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SYMBOLS 

A The waterplane area 

B      =   Beam of the ship 

D      -    Diameter of oylinder 

Dv   :   />gV = Buoyancy 

H     =   2* = Wave height 

I y' = ly + Iy" : Apparent mass moment of inertia with respeot to the Y axes 
where I y is the aotual mass moment of inertia and I y " the 
added moment of inertia 

L -   Length of the ship 

M  = lfass 

N|, N2  : Damping ooeffioients for heaving and pitohing motions 

ML G  -  Metaoentrio height, longitudinal 

T - The period of wave motion 

T1 - The natural period of heaving oscillation 

T2 : The natural period of pitching osoillation 

Vz ' = Vj + V2" - Apparent displacement, where Vz is the aotual displacement 
and Vz" the added displacement 

CL - Q^I    where JL  is the moment of inertia of waterplane area 

d = Draft of the ship 

g Aooeleration of gravity 

r : 1/2H: '/2 wave height 

w - N/M - Relative damping factor 

2 - Heave along Z-axes 

aw - The waterplane ooeffioiant or the fullness of waterline, defined as the 
ratio of waterplane area of the ship to the rectangle drawn around this 
waterplane area 

£(\/L) 
:  Heaving force function 

£ Phase angle 

C     s   Amplitude of heaving motion 

; 



TJ      -   Amplitude  of wave motion 

0     :   Pitohing angle of the ship 

^(X/L)    :    Pitohing moment funotion 

^   =    ~u>i 2l2        :       Damping ooeffioient for heaving or pitohing motion 

X      =   Wave length 

fJLt t    fMz ' Amplitude distortion funotion for heaving and pitohing 
motions 

p "   Density of water 

d> - —j-  - Rrequenoy of wave motion 

oil - -*— = Hatural frequency of the heaving motion 

Uiz = -j— : Natural frequenoy of the pitohing motion 
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LABORATORY STUDIBS OF  THE MOTION OF FREELY FLOATING 30DIES  IH NON-UNIFORM 
AND UNIFORM LONG CRESTfiD WAVES. 

By 

Oavald Sibul 

ABSTRACT 

The motion of freely floating bodies has been studied experimentally in non- 
uniform wave trains.  The data were recorded en movie film and were evaluated for 
heaving, pitching, drifting and surging motions. In addition to the studies of 
motion in non-uniform wave trains, a few experiments were made of the motion of 
freely floating bodies in uniform wave trains and the results compared with a 
theory developed by Weinblum. A rectangular block approximately 1 foot by i  foot 
by ^ foot,  a ship model approximately 4 feet by i foot with a \ foot draft, and 
a cylinder approximately 1 foot long and 1 foot in diameter were used in. the ex- 
periments •which were performed in a wave ohannel and in a model basin. 

I.  INTRODUCTION 

The motion of freely floating bodies in trains of uniform waves has been 
studied by many investigators, and in some oases the theoretioal results have 
been compared with experimental measurements (see Bibliography).  The agreement 
seems to be satisfactory when the experimental data »ere obtained from models 
in uniform waves under controlled conditions. However, when the theories were 
applied to the motion of actual ships in a seaway of non-uniform waves the re- 
sults were not satisfactory*4)*; it appears that the study of floating bodies 
in uniform waves has more academic value than practical use, and future inves- 
tigations should be direoted toward a solution applicable for non-uniform waves. 

The problem is very diffioult. First, it is necessary to measure tUe 
surfaoe of the sea with all its irregularities, and as waves are often fnort- 
orested, the problem must be considered as three-dimensional. Seoond, ^t is 
neoessary to determine how a ship, having six degrees of freedom, will aot in 
a seaway. The solution of this problem may be pursued in four different manners $ 

(1) Solving the problem theoretically. 
(2) Using experimental results as obtained under controlled wave 

and model oondition. 
Making direct measurements on a prototype under actual conditions. 
Statist!oal observations. 

(8) 
(4) 

If possible, all four methods should be used and the results compared with eaoh 
other* 

The present studies have been confined to the first two methods, that is, 
(1) theoretioal and (2) experimental - by means of controlled model studies. 

For numbers in parentheses refer to the Bibliography at the end of the paper. 
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They are limited to long-crestod non-uniform waves, although a few tests were 
performed to obtain oertain Information on the motion of bodies in uniform ware 
trains. 

The purpose of this report is primarily to describe the laboratory procedure 
used in working on the problsm, and to show some experimental results of the ship 
motion studies.  The theoretical studies, which have been done simultaneously 
with the laboratory studies, and their comparison with the laboratory results 
are presented in a separate report^). 

II.  LABORATORY EQUIPMENT AKD PROCEDURES 

Test Modelst In the first experiments, a wooden rectangular block was used 
(figure 1). The block was 1 by 0.425 by 0.242 foot.  The reason for the 
reotangular form was to simplify the computation of theoretical characteristics 
and motions.  The olook was soaked in water for 24 hours prior to using it in 
a test, so that no water would be absorbed during the experiment. After soak- 
ing, the block was balanced in still water by inserting lead shot in hole* 
drilled along the bottom of the block.  Later the holes were sealed with paraf- 
fin. After the block was balanoed, the draft was measured in still water and 
was found to be 0.142 ft. 

In the later experiments a ship model (the "Clairton") was used 
(Figure 2).  The ship model was nearly wall-sided (except at the ends) and 
was approximately 4 ft. long, 0.55 feet wide, with a draft of 0.265 ft.  The 
fullness at water line was approximately a* = 0.85*.  In Figure 6 the ship 
model and the rectangular blook are shown together for comparison. 

