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NOTATION

a Heave amplitude

c Wave celerity

g Gravitational acceleration

H Wave height

h Wave amplitude

L Model length

a Height of midship's light above center of gravity of model

t Time

v Model speed

v min Minumum speed for which no interference from wall
reflections occurs

V Speed in still water of full-scale ship

vs Model speed in still water corresponding to Vs
W Basin width

x, y, z Coordinates

a Phase displacement between pitch and heave

6,E Angles

8=nH/X Maximum wave slope

e Pitch amplitude

X Wave length

ve  Frequency of encounter with waves Ve = [-v
vn Natural frequency of dynamometer

7 Wavemaker period

Pitch angle

SCircular frequency
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ABSTRACT

To investigate experimentally the effect of scale on

the motions of ship models in waves, two different scale models

of the motor ship SAN FRANCISCO were tested. Although with-

in the limits of the investigation there were no differences

in the behavior of the models that could be ascribed to the

effect of scale, several very noticeable effects were found

that resulted from the dynamics of the towing system employed.

INTRODUCTION

The recent greatly increased interest in the seaworthiness of ships

has focused attention upon the difficulties involved in an experimental

study of the problem. Full-scale seaworthiness testing is not only

extremely costly, but it also involves special problems of measurement

and additional difficulties associated with lack of control over test

conditions. For these reasons, much instrumentation has been developed

and many test facilities have been devoted to the seaworthiness testing

of reduced-scale models of ships. In particular, the use of very small

models (on the order of 5-ft long) affords the considerable economics

associated with small basins and wavemakers, small models, and rela-

tively low manpower requirements. However, because seaworthiness is

still incompletely understood, it is not known how faithfully a simple

Froude scaling of model results to full-scale results represents the

behavior of a ship in waves. Any shortcomings in the scaling will be

magnified as smaller and smaller models are used. Thus it is essential

to determine whether or not data from small models scale up properly

before the conveniences offered by small models can be utilized.

In this investigation, two different sized models of the German

motorship SAN FRANCISCO were tested at corresponding speed and wave

conditions. Both models are small enough to be tested in the 140-ft
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model basin at the David Taylor Model Basin. Since the same basin, wave-

maker, and instrumentation could be used for both models, the number of

possible explanations for any discrepancies between the two sets of results

could be held to a minimum. However, because the displacement of the

larger model was only about four times that of the smaller model, the

maximum amplification of any scale effects could not be realized.

A series of tests was run in head seas at several wave lengths, wave

heights, and tow forces; the speed, heave amplitude, pitch amplitude, and

phase displacement between heave and pitch were measured. The data were

analyzed and the results are examined in the light of the effects which

are known not to scale.

TEST EQUIPMENT

GRAVITY DYNAMOMETER

The gravity dynamometer installed as permanent equipment in the

140-ft basin was used as the towing system. The geometry of the system

and the dynamics of its motion are described in Reference 1.*

SPEED MEASUREMENT

Since in one revolution of the drive pulley of the dynamometer the

model advances a distance equal to the circumference of the drive pulley,

the average speed of the model during a period of revolution of the pulley

can be determined by measuring this period and dividing it into the pulley

circumference. The period measurement is accomplished by having the motion

of the drive pulley interrupt a photocell-observed beam of light. The

period is displayed digitally by an electronic interval timer. The

*References are listed on page 24
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options are presented of either extending the period measurement over some

selected number of cycles, or of alternately timing a single cycle and

then displaying the result during the succeeding cycle.

A second light source and photocell system is used in conjunction with

40 equally spaced apertures in the drive pulley within the path of a light

beam to provide an indication of the uniformity of the angular velocity of

the pulley. The intervals between the pulses from the photocell are con-

verted into a graphical record of velocity as a function of time. This

system, termed a "speed deviation recorder," is used only in a qualitative

fashion.

WAVEMAKER

The wavemaker installed in the 140-ft basin is a pneumatic type.

Wave length control is achieved by setting the frequency of the. air values

with the aid of an electronic interval timer to find the period of rotation

of the value drive. The wave height is set by adjusting the speed of the

centrifugal blower which supplies the air to the wavemaker.

WAVE MEASUREMENT

The wave length is presumed to be uniquely established by the period

of the wavemaker values. The

2xT

between the wave length I and the wavemaker period T is sufficiently

accurate for the present purposes.

The wave height is measured by a capacitance-type wave-height recorder

described in detail in Reference 2.
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MOTIONS MEASUREMENT

Measurements of the motions of the model as it is towed through waves

were obtained from a photographic record of the progress of two small light

sources fastened to the model. The lights, a type called "wheat lamps,"

are contained within thin brass tubes which support the lights at some

distance above the deck of the model; see Figure 1. The tubes are pro-

vided with small holes to permit the lights to shine through as essentially

point sources. The lights are elevated a sufficient distance above the

deck to permit the camera to view them above the basin walls regardless of

the model motion, without having to aim the camera downward over the basin

wall. One light is located in the same transverse plane as the center of

gravity of the model; the second light is located near the stern of the

model. The after light is higher than the light at midships to keep the

traces separate on the photographs. To record the motions of the lights

during a run, the basin lights are extinguished and the camera shutter is

kept open as the model progresses past the field of the camera.

