) cos R(X-Ct)} . (18)

-

d F

TP 2R &R T

The pressure due to the potential of wave motion ¢w is,
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from (11) and (15),
] 2
pw’e%t' -2 nTQ\hc RS sin-z-;‘-: (x = ct).
At the surface of the body,
p, " Qg p e{~2% T cosx I sin -2—; (x - ct)e (19)
The corresponding component of the force is obtained by substituting
(19) in (10):
n
2
d Fy _ 28 (=2n r cosx )/A
(dx)v Zeghrsin x(x-ct)j cosc(»e d X
0
where the integral is equal to
2 2.2
n°y L4 n°r
l - + . . o ® .
2 322
Again neglecting cubes and higher powers of /A
2 2.2
dF n
a—-;"-zeghr(l-g—{+% x;)si.n?—;(x-ct). (20)

The first tem of Equation (20) is seen to be the displacement
foree resulting from the wave rise or fall and the accompanying increase
or decrease of volume, The second and third terms represent a medifica-
tion of this force, due to the (approximate) exponential variation of
pressure with depth, and this modification is known as the "Smithk Effect”,
The entire equation represents the force acting under what is usually

referred to as the "Froude=Kriloff Hypotnesis". This force which is
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exerted by the waves on the body is reduced by the body-wave interference
ei.ect indicated by Equation (18); for a semi-cylindrical section at

zero speed this amounts to approximately doubling the '§mith Effect”.

Designating by P the angle between the longitudinal tangent to

the body surface and the positive x-axis, the derivative I is evaluated

as dr df
I'=a—§—ﬁ--VtanB. (21)

(In the 1955 paper the sign was erroneously taken as positive.) With
the substitution of (21), the sum of Equations (18) and (20), which is

the total exciting force, becames

dF _ 4 F
d x (axw (dx)b\r
2.2
=cpghr[(l- hzr)inr(x-ct)

A
+§m$(g—-8ur)cos—:(x-ct)} (22)
This expression replaces Equation 26 of the 1955 paper. It differs from
it is ‘bhe sign of the velocity-~dependent terms, which are small, and in
the value of the coefficient of the (r tan B)/A term, which is also
small.
Two steps remair to be taken. First, Equation (22) must be general~

ized for ship sections other than semi-circular and second, corrections

mist be introduced for free surface effects.




It is clear that the factor 20 g r h sin 2% (x - ct,A = 29 gr~7

represents the change in displacement force with wave rise and fall; r

in this case then is to be taken as the half-beam, B/2, at the load water-
line. Next it is noted that when the body-wave interaction is taken into

account the "Smith Effect" on a circular body is doubleds This factor of

2 may be interpreted as (1 + k2) by analogy with G.l.Taylor's expression
(1928) for the force acting on a body placed in a fluid f{low with a velo-

city gradient. Bere k.z is the coefficient of accession to inertia in

vertical flow and is equal to 1 for a cirecular section.

With a free water swface aad the formation of a standing wave
eystem, the value of kz =1 for the circular cylinder is modified by
a Yeuilul wihich is designatea as K+ Ursell (1954, and answer to D¥scus-
sion, Eorvin-Kroukovsky, 1955b) has computed the following values of k),

versus u)zr/g (or wzn/:’.g) for the eireular eylinder: -

w28/25 K

0 o
.262 816
.52 «632
. 785 «592
1.571 673
ZOwh ‘738
2.356 . 762
3e1k2 .B818
2927 «859
LheT12 .883

In the absence of more complete information it will be assumed that

this table of corrections applies to non-circular sections as well.

o atmg .
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From experiments with an oscillator, Golovate (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 very similar ‘n
trend to the coefficients of the above table but with vaiues about 20%
higher and with the minimum shifted to a somewhat higher frequency. The

effect of these differences on the ship response are expected tc be small.

The factor (1 + kzkh)/z will then be applied to all terms of

Equation (22) after the first displacement force term. In the earlier
paper, kh was estimated for the shiy as a whole and it was applied
only to the integrated virtual mass and inertia effectes due <o oty
motion in smanth water: 3+ wae amitdad o the oxoroscian fos 4o ozzie
ting forces. Subsequently, it was found necessary to apply the kh
correction to each section for the calculation of bending moments and
highly advisable to adopt this more accurate procedure for the motion
calculations. This omission has therefore been corrected in the pre-

sent paper.