In order to get some indication of the heaving motion of a non-rail-sided 
freely floating body in a seaway, a circular oylinder was built (Figure 3). 
The oylinder was 1 foot by 1 foot in diameter. Lucite was used so that there 
would be no problem due to absorption of water during the tests.  The cylinder 
was weighted uniformly around the entire body in such a manner that the draft 
was equal to the radius of the oylinder.  The length of the cylinder was just 
slightly less than the width of the channel; thus, the body could move freely, 
but no waves could be generated (due to free oscillation) at the ends of the 
oylinder and be refleoted from the sides of the channel and cause erroneous re- 
sults.  The oylinder was used only for experiments in the wave channel and with 
uniform waves. 

Wave Channelt The first experiments were done in a wave channel 1 foot wide 
by 3 feet deep by 60 feet long, with one side of the channel oonstruoted of a 
series of 3 feet by 3 feet glass plates, mounted in steel frames (See Figure 4). 
waves were generated by a flapper-type generator, mounted at the one end of 
the channel. Both the amplitude and the period of the flapper movement were 
adjustable.  The period could be varied between approximately 0.4 seoonds and 2 
seoonds and the wave amplitudes between 0 and 0.5 foot.  The water depth during 
all experiments was 2 feet and so the wave lengths varied between approximately 
0.8 foot and 14 feet. At the opposite end of the channel from the wave generator 
a sloping beach was installed for the purpose of preventing wave reflections. 

The motions of the floating bodies were reoorded by a 35 mm.movie camera 

* The fullness at wareriine,  a  Itirui used by naval architects,   is  the r*tio of 
waterplane area of the ship to the rectangle drawn around this waterplane 
area.     It equals 1 for the block,  having a reotangular waterplane area. 

 '( 
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(Boll and Howell - Eymo) with a 50 an. fooal length lense and running at 48 frames 
per second.  To reduce the error due to paralax, speoial oare was taken in mount- 
ing the camera so that the oenter of the lens was exaotly at the same elevation 
as the still-water surfaoe. A string-grid (0.10 foot intervals) was mounted on 
the plate-glass window of the channel for a scale.  For a time record an eleo- 
trieally operated olook, graduated in i/lOO seoonds, was( mounted in the field of 
view of the camera.  The general set-up is shown in Figures 10, 23 and 24. 

An independent reoord of the water surface-time history was obtained by 
mounting a double wire resistance element in front of and another one behind 
the floating body, the output being recorded on a Brush recorder.  The comparison 
between the ware heights obtained from the movies and that of the Brush reoords 
was found to be good (£ 5jC). 

Model Basint    The first experiments were made in the wave channel using all the 
described models. However, due to the narrowness of the channel, waves generated 
by the oscillating body were reflected from the walls (Figure 7*)t  ajad it was 
thought that they mi git affect the results.    Because of this problem later ex- 
periments were made in a large wave basin (approximately 65 by 65 feet).   The 
water depth was limited to a max la. am of 1.50 feet and resulted, for the longer 
wave lengths, in shallow-water waves instead of deep-water waves .  The wave 
machine was of the flap type and extended across the total width of the basin. 
The wave period oould be varied by changing the speed of the driving motor, and 
the wave amplitude oould be changed by adjusting the throw on the crank arms 
oonneoted to the wave flaps.  On the opposite end of the basin the wave energy 
was absorbed, without reflection, on a sloping sandy beach.  The general view 
of the wave basin is shown in Figure 6. 

The greatest difficulty encountered in performing experiments in the large 
basin was the photographing of the motion of the body so that evaluation of the 
data would be relatively simple and the results reliable.  There was no possi- 
bility of mounting the camera lens at the same elevation as the still-water 
level; consequently, the following procedure was usedj First a reference line 
was established by stretching a piano-wire parallel to the still water level 
at a known distance above it. The oamera then was mounted so as to obtain a 
desirable field of view, with the lense as close as possible to the water sur- 
faoe. A. few feet of film was exposed to obtain a picture of the grid (see 
Figure 8a) which was plaoed in the same vertioal plane as the referenoe line. 
During the actual test runs the grid was removed, but the oamera and referenoe 
line were kept exaotly in the same position. A sample of an actual run is given 
in Figure 8b. Enlargements of the movie frames were obtained and by using the 
grid as shown in Figure 8a, the scale and the reference line were transferred 
to transparent paper.  The enlargement of the movie frames was kept constant, 
and all the data were evaluated by using a transparent soale as an overlay. 
The reference line, which was in both the soale and the photographs, was used 
as a guide line. 

** 

Photographs of Figure 7 were obtained in a Ripple Tank using a small rec- 
tangular block about 3 inohes long, floating in a regular train of waves. 
A 16 mm. movie oamera was used to reoord the data (5). 