Figures 2 and 3 are examples of the type of motions records obtained.

TEST PROCEDURE

MODEL BALLASTING

The models used were two of a series of models of SAN FRANCISCO

whose dimensions are tabulated in Reference 3. The smaller model is

5 ft long. It is denoted as Model 3572-5A, and corresponds to Model

3572-5 in Reference 3. The larger model is 7.8 ft long, designated as

Model 3572-8, and corresponds to Model 3572-4 in Reference 3. This

7.8-ft model is the largest which can be towed in the 140-ft basin with-

out making resistance corrections because of the finite width (10 ft)

of the basin.4
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Model 3572-5A was ballasted to the appropriate displacement of 45.74 lb

and trimmed to the waterline indicated in Reference 3. It was then arbitrar-

ily assigned a radius of gyration in pitch of 1 ft and a vertical location

of the center of gravity 0.78 in. below the waterline (2.63 in. above the

keel). Model 3572-8 was ballasted to a corresponding displacement, radius

of gyration in pitch, and center of gravity location. The methods given

in Reference 5 were employed to achieve these results.

DYNAMOMETER TARE

The models were towed through waves by tow weights that were appro-

priate to achieve certain speeds of advance in still water. If the models

and the basin water were kept scrupulously clean, the tow weight required

for a given speed could vary only if the tare were to change. Hence a

complete determination of the dynamometer tare as a function of speed was

made at the beginning of the investigation, by the small corrections

procedure described in Reference 6. Each morning a single point on the

tare curve was checked at a speed typical of the runs to be conducted

that day.

TOW WEIGHTS REQUIRED

It was desirable to introduce turbulence stimulation on the models.

Two sand strips, one at the bow and another several inches aft of the

first strip, were applied to both models.

The required tow weights and accelerating weights were found to tow

Model 3572-5A at uniform speeds in still water which correspond to speeds

of 10, 14, and 18 knots for the full-scale vessel. Model 3572-8 was

towed only at speeds corresponding to 10 and 14 knots, and the required

tow weights and accelerating weights were established.

By the use of the tow weights employed for the still-water speeds,
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just mentioned, the proper accelerations to provide steady-state conditions

in the test section of the basin were determined for each of the models

at all wave conditions to be investigated. At 14 knots, wave heights equal

to 1/60 and 1/40 of the wave length (or steepness ratios of 60 and 40)

were used, and a steepness ratio of 60 was used for the 10-knot and 18-knot

runs of the smaller model. In every case, wave lengths of 1/2, 3/4, 1,

1, and 1 times ship length were investigated.

CAMERA ALIGNMENT

A camera which could accommodate a plate holder for 8- by 10-in.

photographic plates was located to obtain a view of about 16 ft along

the center plane of the basin in the center portion of the test section.

The lens and plate holder were aligned with the vertical plane by means

of a level on the camera. To set the camera's focal plane parallel

to the plane of motion of the model (center plane of the basin), the basin

was darkened and the model towed to one end of the field of vision of the

camera. With a pair of dividers, the distance between the two lights on

the model was measured on the camera's ground glass. The model was then

towed to the other end of the camera's field of vision, and the distance

between the model lights as they appeared on the ground glass was com-

pared with the setting of the dividers. The camera was rotated to a

position where the spacing of the lights on the model as imaged on the

ground glass was independent of the location of the model. The camera

alignment was checked regularly.

To reduce distortion during processing, all photographic data were

recorded on glass plates.

RUNNING OF TESTS

With the basin lights extinguished, the model was towed to one end

of the field of vision of the camera, and an exposure was made. Another
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exposure on the same plate was made with the model at the other end of the

camera's range. The model was then towed to its starting position and the

basin water given time to calm. Then with the predetermined tow weights,

acceleration, and wavemaker settings, the test was run while the camera

shutter was left open to record the continuous motion of the model lights

on the same plate which had been given the two previous static exposures.

The wave height and model speed were recorded for each run. Every experi-

mental condition was run twice.

TEST DATA

SPEED

The observed model speeds are listed in Tables 1 through 7. Speed

reduction curves are shown in Figure 4 for 14-knot still-water speed, and

in Figure 5 for 10-knot still-water speed. In Figure 6 are compiled the

results for a wave steepness ratio of 60. Figures 4 through 6 show the

measured speed averaged for the two runs at each condition and nondimen-

sionalized with respect to Vs, the still-water speed. The wave lengths

X are nondimensionalized with respect to the model length L. Although the

curves shown in Figures 4 through 6 are labeled with the nominal wave

steepness ratios, no correction has been made for the fact that the actual

wave heights deviated in general from the nominal values.

