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ABSTRACT

Thls report describes measurements of the changes
In amplitude of regular head and followlng waves as they
passed along the length of a shlp model for model speeds

zero, Froude number 0.1, and Froude number 0.3.

In head seas the helght of the Incldenl wave
diminished by some 20% to 40% as Lt passed along the length
of the fully restralned model f{rom bow to stern. In follow-
Ing seas the wave diminlshed by some 50%, from stern to bow
when the ship speed was less than the wave group veloclty,
and from bow to stern when the ship speed was greater than

the wave group veloclity.

These experimenial results are generally in falr
agreement wlth Grim's theoretical predictions. lowever, at
forward speeds in head seas, there are local variattions of
wave helght near the bow which are nol predicted by the

theory.
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LHTRODUCTION

Thanks to recent work of Grilm, Tasal, Porter, and
others, conslderable progress has been made In the theoretlcal
calculation of hydrodynamic forces on two-dimenslonal forms
which are exposed to waves or are osclllating In calm water,
Moreover, experlmental conflrmatlion of some of these results

has been obtalned.

The problem presented by a ship in longltudlnal
waves lInvolves two addlitlonal compllicationg: the effects of
the three-dimenslonal form and the effects of the forward
speed of the ship. In 1960 Grim published a paper! showlng
how the three-dimensional effect might be calculated for a
ship at zero speed. In a more recent paper? he has dlscussed
the physical behavior of the wave system which underlies this
mathematlcal treatment, and has taken the first step toward
extending the work to the case of a ship wlth forward speed.

The essentlal feature of this latter paper 1s a
discussion of the way in which the helght of the incident
wave 1s diminished during 1ts passage along the ship.
Numerical resulls are given, both for the stationary ship
and for the ship with forward speeds. The experiments in
head and following seas, described in the present report,
were 1intended to verify thls calculated variation of the wave
height as the wave travels along the ship.

This study was sponsored by the Bureau of Ships
Fundamental Hydromechanics Research Program and technically
administered by the David Taylor Model Basin under Contract
Nonr 263 (54), Research Program S$-R009-01-01 (DL Project

2698/058) .

R-966




APPARATUS AND TEST PROCEDURE

Model

A wooden model (DL Model 2698) was constructed of

' for whleh form theo-

the form glven In Grim's 1960 paper,
retical results are avallable. The form was deflned by Grim

as followsg:—

Length/Max Beam = 0.4 Max Beam/Draft = 2.8
Sectlon Coefflelent = 0.9 (Same for all sectlons)
Station L3 5 7 9 11 131517 19

Section Beam/Max Beam .33 .7 .9 .99 1.0 1.0 .99 .9 .7 .33

Offsets were computed on the IBM 1620 for the
approprlate Lewls form sectlons, and the body plan 1s shown

In Flg. 1. The model had the followlng dimenslons:—

Length 60 1n.

Beam 9,38 Ln.
Draft 3.35 1n.
Freeboard 4,0 in.

The slides were vertlcal above the water line.

Test Arrangement
A photograph of the test setup appears as Fig. 2.

The tests were carrled out in Davidson Laboratory
Tank No. 2, which 1s 75 ft square. The movable bridge
carrying the rail and carriage was set up with the direction
of motlon of the carriage parallel to that of the waves.
Thus tests in head and following seas could be undertaken.
As the model was 20 ft from the nearest side-wall of the
tank, effects due to reflection of waves generated by the

model from the side of the tank were minimized.
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The model was rlgldly attached to the carrlage by
a strut, The carrlage also carrled a number of wave probes,
dlsposed In a line parallel to the fore-and-aft axls of the
model. One wave probe was located amldshlps, 1 In. (later
Increased to 2 In.) from the side of the model. Other wave
probes were abreast the quarter polnts, abreast the bow and
stern, 2 't ahead of the bow, and, In some runs, 2 't abaft
the stern. The helghts Indlcated by the several wave probes
were rccorded slmultancously on a multlechannel JSanborn re-

cording system,

Wave HMeasurement

The [ore-and-aft locatlons of the wave probes are
shovn 1n the plan In Fig. 4., Jome changes of positlon were
made in the course of the trilal, to minimize Interference of

the ship-wave system wlth measurement of the incident waves.