Later it was discovered, however, that the reflooted waves were so small 
(as conpared vrith ths original wave motion) that they had hardly any in- 
fluence on the results.  Tnis statement is true only when the ship is not 
underway. 
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Special care was taken during the experiments to keep the front side of 
the model in exaotly the same vertical plane as the reference line. When the 
model moved too much out of this referenoe plane, the run was discarded and 
repeated.  The error involved when the model moved out of tha line oan be de- 
termined using the following simple computation, and the sketch shown in Figure 9. 
When the elevation of the camera lenee above the still water is h and the 
distanos of the camera from the referenoe plane is L, then the reading at the 
referenoe plane will be A"  instead of A when the model moves out of the plane 
by the amount, I .  The error involved would be  e •  By simple geometrical 
relationship, 

h     L 4 I 
e (1) 

or considering that 1 is very small oompared with L , we have h/e z  L/L 
If a maximum error e : 0.005 foot is allowed with the distance L being equal 
to 20 feet and h = 0.5 foot, then a movement of 1 of only 0.2 foot is allowable. 
This means that by allowing an error of 0.005 foot, the front side of the model 
may move away from the referenoe plane by an amount of 0.2 foot on either side* 
When the model moved away from the referenoe plane by a greater amount the run 
was disoarded.  In general the model kept itself very well in line. More ac- 
curacy could have been obtained by moving the camera closer to the water surfaoe 
and increasing the distance from the camera to the referenoe plane. 

III. EXPERIMENTAL WORK 

Preliminary tests were made in still water to determine the damping co- 
efficients for heaving and pitching for the models. After these had been de- 
termined, tests were performed in different wave conditions.  During these tests, 
the following conditions were maintained*. (1) all waves were long-crested; 
(2) the model was not underway, but was freely floating}  (3) the longitudinal 
axis of the model was parallel to the direction of wave travel* 

Dampingi The first runs made were to determine the damping ooeffioients for 
heaving and pitohing motions. For the heaving motion the model was pressed 
down in still water, using a pointed stick in the center of the model, and then 
suddenly raising the stick.  For the pitohing motion one end of the model was 
pressed down in still water and then released*  The motion was reoorded on the 
movies and later analyzed for motion time histories. A sample of the experimental 
work is shown in the series of photographs of Figure 10, the piotures being en- 
largements of the 35 mm. movie film. The grid lines in the photographs were 
0.1 foot apart.  For the circular cylinder the initial displacement was obtained 
by pressing the cylinder down in still water by hand as oan be seen in the first 
picture of Figure 10. 

Motion in Hon-Uniform Waves t For the runs in the wave channel, the models were 
plaoed approximately 20 feet from the wave generator in still water, with 
longitudinal axis parallel to the channel walls.  The flapper of the wave 
generator was disconnected from the driving motor and operated manually, 
changing the period of amplitude of the motion continuously to obtain a train 
of irregular waves.  The motions of the models were recorded on 35 mm. film. 
In the large wa-ve basin the manual operation of the wave generator was not 
possible. Consequently, to obtain an irregular train of waves, the wave gen- 
erator was started and then stopped after a short period of time.  The generator 
started.slowly and then accelerated to a constant period; When stopped, the 
generator decelerated slowly to a stop.  The result was that the wave train 
started with long waves whioh decreased in length as the operation continued 
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until a constant wave length was reached. After stopping the generator, the 
wave length inoreased steadily until the generator stopped completely. Due to 
the different velocities of travel for the different waves, the train was fairly 
irregular when it reached the model, looated approximately 35 feet from the 
generator. 

Motion in Uniform Waves» In addition to the non-uniform waves, the experiments 
ijere also made for a regular train of waves (constant period and height).  In 
previous experiments with uniform waves it was found that there was no sig- 
nificant differenoe in results obtained in the 1 foot wave channel and those ob- 
tained in the wave basin.* it was decided, therefore, -co complete the experi- 
ments with uniform waves in the wave channel. 

After the desired wave period and steepness were obtained, the model was 
plaoed in still water and the wave generator started.  The motion was reoorded 
only after a steady state was reached. 

IY.  RESULTS 

In this report only a sample of the results will be given.    Most of the 
data are presented in the report by Puohs and MacCamyv2) and compared with 
their theory on the motion of a ship in non-uniform long-orested waves.     Com- 
parisons of the Fuchs-MaoCamy theory with experimental data were good.     In 
this report a comparison of the Weinblum theory for regular sine-waves is made, 
wfcinblum's theory (7)  is based partly on the work of Kryloff(8) and seems to be 
the most popular to date. 

Evaluation of Datfct    The evaluation of the data on the movie film was very 
tedious as eaoh frame had to be viewed for the shorter wave lengths) for the 

.longer waves every third frame was sufficient.     Prom eaoh fr-vme  the following data 
were obtained*    (1) the elevation of the reference point on the model,  (2) the 
elevation of the water surface at the oenter line of the ship,   (3) the pitohing 
angle   @   and  (4) the horizontal location of the referenoe point on the model. 

f 

A referenoe point was looated on the side of the model in such a manner 
that it never was below the water surface.  The readings for the location of 
referenoe point and the pitch angles were oomparitively easy to obtain. More 
care was required to obtain the water-surface elevation.  The readings of the 
elevation of the model and the water surface in the wave channel were taken 
from the side of the model and not from the window of the channel, in order to 
reduoe errors.  To define the water surface on the side of the model a very 
dearly distinguishable vertical line was drawn through the referenoe point 
(see Figure 2) at the center of the model.  The water surface then was defined 
in the pictures through a break in the straight line, the break resulting from 
the different angles of rafraotion of light in air and water. 

The accuracy of measurements were ± 0.002 foot for lengths, and t 0.2 
degree for pitoh angles.  The data were plotted as elevation-time and angle- 
time histories. 

This statement is true only for the oase when the model is not underway, and 
i« not tru» for the determination of experimental damping coefficient as de- 
soribed above. Damping is in first line due to the generation of waves and 
in a narrow channel these generated waves will be reflnoted by the channel 
walls and so effect the results. 