Since the modified "Smith Effect" terms are commecied with virtual
masses and since the effect of section Shape is defined by the coeffi=-
cient kz, the factor r ip this case is interpreted as a measure of

sectional areas i. e. | r= Y25/x (23)
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vhere S 315 sectiondl area below the load waterline, and therefore
dr 1 d '
tnpg=3Z. 2 92 (2k)
¢ JZas 95

With the substitutions indicated above, the distribution of verti-
cal heaving forces due to the action of waves on a ship &l a particuiar

instantaneous position of the ship on the wave {(t = 0) is expressed as

d——'QghB(Klsin 'chos (25}

vhere ll and ‘2 are non-dimensional coefficients:

1 -
1{1--1———-—k-'z—kk - fg-ﬁvh(lokzkh)fgs,

!

R VP 1 (251 _1 a5
B - N ¢ 1 c?!deg'

These coefficients depend on the sectiunsl shape amxi area, on the were
length and also, becsuse of the presence of the coefficient kh’ on the
frecuency of wawve encounter. The distribution of forces along the length
of the ship given by Bquation (25) can be used directly in the computation
of the bending momenis exerted on a ship by waves.

For an analysis of ship motioms the forece distribution must be
integrated W provide the total heaving foree F and the total piteh-

.‘..!!g moment M
"
rs

"

(26)

R
v
A
M
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and
b
n-/ §_§(g+i—§)dx | (27)
8

where the limits of integration s and b are the values of x at

the stern and the bow, respectively. The second term of Equation (27)
resulte from the consideration that the water pressure acts normal to
the body surface; in the case of a body of varying circular section

the moment arm is (&€ + r tan B) and, by the use of the relstionships

(23) and (2L}, for a necrmel ship form the moment arm may be assumed to
be (€ +dS/nd€ ). EBquations (25), (26) and (27) replace Equations

(33) and (3i) of the earlier paper.

The integrals of (26 and (27) can be evaluated readily by
Simpson's rule. By changing the ship's position relative to the wave
the maximm values or amplitudes of the exciting force and moment can
be found as well as the phase lags 0 and T . Calculations of these

amplitudes, Fo and Mo, were made for a S=ft~long model of the Series

67, 0,60 block coefficient hull (ETT Model No. 1LL5) in waves of ship

length (A\/L = 1) and wave height of 1.5 in., for comparicon with the
experimental data described in Appendix 2 of the 1955 papere. A very

good agreement between calculated and experimental valuss was obtained

except at zero and very low forward speeds (see Fig. 15). It has been

observed in recent years that at such speeds there is often interference

———
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from the wavec reflected by the walls of the towing tank, while at
greater speeds this interference is no longer encountered and the
experimental data beccme more reliable.
Forces Due to Body Motions
The pressure in the fluid due to the body's own motion is, from
Equations (11) and (13), |
--Qw‘rrcoso(-ZQvi'coso( (28)

at the body surface where R = r. The distribution of vertical forces is
obtained by substituting (28) in (10):

(3 Fy
‘d X om

=epn=r¥-oonrbe. {20}
The spparent vertical velocity v of the center of the circular
section, given by Equation (8), consists of three parts
vei+E£E0-VE,
where the first is the heaving velocity, the second is the vertical
velocity due to the angnlar velo~ity of pitching and the third is the

vertical welocity due to the instantarcous angle of trim 8 at the

control planes. Since § is a function of time and & = -,

ven +€6-270. {
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set of six terms is obtaineds

(¢, - -[Q 3 r2] r 2P @
-kgr"‘g]'é .................................. .. (2)
+2k%r2‘7] D e (3)
| \ (a1
+[QnrtanﬁV]v 32 ... seresaennone (k) (
+[€nrtmﬁvg]a ..... cesene .e..(5)

-[Qnrvzms]o,. ..... .(6) )

Equaticn (31) replaces Bquation (39) of the 1955 paper. Terms (1)
and (2) are identical with (3) and (6) of Equations (39) and termm (3) is
the sum of the earlier (1) and (5) with the sign of the latier corzected.
Terms (4), (5) and (6)' are twice terms (L), (7) and (2) respectively of
the earliesr Equation (39), which were incorrect because substitution of

R = r had been made before differentiation with respect to tims.