The requirement for wave measurement at several
points near the model railsed certaln problems. In the first
place, the wave probes of the resistance type normally used
at this laboratory interfere wlth each other's readings when
less than some 2 ft apart. A speclal wave probe was there-
fore designed, in which two vertical stainless-steel wires
.0l in. in dlameter penetrating the water surface are
supported l/é in, apart. The electirical resistance of the
water between these wires was measured by an A.C. bridge
system. This arrangement gave deflections of the Sanborn
recording galvanometers linearly proportional to wave height,
and the probes showed no interaction when only 6 in. apart.
The wave probes can be seen in Fig. 2, and detalls of the

bridge circuit are given in Fig. 3.

Another problem arising from the use of several
wave probes was that the supports for the wave probes might
make a wake which would lead to incorrect measurement of the




waves by wave probes rarther aft.  For thls reason the wave-
probe supports were made as small as possible, and, In fact,
each conslsted of two curved stalnless-steel wires .00 In.

In dlameter, which may be seen In Flg., 2,

Since 1L was essential In thls project that the
wave-probe calibratlons be rellable, speclal callbrating
arrangements were provided, All the wave probes were mounted
on an alumlnum T-bar, whlich was suspended from the maln
carrlage In such a way that It could be ralsed and lowered by
Lthe rotatlion of screwed rods near each end, These rods were
rotated by a reversible D.C. motor, throuzh a horlzontal
shaft and bevel jrears. A Jelsyn drilven from the shaft drove
another Selsyn ashore, the latter coupled to a counter which
Indlcated the vertleal movement of the wave probes to better
than .01 In. Thls callbrating system proved extremely con-
venlent and the wave-probe callbratlons were usually taken

between each run and the next.

In practice, the callbratlions were found to be quite
stable and showed no tendency to drift once the electronic
system had thoroughly warmed up. Repeat callbrations showed
a scatter of about * 2%, which corresponded to about #* 1/? mn

on the record and could be largely due to readlng errors.

A recent Investlgation at Massachusetts Institute
of Technology has shown that wave probes of the type used in
the present work can be expected not to introduce errors
greater than 1% to 2% 1n the measurement of the waves which
affect them., However, it appears f{rom the scatter of results
observed in some of the present experiments that the wave
height at a glven locality may vary by as much as 10% between
one run and another in nominally similar conditions. In
general, the trend of the present results 1s believed to be
correct within a few percent, except in cases where much

scatter is shown.

R-966
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Test Conditions

The serles of tests covered the following

conditlions:

Wave Length/ship Length 15, 1.0, 1.9, 2.0
Wave Helght/Ship Length 1/1h0
opeeds Zero
I = 0.1 and I' = 0,3
In Head and

Following Jeas

RESULTS

The test results are shown In Flgs., 5-10. An ex-
planation of these flgures ls glven below the presentatlion
of Flg. ha.

In all cases the ordlnate plotted represents the
observed wave double amplitude divlded by the helght of the
undisturbed incldent wave. Since the wave probes moved with
the model, the wave system due to the speed of the model
caused a constant dlsplacement of the wave record, which was

disregarded.

It was found that at zero speed, and 1in head seas
at P = 0.1 (1.23 ft/sec), the wave height at the wave probe
2 ft ahead of the model sometimes showed considerable dif-
ferences from the nominal wave helght. Thus it was apparent
that at these speeds the wave height at thls point was in-
fluenced by the model. Therefore, the wave helght observed

ahead of the model at the highest speed, F = 0.3 (3.85 ft/sec),

was taken as the height of the undisturbed wave for all runs

at a given wave-maker setting.