P 
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Dampingt    For oscillations in sti1 1 crater  the equation of notion for heaving is 

M £ " + N,£'+/5Ag£=0 W 

and for pitohlng is 

I 0" +N2 0' +  Wm0 = 0 (3) 

wheret 

£  = upward displacement of the center of gravity from the still-water level 

M = effective mass of the body for vertical oscillations 

A = water plane area 

p    = density of water 

N,,Nj, = damping coefficients to be determined experimentally for heaving and 
pitching motions 

I - effective moment of inertia of the body for pitching oscillations 

W - p  V - displacement of the body in equilibrium 

m = longitudinal metaoentrio height 

0 - pitohlng angle 

V '-  displaced volume of water 

T| ,T2 - natural periods for heaving and pitching motions. 

Replacing N(/M by 2 b and rewriting the equation for the heaving motion, 

we have     £"+2b£' + w2 t,  = 0 (4) 

w M 

The solution of this equation is known to be 

£   = e"bt ( A, cos a t + B, sin a t) (5) 

Here   Ai     and B,  are constants and    o~   -y/(jjl-bz   -   2T/T     , where T(   is the 
natural period of the heaving motion.       The envelope to this  curve has the form 

y  - e"   '    const. Talcing the  logarithm of both sides, we have  log y • 
- bl + const .     This means that we can obtain    b     as the  slope of the envelope 
to the experimental damping curve when replotted on semi-log paper*     The effeotive 
mass   M   can be computed from the following relationship! 

,A -b2 

T, and b are experimentally determined, hence we have 

M • (^/TV+H (6) 

md.    N = 2 Mb (7) 

 •• —» w 
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The damping coefficient N2 can be obtained similarly by solving the differential 
equation for the pitching motion* 

2 
For the rectangular blcck it was round that Ni =29 lbs/sec and N2=2.28  S* 

These results are oompared in Figure 13 with the theory of Havelook.^6'  Both 
the experimental results are below the theoretical curve, with Nj showing better 
agreement* 

Heaving and Pitching t    Samples of the experimental results of the model in non- 
uniform waves are given in Figures 14, 16, 19 and 20.  The runs are illustrated 
by photographs in Figures 17 and 18.  Figure 17 represents a short seotion of 
experiment with relatively short wave lengths as compared with the length of the 
model, while in Figure 18 the wave length is slightly longer and the waves less 
steep than in Figure 17. 

The results in uniform train of waves, as obtained in wave channel, are 
given in Figure 21 for the reotangular block and in Figure 22 for the ship model. 
The runs are illustrated by photographs in Figure 23 and 24. 

Hon-uniform Waves?    In Figures 14, 16, 19 and 20 the heaving amplitude of the 
model is compared with the wave amplitude, and the pitching angles are given as 
the angle-time history.  In the case of long waves the model follows almost 
exactly the wave motion—that is, the amplitude of the heaving motion is very 
nearly equal to the amplitude of the wave motion, and in some oases might even 
exoeed the latter. As will be seen later, this condition is in accordance with 
the theory.  As the wave length decreases with respeot to the length of the 
model, the heaving motion of the model decreases, and may even become very small 
oompared to the wave motion.  This condition oocurs at the tail-end of a non- 
uniform train of waves with deoreasing wave periods. Visually it can be seen 
in Figures 17 and 18.  In Figure 17, where the wave lengths are comparatively 
short, the waves move along the side of the model with no appreciable heaving 
of the model; that is, the water surface elevation, measured on the side of the 
model, is changing continuously and is related to the wave motion.  In Figure 
18, however, the wave length is longer than that occurring in Figure 17 and it 
can be seen that the model follows the waves smoothly and the water-surface 
elevation, measured on the side of the model (at the center line), remains 
almost constant. 

Uniform Waves? Figures 21 and 22 demonstrate the ship motion in a uniform train 
of1 waves. Figure 21 represents an experiment with the rectangular blrok and 
Figure 22 that with the ship model. (The experiments with uniform waves were 
conducted in the wave channeL)  In Figures 21 sjid 22 one can see clearly how 
the amplitude of the heaving motion decreases as the wave period decreases* 

In Figure 21a there is almost no heaving motion present for the period 
Ts0.48 sec. and with the wave length almost equal to the model length. 
For the short wave periods, a shift in phase also can be seen.  This indicates 
that the maximum heaving elevation will not occur at the same time that the wave 
crest passes the oenter of the ship, but rather, a short time later.  The shift 
in phase seems to be considerable when the wave period is equal to the natural 
period of oscillation.  The shift in phase can be followed in Figures 21b and 22a. 
In Figure 22a the shift is equal to approximately 180°»  Tnis means that the heav- 
ing of the ship reaohes its maximum value at the moment when the wave trough 
passes the oenter of the ship.  This oocurrenoe should be seriously oonsidered 
for it might re«i>lt in rmnnl durable streRse* in a shin's Rt.i"u«tur* ev«n though 
the heaving amplitudas are very small. 

Figures 23 ana 24 are illustrations of the experiments with a uniform 
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train of waves. Figure 23 illustrates the reotangular block and Figure 24 
illustrates the ship model tests. Figures 23a and 24a demonstrate the oase 
when the wave length is very short compared to the length of the model. It is 
of interest to note how the waves pass the model without causing the model to 
heave or pitoh.  The only appreoiable motion of the ship caused by the waves is 
the drift of the model in the direction of the wave travel. Figure 23b demon- 
strates the shift in phase.  Die model reaches its maximum elevation and the 
maximum pitch *rt?le, after the wave crest has passed the center of the model. 
Figures 23c and 24b demonstrate the oase of long waves; here the model follows 
the water surfaoe smoothly. 