The factor (g u r2/2) in the first three tems of (31) is evidsntly
the virtual mass oi an slement of body length, and by introducing k.2 and
kh on the basis of the reasoning outlined in commection with axciting
forces, it can be expressed as (Q S “'zl‘u) The factor (Qn r tan B).
in the last three terms is the derivative with respect to § of

(Qn r2,’2) and so it can be expressed as d(QS “2“'&)/ dg . The total

i
e e




force due to the body's own motion is then

?m--gfsxcth('z’@b‘-zvé)dg

(32)
‘d4s
+vgj k"J‘z‘(:affge--ve)dg
and the moment is
0 f5 5 055 2795 g
(33)

+v€/ds7kh(§+gé-ve)g dg

where the integration is carried over the length of the hull.

Since Fhand)lh. are func'gicns of 2z anc 6 &aud tusir deriva-
tives, the terms of Equations {32) and (33) may be tramnsposed to the
left-hand side of the coupled egquations of motion. Their contribu-

tions to the cosfficients of these equations are designated by the

subscript 1. Thus
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r .
-epf(s k) 46 - ofea (5 k) | vV
| \ - - \/-' L J

and | (35)

- e/bfd(s kzkh)}v z .

For the case of a half-immersed spheroid under the condition of a

free water surface but neglecting wave-making, Havelczk gives the dyna=
mic coupling terms as

-pMV 0 for the heaving force
and + qMV % for the pitching moment,
where M is the mass of displaced water. In general p ¥ q, and each
is given by a fairly complicated expression in terms of ellipsoidal
coordinates and associated Legendre functions of the second kind. For
a jong spheroid Havelock finds that p = q = (1 + k.l)/Z, or .515 for a
length~diameter ratio of 8 which is the fineness ratio of the usual ship
form. (Harxind (1946) had found that p = q for a thin or "Michell"

ship symmetrical fore~and-aft.)

For a prolate spherold S is a2 function of § alone and

/sag --/gds-n/p.
S § L

Therefore expression (35) of the present development becomes

©

- r MV
kz..h-..

and
+ k2kh M V %2, where the bar indicates the value for the entire
body.
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Thus p =q-§€. Por a circular section k2 =1 .and, at the
oscillating frequency in the vicinity of synchronism for most ship forms,
q is of the order oi Z.75. It appears from the application to the
models in this paper that ti» damping in heave is reduced and in pitch

is increased by the addition of the dynamic coupling terms.

Dissipati~e Damping

It was mentioned previously that the free water surface was not
taken into account in the basic derivation of the presert paper and that
a correction for it must be introduced independently. The effect of the
free surface on the virtual mass has been allowed for approximctely !
the use of the coefficient k.u derived by Ursell for a sém'.-cylinier
(1954, and Discussion, Korvin-Kroukovsky, 1955b). (Grim, 1953, has
also calculated this efifect for some ship-like forms tut his material
is not extensive enough for general application.) The other well known
effect of the free surface is the dissipation of energy in the formstion
of waves which propagate away from the ship in all directions. In the
"strip® method of =nalysis it is assumed that waves from each length
segment 4 £ propagate laterally. If the ratio of the amplitude of
these waves to the amplitude of the heaving motion of a ship section is
designated by 1 , the dampirg force per wnit vertical velocity v of
the ship}‘ segment is expressed as (Holstein 1936, 1937a, 1937b, and

f
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Havelock 2742)

2 =2 3 ' vy

F(E)=pdf R/ WS> %
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where a)e is the frecuency of the waves radlated 57 *he =Xip aznd I8

| equal to the fregquency of wave excotmter.

Holstein (1936, 19372 and 1527o) azd Zazvelocy (1%h2) represexs
the heaving body by a distritutisz of harmornically lsating sctoces

along the bottome In that case the wmplitude ratic A is giver Ty

2=2 e-kof sin (koy) (=75

/gy ¥ it the hailf-cem I/2, A 2 = S/, the mezm

draft of a ship sectior. This theorelical result vas eonfirmed oy
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test tank, The theory is asproxinmale and accepiance of it necessarily

hinges on agreexmert with experimental restlis.