In following seas at both speeds (F = 0.1 and
F = 0.3) all the wave probes were more or less affected by

R-966
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the presence of the model, and runs at b ). ¢ al Lhe same
wave-maker settllng but in the head-sea dlrection were used

Lo determine the undlsturbed wave helght,

For comparison with the experimental results,
Ltheoretical curves calculated by the methods glven by Grim
are plotted In those cases for whlch the necessary computa-
Ltlons have been performed. Two theoretical curves are shown,

when the computed values are avallable,

The curve marked ., represents the three-dlmenslonal
effect; that Lls, Lhe deformatlion of the Incomlng wave In a
longltudinal dlrectlon. Grim denotes ., as the effective
wave; 1t shows the effect of adj]acent secctlions of Lhe shlp

on the wave helght at a glven zectlon.,

In addition to thls longltudlinal deformatlon, a
deformation In a transverse dlrectlon also takes place, since
the wave helght at a glven sectlon 1s Inl'luenced by the
presence of that sectlon of the ship. To a first approxl-
matlon, this effect ls {he same as in a two-dimenslonal case.
It 1s taken into account In ship-motlon computatlions using a

strip theory such as that of Korvin-Kroukovsky.”

The two effects, longitudinal and transverse de-
formations, are combined in the curves marked H,,, and it 1s
these curves which are directly comparable with the experi-
mental results, since the latter also include both longil-

tudinal and transverse deformations.

The curves H, and H,, (plotted in Figs. 5-10) have
been derived from various sources:
For zero speed, H, is taken from Ref. 1. The trans-
verse deformation H, was calculated by the two-dimen-
sional theory outlined by Grim in Ref. 1. H,5 is the

product of H, and Hj.
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For the head-sea cades, H was computed using a pro-

gram weltten by Dy Grlm. The transverse deformatlon

was agaln computed by Grim's two-dlmenslonal theory

and was comblned with I, wlth due regard for phases.

Forr the followlng-sca cases, H., was obtalned from

Ref. 2. Unfortunately, Lt has not been possible to

compute the comblned effect l,., for these cases,

1t may be noted that In Ref, 2 Grlm descrlbes the

results there glven as a flrst rough quantitatlve approxlma-
tlon. It ls understood that Dr, Grim ls at present worklng
on another and, It 13 hoped, better approxlmatlion for the

three-dimenslonal body.

DISCUSSION OF RESULTS

At zero speed Lhe helght of the wave decreased

falrly steadlily as Il passed along the shlp, and the measured

wave deformatlon was generally In good agreement wlth the
theoretical values glven by Grim. There appeared to be a
tendency for the wave helghts near the sterr. of the model to
be somewhat greater than predicted. This 18 hardly more than

could be accounted for by experimental scatter, except for
A/L = .75.
For the cases where the model is moving, theoretical

results are, unfortunately, avallable only for \/L = 1,

In head seas, at the lower speed F = 0.1, the de-
crease of wave height over the middle half of the model
length is in good agreement with theory. Near the bow there

18 a considerable increase of wave height above the level of
the incident wave, which 1s not predicted by theory. This is

further discussed below.
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AL the hilgher speed F = 0.3, theory Indlcates an
Increase of wave helght over almost the whole length of the
ship. The form of the theoretical curve 13 not In agreement
with experiment, whlch showed a conslderably Increased wave
helght near the bow, falllng abruptly to rather less than the

helght of the Incldent wave at and abaft amtdshlps.