3lammingr  It appears that the phenomenon of slamming or pounding seems to be 
related to a shift in phase. Slamming occurs when the amplitude of heaving or 
pitohing beoomes so large, relative to the wave, that a portion of the bottom 
of the hull emerges, to re-enter the water with an impact. This may easily reach 
suoh an order of magnitude that the periodicity of motion is destroyed. The 
foroes depend essentially upon the relative vertioal velocity between the bottom 
of the ship and the water surface. When we have, as an example, a 160° shift 
in phase, the relative velooity between the ship bottom and the water surfaoe is 
naturally very high, for the motion occurs in opposite directions.  The shift in 
phase of the heaving motion is always connected with a shift in phase of the 
pitohing motion.  This means the slope of the wave and pitching angle of the ship 
may have opposite directions which again might oause the forebody of the ship to 
emerge and to re-enter the water with heavy impact. 

It was found that slamming ooours for both uniform and non-uniform waves 
when a oertain oondition was reaohed. However, slamming was prevented in the 
experiments as It'was found to destroy the periodioity of the motion,as the 
data could not be used to compare experimental results with theory.  In 
Figure 23b (T = 0.64 sec.) the slamming oondition has almost been reaohed.  In 
the third picture of the illustration the front-end of the model is almost sub- 
merged while in the fifth picture it almost emerges.  In this picture the shift 
in phase of heaving and pitohing motions can dearly be seen as mentioned before. 

Surging and Drifting Motiont In addition to the vertioal motion of the model, 

the horizontal motion was measured and evaluated. A part of the reduced data 
is given in Figures 15o and d and Figures 19o,d and e for the non-uniform waves, 
and in Figure 25 for the uniform train of waves.  In Figure 19, the horizontal 
motion of the model is shown for a train of non-uniform waves. As can be seen 
in Figure 19o, the horizontal motion consists of two partst (a) the drifting 
motion of the model, and (b) the surging motion. In Figure 19o the' total 
horizontal motion is plotted as the time-distance curve. 

Surgingt  The surging and drifting motions of the nod6l can be separa- 
ted by drawing a oenter-line through the experimental curve as shown in 
Figures 19c and 25 .  This oenter line represents the drifting motion of the 
model. Using this oenter-line as zero-line, we oan obtain the amplitudes of 
surging motions.  Thus, Figure 19d is obtained by replotting 19o by using the 
center-line as zero-line .  In the same plot the surging motion is compared with 
the heaving motion. .In Figure 19e the path of oenter of gravity of the model 
is evaluated for a oertain period without considering drift velocities. As 
to the comparison of the heaving and surging motion, it seems that they are 
almost equal for the longer wave lengths - this faot indicates that the oenter 
of gravity of the model moves along an almost circular path.' When the wave 
period is decreasing, the circular path seems to bsoome elliptic with the longer 
axis in vertioal direction (compare Figure 19e and 25a). The surging foroe is 
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the horizontal component of wave foroe along the ships longitudinal axis and 
depends thus on X/L in a similar manner as.the heaving foroe does* Die 
magnitude of the surging motion is muoh higher than is generally thought 
(see Figure lSd.e and 25a).  The immediate oonolusion of this is that the con- 
stant velocity towing tests in a seaway may give doubtful resistance values, 
liioh better results might be obtained with self-propelled models under oonstant 
thrust conditions. 

Driftingt Considering the drifting motion of a ship due to waves, when 
the ship is not underway and when it is not affected by winds or ourrents, 
one may ask the question whether the ship stands still or will it be moved by the 
waves in the direction of the wave travel, or will it move against the direction 
of the waves.' 

Gerstner's theory (1802) indicates that the water partioles move in 
circles, (with fixed centers) and therefore no mass transport of water is 
effeoted by the waves.  Stokes showed (1847) that there was a slow mass trans- 
port in the direction of the wave advanoe. Stokes' theory has been confirmed 
by experiments. Aocording to this theory for particle motion, a ship floating 
without any velocity of its own might be expeoted to drift very slowly in the 
direotion of wave travel, but never against the waves, when not affeoted by 
wind or ourrents. But looking at Figure 19o it can be seen that the ship model 
drifted against the waves at the beginning of a non-uniform train of waves, where 
the wave lengths were large.  t Ihen the wave lengths were decreasing the drift 
gradually stopped and then reversed direotion, and started to drift in the di- 
reotion of wave advanoe. The model drifted with increasing velooity s.s the 
wave lengths decreased. This was found to be true for all the experiments. It 
seems to be obvicus that the slight mass transportation of water partioles could 
never give rise to the foroible drift of a model floating on suoh waves. Thus 
the drift of a ship must necessarily be attributed to the 'jutual aotion between 
the waves and the ship heaving and pitching in these waver.  The drifting of a 
ship has been investigated by lyoji Suyehiro(^( and his experimental results 
compared with a theory by Toshihiro Jatanabe' '•  The drifting is explained 
by Watanabe by the hydrostatic buoyancy in the waves. Taking an elementary 
volume within the waves, a buoyancy can be calculated which aots on this vol- 
ume (similar to Kryloff). If this bUoyanoy be resolved into horizontal and 
vertical components, and if the horizontal components be into graved over the 
total volune of the ship below the water surface, the horizontal foroe may be 
obtained. 