195k4) for a heaving sexicriinder, axd by Zrim {13%3) for a —mder o
analylically deflined seciions cicsely spproaciing praciical siipy sec-

tions. In the case of a sexicirerlar sectiicz S—im's restlis asree Wwiin

valioe protlem., Tmicrinoately ne experimestal verificatinn has Deen
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The erperiment= of Golovato (1058) heve dvesdy been memtiopes In
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The computed coefficients are based on the "strip" method of
analysis which assumes two=dimensional fluid flow, while GoloQa’co's and
Haskind's and Riman's tests were made with ship modelg,\ i.e. in three-
dimensional flow. The relation of damping in three-dimensional flow to
dsmping in two~dimensional flow can be estimated on the basis of the
work of Hawelock (1956) and of Vossers (1956). Havelock calculated the
damping coefficient by two methods, three-dimensional and "strip®™, for
a submerged spheroid with length-beam ratio of 8, a fair value for com-
parison with ship models. Vossers made similar computations from
Haskind's theoretical results (1946) for a "thin ship" in the sense

of the approximations introduced by Michell {1858} in his theory cf

Figs. 16, 17 as ratios of the coefficients of damping in heave or

10

pitch by the two methods. It should be remembered that accurate

evaluation of damping is most important in the vicinity of synchro-

nism. The values of the froquency parameter u)z L/g (@2 L/g in the
figures) at synchronism are given in the last two colums of Table §
for the eight models to. which the compntational method outlined here
has been applied. (Also included in Table 5 are the parameters L/B,

k, and k' for ccmparison with Havelock's submerged sphersid.)

2

10 The subscript S in the figure: cenotes "strip" method.
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Omitting from consideration the original trawler and yacht, the lowest
values of the parameter u)? L/g are 10.L in hewve for the T-2 tanker

and 11.7 in pitch for the Series 60 hull, while for the mocieis with dis~
placement-length ratio of 60 u)z L/g is above 17.6. At these valussc
Figs. 16 and 17 indicate negligible corrections for damping in heave

"and small corrections for damping in pitch (0 to 15% based on Havelock's
computations and 10 to 20% from Vossers'). Since the corrections for
three—dimensional effect are negligible or small and since they have not
yet been developed for ships of normal form, they will be ignored in the
present work; +%hc damping will be taken as computed for two-dimensional
flow by Grim., It is gratifying nevertheless to iLzve mecasures of possibie
error such as Figs, 16 and 17 tc replacs arbltrary assumptions made in
ths earlier paper as to the applicability of the "strip" method of

analysis.

The damping force for each section is

vn(g)-{bgé -veJN(g), (38)

where N (€ ), the damping force pefrx unit vertical velocity of the ship

section, is given by (36). The to"bai damping force and moment of the

{
]l are then obtained by integratj.oe over the length, thus the damnine

/N(g)[é»fgé-ve] dg (37)

force is
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force and moment equations respectively, depend only on the changes in
the displacement of the ship. With the linearizing assumption these are
evaluated on the basis nf the beam of a section. g and G; the coeffi-

cients of the angular displacement 6 , depend on displacement changes

and also on the kinematics of the fluid flow resulting from the ship

being at an instantaneous angle of trim.

It is seen that the damping force coefficient b in heave is a
function of frequency of encounter '“Qe but is independent of forward
speed V per se. This appears to be confirmed by the experimental
work of Gelovato (1956). However, tie damping moment coefficient B
in pitch and the cross-coupling - -ifficients e and E are composed cf
dynamic terms proportional to V and dissipative terms independent of
V (except as the frequency of encounter q)e is a function of V).
While the dynamic terms contribute ouly a little to B, they make very

important contributions to the cross=coupling coefficientse.

B . e

i i i e sl




jI.ength BP, ft.

Load WL, ft.

Rated WL, ft.
ﬁeam, ft.

Drai‘t, ft.
Displacement(FW), 1b.
;Block Coefficient
8/(.011)3

Radius of Gyration
in air, ft.

Natural Pitohing Perind

e a——

afloat in calm water, sec.

Natural Heaving Period,
afloat in calm water, sec.