AL both speeds, rapld varlatlions of helght appeared
to occur as the wave passed the forward part of the ship., At
the hlgher speed a crest of broken water was thrown off from
the bow and moved fore and aft wlth the perlod of the In-
cldent wave. When it reached the wave probe at the same tlme
as the crest of the Incldent wave, It seemed f{rom visual ob-
servation that the wave nelght might be conslderably over-
estimated. The wave probe orlglnally at station 1 was there-

fore moved forward 3 In. to abreast the stem,

The presence of broken water at the wave probe was
indicated by noilse on the record, and subsequent examination
showed that before moving the wave probe there was broken
water at the wave probe at both crest and trough for F = 0.3,
X/L = 2, Moving the probe forward and out of the broken
water increased the apparent wave helght by some 20%. Later
the line of wave probes was moved 1 in, farther from the
center line of the model. The combined forward and lateral
movement of the wave probe at the bow led to a 20% reduction
in apparent wave helght for F = 0.1, /L = 1, and a 10% re-
duction for F = 0.3, M/L = 1.

Thus it appeared that abreast the bow there may be
abrupt changes in the apparent wave height, since changes of
10% to 20% were observed consequent upon moving the wave
probe 3 in. Such changes could be due to model-generated
waves of short wavelength oscillating fore and aft with the
period of the incident wave. (The photograph in Fig. 2b
shows various irregularities of the wave system.) Further,
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Lt 18 posslble that nonlincar Interactlion between Lhe shlp
wave and Incldent wave may account tor varlations In the

apparent amplitude of the latter,

AL B = 0.1, a maxlmum value of wave amplliude was
observed abreast the bow, except ror ML 5/h, when there
was a minitmum abreast the bow and a maxlmum at I/U I, abaf't
the bow. AL I = 0,4, all wavelengths showed a maximum wave
amplltude 1/ [ abaft the bow. However, In the llght of the
large effects resulting rrom small movements of the bow
wave-probe, there ls some questlion whether the values
measured wlthin 1/4% 1, abaft the bow mlght not have been
changed very conslderably by small movements of the wave
probes, The values measured In this reglon must be viewed
wlth some susplclon. To clarlfy this questlon, It would be
desirable to perform further experlments, with different
wave-probe locations. It would also be most deslrable to
take movles, In order to obtaln a visual Impresslon of the

behavior of the waves.,

A factor which may Influence the behavior of the
waves near the bow 13 that the model used for these tests was
designed wlth mathematlcal calculatlons of wave deformation
in view, and with little conslderatlon of reslstance or wave-
making. The half-angle of entrance was 33 deg and the bow
wave was larger than would be generated by a finer form.
Another consideration is that a real ship 1s free to move
with the waves, whereas the present fests were made with a
restrained model. Thus the changes of wave height near the
bow may well be less under realistic ship conditlons than in
the present tests. However, until the matter has been fur-
ther investigated, it seems desirable to bear in mind the
possibility that considerable changes of wave height may
occur near the bow of a ship moving into a head sea. Such
changes might seriously affect the accuracy of a ship-borne
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wave recceorder located at the bow, and the effect on a Tucker

wave recorder may also be slgnlrlcecant,

In followlng seas, at the lower speed F = 0.1, the
shlp was traveling less rapldly than the group veloclity of
the waves. The wave helght then diminished falrly smoothly
as the wave passed along the shlp from stern to bow, untll,
f'or A/L = 1, the wave amplltude at the bow was some 50% of

that of the Incldent wave, The theory predleted h0%,

AL the hlgher speed F = 0.4, when the shlp speed
exceeded the wave group veloclty, the wave amplltude dimin-
Ished from the bow, untll,at the stern for A/l = 1, 1t was
gome 0% of that of the Incldent wave, compared with the

theoretlcal predlctlion of 29,

Thus the experiment conflirms the theoretical re-
sult that In followlng seas the trend of wave helght along
the ship reverses accordlng as the shlp speed 1ls greater or
less than the wave group velocity.