The question has been investigated also by Havelook'18' who concludes that 
a satisfactory theory would have to inolude, among other faotors, the effeot of 
reflection of the waves by the surfaoe of the ship. In his paper, however, this 
has been neglected in order to make tentative calculations from another point of 
view whioh associates the effeot direotly with the oscillation of the ship'. 
The steady average drifting foroe was obtained depending upon the phase dif- 
ferences between the heaving and pitching motion and the periodio foroes and 
couples due to the wave motion. The theory was compared with experimental re- 
sults, and although available data were not suitable for detailed comparison, 
it was found that the calculations gave drifting foroes of the right order of 
magnitude. 

Kone of the available investigations indioate a drift in the direotion 

I 
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opposite to that of the •wave advancep  however, this might he due to the fact 
that all of the investigations are oompleted for short wave lengths, while 
the drifting against the waves has been found to ooour at a wave length of about 
5 to 6 ship lengths, depending upon the shape of the ship. 

To obtain more data on this phenomena, additional experiments were made with 
uniform waves in the wave channel, using both the reotangular block and the ship 
model* Some examples are given for the ship model in Figure 25* The drift ve- 
locity was obtained from the slope of the oenter-line drawn to tne experimental 
ourve of horizontal motion as explained before. For uniform waves the oenter- 
line was always found to be a straight line, whioh indicates a constant drift 
velocity for a given condition.  The slope of the oenter-line decreases with an 
increase in wave length until it attains a negative value (Figure 25d). This 
indicates that the model is drifting against the direction of wave travel. 

In Figure 26 the computed drift velocities are plotted as a funotion of 
the ratio of wave length to ship length. There is a soatter in the experimental 
points, but the trend seems to be well defined.  The drift velooity seems to 
depend also on the shape of body as it is noted that its rectangular shape gives 
the highest velocities. The ship model seems to start to drift against the 
waves when the wave lengths exoeed approximately 5 or 6 ship lengths. 

Similar results of drift directions and velocities also have been obtained 
in Sweden   '.  In this instance the problem occurred in connection with 
a law suit resulting from -the collision of a steamship (1,075 tons - 184 ft. 
long) and a tanker (16,700 tons - 466 ft. long). Both ships were anchored in 
the Great Belt S.W. of the Sjalland reef, Denmark. The orew of the tanker 
stated that their ship had remained in position and at Anchor and that the 
steamship had been oarried toward the tanker by the strong westerly wind and 
the high seas. The orew of the steamship were equally sure that their ship had 
remained at anohor, and that the tanker had been oarried by the ocean ourrent 
and dragged, against the westerly wind and against the waves, and had oollided 
with the steamship.  To yield information on the problem, tests were completed 
at the Rydraulio Laboratory, Stookholm. 

A number of tests were oarried out on models where the two ships were 
oriented parallel to the waves. A second series of tests were conducted in a 
flume using only the mid-seotion of the ship, as shown in the sketch below. 

WAVE CHANNEL -- Section of ship 
J    used in experiments 

DIRECTION Of 
WAVE TRAVEL 

Here the model filled the width of the wave obannel, exoept for a small 
spaoe of a few millimeters, so that the model should not touoh the flume walls. 
The tests were oarried out to a scale of li20. 
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t The results were that the ship generally moved with the waves, but some- 
times it stood still, and occasionally even moved against the waves. The di- 
rection of movement depended on the wave-length and on the vertioal osoillation 
of the ship* 

The oomparison of the present results with those obtained in Sweden oan 
not be given in this report as the beam of the ship is not given in the Swedish 
report* Approximate oaloulations, however, gave good agreement between the two 
results.  The shape of the experimental curve obtained in Sweden is very similar 
to that in Figure 26* 

7.  COMPARISOU OF THEORY WITH RESULTS 

As mentioned before, the purpose of this resort is primarily to desoribe 
the laboratory procedures and present some experimental results. Parallel to 
the laboratory studies, theoretical investigations were made by Fuohs and 
MaoCamy and a new theory has been developed for ship motion in non-uniform 
waves*  The theoretical background and the new theory, along with oomparison 
with laboratory data results, are given in a separate report^2\    ,3he results 
so far available indioate that the new theory predicts the ship motion for non- 
uniform longworested waves very accurately. 

Here, however, an attempt will be made to compare the results obtained in 
regular waves with an earlier theory introduced by usinblum (1933)(7»15,16)> 

Weihblum made the following assumptions! 
1* The waves are uniform sine waves, in form. 
2. The pressure distribution in waves is not affected by the 

presenoe of the ship (an attempt has been made to use correction- 
ooeffioients for the hydrodynamio forces). 

3. The ship is wall-sided. 

(g\ 
This earlier theory has, however, been extended by Weihblum and St. Denisv ' 

resulting in a very accurate theory for long-orested uniform waves. In the 
extended theory the assumption that the ship is wall-sided is not essential. 

The reason that the earlier theory of Weinblum has been used for oomparison 
is to give a good idea of the meohanios of ship motion in uniform waves without 
going into comprehensive mathematical theory. A comprehensive theory is given 
by Fuohs and MaoCamy in a separate report'2/. This theory is essentially very 
similar to the extended theory by Weinblum and St. Denis, but is extended to 
apply to non-uniform waves. 