TAXLE 1
MODEL PROPERTIES

Model Numbers °

R=659

bl 1616 1l 1723 1699A 1699B  1699C  1699D
5.00 5000 ho79 5071 L.17 - 5055 -

- - - - holl 3. 9h - e

- - - - h. 28 h. 23 50 'n. 50 T-‘L
0.667 0.667 0.65 0.608 0.7 1.22 0.555 0.709
0,267 0,267 0.29C 0.208 9,330 0.690 0.255 0.417
33.3 33.3 L1.0 245 33.3 50.8 2h.5  2L.5
0.60 0,60 Q.78 0.55 0.51 0,23 0,52 0.23

122 122 171 60 20L 370 60 60
1.27 1.27 1l.15 1.37 1.07 1.07 137 137
072 0,65 0.70 0.59 0.7h 0,81 0.59  0.63
0.70 0.70 0.75 0.61 0.73 0.78 0.81 0.60

*By Cruising Club Bulet: Rated INL = 0.3 INL + 0.7 (ML, o))s where IL is the load WL

length and IHLl ol is the length on the WL at a draft of 1.04 x load draft.
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TAELE 2

VALUES OF COEFPICIEXTS AND EXCITING PGRCES OF
BQUATIONS OF ¥OTION IN HEAVING AND PITCHIEG
POR ETT MODEL ¥O. 1LLS in WAVE LENGTH = SHIP LENGTH

Values of parameters obtained at model speed (in fps) of

Symbols 0 1.25 2.2% 2.25 4.00
A 6036 7.93 9.19 10.k5 louz
a 1.87 1.76 1.7h 1.75 1.77
A 2.40 2.28 2.23 2.22 2ec2
b 5.6 b7 3.9 3.0 2.3
B 7.7 6.8 6e2 5.2 5
c -+ w7 -
c, - 186 —
c.+ ¢, 0 2 i -1 -5

C 186 138 137 185 181
d =D -.05 -.05 -.05 -.05 -.06
e, = E, -2.3 -2.2 -2.1 -2.0 -1.3
e =K 0 a9 -1.6 ~2.4 -3.0
e ~2.3 -3.1 -3.7 s I
E ~2.3 -1.2 -G.5 0.l 1.2
g, -<— «17 -
g 0 ) -9 ~10 -9
g -17 -23 -26 -27 =26
G . =17 3
#F 1.0 1.0 1.0 0.5 0.8
4 3061 3. 74 3.7 3.61 .51

3t
Based orn (Wt = O wher wave crest is at station 11. The correciion of
13° is to be applied to phase lags to convert to «Wt = C at station 10.
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TOLES
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STIP 1ENGTE
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Tzlues of parameters obtained z@ model speed (i Ios

2559

S-mbols Q 1.2 2,25 Zel3 el
o 536 "33 2.19 10.:3 .hz
a 1.9% 1.77 1.72 .77 la
A 2.52 .33 2a33 2623 2e33
b 7-.; ;-9 349 L.-l P Y
3 .1 10.6 9.7 .6 TeT
c - A0 >
CO - =27 —
IR -’.‘-2 J - - =3 <z

M
g 227 226 223 a4y 235

e,' = '& 0 -09 —le é ‘2.(‘; -JQO

e - -l -O,o .loé -Zuh -zvg

3 -l o? :.6 2.& 3.

go -t S.2 o
82 0 =Tk -1 ~13.3 -13.6

g ':“02 -2.? "509 .‘501 ‘aoh

G - 2.2 -
H 0.3 0.3 0.7 2.5 0.5

)| Seli Lois k.22 5.02 3.91
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COMPARISON OF YEAR-MAXDNUM  CRSTEGYER MOUEL MOTIONS

I TWING TANK IRREGULAE SBAD SEAS,
AS OBTAINED 7 THRER DIFFIZEN~ YETIIS

By direct analysis of model
motions in irregular waves

By calculation from wave specira
and experimentaily measured res-
ponses to regular waves

By calculation from wave spectra .

and smalytically computed res-
ponses to regular waves

Heave, inches

Piteh, degrees

0 speed 2.53 Zt/sec.

G speed 2.33 Z%t/sec

*Mean of 1/10 highest amplitudes

1.1 1.3
1.1 1.2
1.1 1.3

3.2
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