It 1s approprilate to dlscuss, albelt only tenta-

tlively, the Implication of the predicted and observed wave

deformation on the calculation of exciting forces and moments

on a ship in waves. In the first place, 1t should be noted

that the wave deformatlion which has to be conslidered in this
connection 1is the three-dimensional part, H,, only. The two-
dimensional part, which 1is also included in the experimental
results, appears in the two-dlmensional calculation of ex-
clting forces by the usual strip method and so 1s allowed
for 1n such calculations., Considerlng the zero speed case,
for which there is good agreement between Grim's theory and
the present experiments, it seems reasonable to suppose that
the reduction of height as the wave moves aft will lead to a
reduction in the heaving force, and probably also in the
pitching moment. It would certainly be desirable to extend

the three-dimensional computations to arrive at the effect

R-966
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of the wave deformation on tihe exclilng forces,  iowever, 1t
may be remarked that there 1o reasonable agreement between
experlmental results ror exclting rorces and values calculated
by two-dlmensional strlp theory. 1t scems not unlikely that
Introduction of the three-dlmenstonal ¢i'fect may upset thls
agreement and call for further work on the theory. On the
basis of Grim's theory and the present experlmental resulus,
one would expect the three-dlmenslonal erfects Lo reduce the
exclting forces In followlng scas even more than those at
zero speed, However, the Porce measurements made by Gersten®
for a model very simllar Lo thal used In the present tests,
do not show any large general reductlon of heaving force In
followling seas,

Although the two-dlmenslonal strlp theory ylelds
good results In many cases, a more complete hydrodynamic
solution 1s required for a better understandlng of such
matters as the intluence of changes In shlp lorm (especially
of section shape) on motlon, the added resistance In waves,

and the tendency to slamming or wet decks.
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COHCTUSTON

In head seays, the helght of the Incldent wave
dlminlshed by some 207 to 40% as Lt passed along the length
of a fully restralned model {from bow to stern, In followlng
seas, the wave helght dimlnlshed by some H0% from stern to
bow when the shlp speed was less than the wave group velocltiy,
and from bow to stern when the shlp cpeed was greater than

the wave group veloclty,

These cxperimental results are generally In falr
agreement wlth Grlm's theoretlcal predletions, lowever, at
forward gpeeds In head seas there are local vartatlons of
wave helght near the bow whleh are not predlcted by the

theory.

RECOMIAEIDATIONS

Further experiments ghould be made to examlne 1In
more detail the behavior of the wave near the bow, both for
the present model and for a (lner model simllar to, say, the
Mariner or Serles 60 (0.60 block). In addltion to wave
measurements, movlies should be taken to show the behavior of

the wave (see Discusslon of Results, p. 9).

Measurements of forces exerted by waves on a ship
model should be compared with predlictlons based on Grim's
three-dimensional theory. Measurement of pressures at a few
locations on the bottom of the model would be valuable 1n

this connection (see Discussion of Results, p. 11).

Measurements and computations should also be made
of the wave deformation caused by a model free to pitch and
heave. Pressure measurements on the free model would be
valuable, especially at the location of a Tucker ship-borne

wave recorder.
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Conslderattion should be glven Lo the possiblility
that, 1i large wave deformations exlst near the bow of an
actual shlp, they may bedevll Lhe operation of any ship-borne
wave recorder utllizling a sensor at the bow (see Discusslon

of Results on p. 9).
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In Flgs, 95-10, the ordinates represent the ratlios
of* the local wave amplltudes Indlcated by the various
wave probes to the amplitude which the wave would have
I 1t were not dlsturbed by the model.

The absclssae represent the fore-and-af't posltions
of the wave probes relative to the model, whose position
1s shown.

In each flgure the wave travels from right to left,
The direction of movement of the model ls Indicated by
an arrowv,.

The transverse poslitlons of the wave probes are
indicated thus: .

o — Line of wave probes 1" from model amidships

e — Line of wave probes 2" from model amidships

The positions of the wave probes are shown by

similar symbols in Fig. lda above.
Tails on the symbols are usea where necessary to

distinguish different test runs.
Curves are drawn as follows:

— — — ~ To 1Indicate trend of experimental results

To show theoretical values given by Grim:

H

23
——_l— Two- and three-dimensional
effects combined
Three-dimensional effect only
—_—
H
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Fig. 4b. Explanation of Figures 5-10
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