In this report the oomparison of results with Weinblum's theory should be 
regarded more qualitative than quantitative and should show the trend of ship 
motion under different wave (uniform) conditions.  This goal has been more than 
reaohed because the results show not only similar trends in theory and results, 
but also very olose agreements quantitatively, when the assumptions made by 
Weinblum are fulfilled* 

For the oase in which the longitudinal axes of the ship is parallel to the 
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direotioa of wave travel we have the following differential equationt 

P Vz' 1RT" +2N,Jf+^>gAz=/)grBL£(X/L, cos o>t (8) 

for the heaving notion 

and   2 

Iy'7Tf-+2N2^f- + DvMLG0-- pqr^-3lX/L)    sin u l       (•) 

for the pitoning notion. 

Fiese relationships give the solutionst 

z = r €{atL) /*' COS(ctf,t - £,) (10) 

0=  £-   -^J^/At  sm(««t -£t) (ID 

From these equations it oan he seen that amplitude of the heaving motion de- 
pends on two independent functions; that is, 

1. Heaving foroe function    £(X/L) 

2. The amplitude distortion function   /x ,  ( u> / u>,) 

The amplitude of the pitching motion depends also on the same kind of inde- 
pendent functions,  that is, 

1. Pitching moment function   o(X/u 

2. Amplitude distortion function   /i2   (ou/o>2) 

Amplitude Distortion Funotiom       Amplitude distortion funotiuns   /x     and  /x2 are 
governed principally by the ratio of the natural frequency  (ot   or   OJ2    of the 
heaving or pitohing oscillation to the frequenoy of exoitation, but also by the 
degree of damping. 

We haver 

p.  =      / ' d2) 
V   [i - ( u> /w,')2]2 + ( 2w,/ai,)2 (u) /cu,)2 

„,  =    • B (") 
r ^/    [I -   (CJ/0J2)2]2    +   (2w2/OJ2)2    (CU/0J2)2 

In these equations wi and w2 represent damping values per unit mass.  It is 
interesting to point out that 2^/ut, for the heaving and 2w2/oi2 for the pitching 
has been found in numerous model tests* to be of approximately an equal value 

Completed in the "Vorsuohsanstalt fur Ttasserbau und Schiffban, Berlin" 
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of 0.46v4).  This has been oheoked in previous experiments and was found to be 
true in the present tests on the ship model and oylinder wherein 2W' « ^*- »0.44. 
For the reotangular blook, it was not possible to obtain the same -value from 
different experiments* But it was found also that utk- an^ *£» are 0f  approx- 
imately the same magnitude and varied between 0.30 and 0.60 with an average value 
of 0.45. The reason for this variation seems to be +hat tLe reotangular blook 
was too small and light as a model and various unpredioted outside conditions 
might have considerable effeot on the damping ourve. It can be concluded that 
models of very small size should not be used* 

In Figure 29 \i\,i   has been plotted as a function of -^— with ^!*'.2 as 

a parameter* The curves have been plotted for values of ZjLiu • 0.60, 0.45 and 

0*40* As oan be seen from these curves, the variation in  ' 2wi,a may oause a v- W(2 

considerable difference in heaving and pitching amplitudes in the region close 

to resonance, i.e. CU/UJI « 1.  Outside of this region the differenoe would be 
relatively small.  For comparison of theoretical and experimental results, 
2 w ,. '»a— =0.46 is used in this report. 
W|,2 

Heaving Foroe Function    £ ( X / D { The heaving force function,    £ < X / L ) *  dependa 
primarily on the variable or quantity    X/L   and the  ship form.     Tables have been 
oompleted to oompute    <5\X/L)    for various ship forms  (9;15).    Figure 27 illustrates 
the shape of the heaving foroe function    <f ( X/L) for water lines   aw   =   1 (reo- 
tangular blook) and    a w =   0*860 (ship model).    They may be interpreted as foroe 
curves for a given ship when the wave height is oonstant while the wave length 
varies.    From this figure we  seer 

1*    The heaving foroe function is zero when X/L value is approximately 
equal to the water plane ooeffioient. 

2*     From item (1)   the conclusion might be drawn that at an effective wave 
length equal to the ship's length the heaving foroe is moderate or 
may be even zero (reotangular waterline). 

3.    As the wave-length approaches infinity,  the value of the heaving 
foroe function approaches asymptotically the value of the water plane 
ooeffioient. 

The Pi toning Momtmt Funotlon   P ( X / L )   » The pitching moment function, 
& i X /i)     •  o&n also be obtained by using previously prepared tables   (9; 15). 

Figure 28 gives us    6\X/L)      for •••lues of water plane coefficients   a*   c  1 
and   a*    : 0.850.    As oan be seen from these curvesr 

1.    The pitching moment is small for short wave lengths,especially   when 
the wave length is approximately l/2 of the  ship's length or less* 

2*    The pitching moments are high when the wave length is equal to the 
ship's length, with maximum being between   X/L  values of 1 and 1*6* 

3*    The ooourrenoe    of maximum pitching moment depends upon the ship 
form, especially upon the water plane ooeffioient,   aw .    For 
fuller water lines the maximum pitching moment occurs at longer wave 
lengths than for  slender ships* 

4*    The asymptotic value of the pitching moment is zero when the wave 
length approaches infinity*     Tnis is iiatural,  for the slope of the 
wave disappears for infinitely long waves* 

«u«> .i. fc1' - „-.ir.^=aTJa. I     i; in—.1  — 22..         < 
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Thus, 

V - H? v 

H 2L       2CL     r* 

55 

In general it might be pointed out that maximum amplitudes both far heaving 
and pitching need not ooour at resonance, for the resulting amplitudes are func- 
tions of amplitude distortion factor fi   ,  as well as of the exciting foroe. 
Henoe, when the foroe factor is very small, the resulting amplitudes also will 
be small even when the wave period is equal to the natural period of oscillation 

of the ship (OJ/GL»I -l)» 

Comparison of Resultst  The results are given in Figures 30 through 34 and 
oompared with the theory. In these graphs relative heaving amplitudes C,/r)  (or 
relative pitching amplitudes 0/H )  are plotted as functions of relative wave 
lengths. Here £  represents the heaving amplitude, 17 the amplitude of wave 
motion at the same moment, @   the pitching angle in radians, and H the wave 
height that oauses this pitching angle* 

The theoretioal curves are obtained from equations 10 and 11 by re- 
writing these equations and putting the heaving amplitude £ , instead of z and 
the wave amplitude rj    instead of r . 

(12) 

(13) 

For the rectangular blook   aw
:l and 2CL= 1/6 

For the ship model   aw    - 0.850 and 2CL -   V10 

In these equations the Smith effeot is not considered.    It is known that 
the isobars within the wave itself are given by 

r2   =   r e2,r2/Xsm(kX-ait) (14) 

where r is the half wave height. Thus, for the ship motion study the effeotive 
wave heights should be used and not the geometrical wave height. The effeotive 
wave height is given by 

-   ,      -27Td/X r effect " r e 

where    d    is the draft of the ship  (true only for wall-sided ship with a flat 
bottom).     In Figures 30 through 54 the theoretical curves are given for com- 
parison for both of the following conditions* 

(a) as oomputed by using geometrical wave heights, 

(b) as oomputed by using effeotive wave heights. 

For all cases the curves  oomputed using effective wave heights  (oorreoted 
for Smith effeot)  give the best agreement with experimental data. 

In Figure 50 the experimental results are oompared with theory for the 
heaving of the rectangular blcok.    The result* obtained in an open basin witk 
non-uniform waves agree well with the theory.    The results obtained in the 
wave channel with regular waves are considerably lower but give a much smoother 
ourve. 
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In Figure 31 the experimental results as obtained with the ship model in 
uniform waves and in the wave ohannel are oompared with the theory. The agree- 
ment oan be considered as very good* 

The ship model and the reotangular block are both wall-sided and agree 
with the assumptions made by Weinblum for his theory.  To observe the oonditions 
itiioh occur when the model is not wall-sided, some experiments were completed 
with a circular cylinder, as previously described, and the results eiven in 
Figure 32. The experimental points fit a smooth curve very well, but do not 
agree with theoretical results as far as the shape of the curve and the abso-. 
lute values are ooncerned.  To compute the effeotive draft foi a ship, Horn^ ' 
gives us the following formula t 

deff = V/A 

where   V     is the displacement and   A   is the waterplane area.     The effeotive draft 
for the cylinder was computed as d^f-0.79 -ft ,  and the theoretical curve was 
oorreoted for this value  (D  is the cylinder diameter).    Also another effeotive 
draft with    d   -    0.67 £     was used, as shown in Figure 32.     (0.67 -2 was derived 
by integrating the Smith effect over submerged area.)     The experimental curve 
fits the unoorrected theoretioal ourve for the shorter wave lengths and then 
departs to fit the oorreoted curves for  long waves.     This demonstrates that 
Weinblxun's  theory maybe used with good results when the  ship is wall-sided, 
but gives values which are too low (when the curves are  corrected for Smith 
effect)  for parabolio  ship cross-sections,   especially for  the  shorter wave 
lengths. 

T 

In Figure 33 and 34 the experimental results of pitohing angle are 
oompared with the theory.  The agreement is good again, especially for the 
experiments with a ship model. 

71,  CONCLUSIONS 

1. For long wave lengths as oompared to ship length, the ship model follows the 
waves smoothly and the heaving amplitude is very close to the wave amplitude. 

2. The heaving amplitude of the ship decreases with decreasing wave lengths and 
may become very small. 

3. For short wave lengths a shift in phase between the wave motion and ship 
motion ooours resulting in slamming under sorvi oonditions. 

4. The surging motion is muoh higher than is generally believed and should be 
taken into consideration in towing tests. 

6. When the ship is not underway, and when it is not affected by winds or 
ourronta, it drifts in the direction of the waves for shorter wave lengths, 
stays still in longer wave lengths and may occasionally move against the 
direotion of wave travel in very long waves. 

6. A conclusion that follows, considering heaving, pitching, surging and drift- 
ing motions together, is that the ratio of wave length to ship length equal 
to unity does not necessarily represent extre<so oonditions for all of these 
motions.  The extreme values depend very muoh on the characteristics and the 
shape of the ship and should be examined for each motion separately. 
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7* The experimental results of heaving and pitching motion agree with 
Weinblum's theory when the ship is wall-sided and the waves are uniform 
sine or ooeine wa-ves. 

8. Although the experimental results agree with the theories, the conclusions 
should not he drawn that these theories are applicable for actual con- 
ditions in -the ooean when short-crested waves are enoountered. 

APPENDIX 

Relatively few prototype measurements are available under actual ooean 
conditions. One of the best set of experiments in this regard was the sea tests 
of M.S. •San Pranoisoo" in 1934C*). Fortunately different sea and wind con- 
ditions were enoountered during this trip with winds ranging from oalm to 
maximum values.  The maximum wind foroe of 12th Beaufort soale was enoountered 
on the North Atlantic.  In Table I some characteristic values are given as 
obtained during these measurements to give some idea of the expected actual 
conditions and permit comparison with laboratory values. 

-,-.# 
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