WAVE SIZE

Fluctuations in the period of the wavemaker values were usually

limited to about 0.002 sec, which would thus produce an error in the

wave length of about the same order of magnitude as the finite depth effect

on the amplitude effect. These effects are small and are neglected.
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Wave height measurements are accurate within 2 percent for heights

of 1 in. or greater. Some fluctuations in wave height occurred during

the run in many of the tests. The wave height was read from a portion

of the wave record obtained about the time the model reached the location

of the wave height probe. The probe was located near the end of the test

section. The measured wave heights are listed in Tables 1 through 7.

Nominal values for the wave heights are used in the graphical presentation

of the data.

MODEL MOTIONS

Heave

The amplitude of heave was obtained by measuring the amplitude of

the trace described by the light located in the same transverse plane as

the center of gravity of the model. Because this light is raised above

the center of gravity of the model, there exists a possibility that the

amplitude of the trace may be affected by the pitching of the model. This

possibility is examined in Appendix A, and the effect of pitch is found

to be negligible.

The amplitudes of the traces were measured on a Bausch and Lomb

comparator. The horizontal datum on the photographic plate is established

by the static exposures that show the model lights at each end of the

plate. The scale of the photograph can be determined by comparing the

known distance between the two lights on the model with the distance as

measured on the plate. A 50 X magnification was used in measuring the

heave amplitude on the comparator. A combination of dial gage and microm-

eter permitted measurement of the amplitude of the trace to be made in

increments of 0.0001 in. The arrangement of the comparator is such that

this measurement is independent of the optics of the instrument and also

independent of any backlash in the feed mechanism for the cross-slide.

Because of the grain size and the thickness of the trace on the photograph,

a measurement of the double amplitude of the trace could not be accomplished

within 0.0001 in. but was probably closer to an uncertainty of about
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0.0003 in. The horizontal ordinates at which the maxima and minima occurred

were noted.

Heave measurements given by the average of the cycles shown on the

plates are tabulated in Tables 1 through 7, and the average of the two

runs at each condition is shown graphically and nondimensionalized in

Figures 7 through 10. If the wave height is denoted by H, then the nondi-

mensionalized amplitude of heave a is 2a/H. With h = H/2, 2a/H = a/h.

Pitch

To measure pitch on the comparator a 20 X magnification was used in

conjunction with the protractor screen. The protractor screen for the

comparator is a circular ground-glass screen, marked with horizontal and

vertical reference lines, which can be rotated simply by turning a knob.

The rotation of the screen is measured by a vernier protractor, which

can be read in minutes of arc.

The plate was fastened to the carriage of the comparator as it was

for the heave measurement; i.e., with the horizontal datum on the plate

aligned with the direction of feed of the carriage. The distance between

the two model lights as projected on the screen is laid off along the

horizontal reference line on the screen, centered with respect to the

screen center. The distance between the lights on the model was chosen

so that it would be slightly less than the diameter of the screen when

projected at 20 X magnification. By proper adjustment of the transverse

and longitudinal feeds on the carriage and rotation of the screen, one

end of the marked distance on the screen can be made to coincide with

one trace. The other end of the marked distance is simultaneously made

to lie on the other trace so that the two intersections mark points on

the traces which were exposed simultaneously. Then the plate is fed

longitudinally until a maximum or minimum of the screen rotation is

reached. When a maximum or minimum of the pitching angle is found, the

angle is recorded and the intersection of the lower trace (the trace from

the midship's light) with the indicated distance on the screen is marked

on the plate. This marked intersection is then moved to the vertical
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centerline of the screen and its horizontal ordinate recorded.

The average pitch amplitudes, e, are listed in Tables 1 through 7,

and the averages of the two runs at each condition are plotted in Figures

7 through 10 as multiples of the maximum wave slope, 8 = nR/X.

The only error in measuring the pitch angles is the error involved in

fitting the inter-lights distance between the traces. This can be done

within about 2 or 3 min, which is somewhat less than the normal fluctuation

in pitch amplitude from cycle to cycle.

Phase Displacement

The phase displacement between pitch and heave is arrived at from

information recorded during the measurement of the pitch and heave ampli-

tudes. Because the midship's light is elevated above the center of gravity,

the horizontal location of the midship's light at the time of an extremum

in pitch or heave is not the location of the center of gravity of the

model at that time. Further, the amount by which the horizontal location

of the midship's light deviates from the horizontal location of the center

of gravity is in general different at the time of an extremum in heave

from what it is at the time of an extremum in pitch. It is shown in

Appendix B that if the difference in horizontal ordinates of the midship's

trace at maximum pitch and maximum heave are averaged with the correspond-

ing differences at minimum pitch and minimum heave, the results give the

phase displacement between pitch and heave.

Tables 1 through 7 and Figures 7 through 10 present the phase dis-

placement results expressed in terms of the angle by which pitch leads

heave.

For some test conditions the heaving and pitching motions were so

small that the light traces appear to be only slightly perturbed from

straight lines. The motions record from such a run is shown in Figure 11.

Because the maxima and minima are so broad and ill-defined in such cases,

the phase displacement may suffer a probable error as large as 10 to 15

percent. A more typical error would be about 5 percent.
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DISCUSSION OF RESULTS

GENERAL FEATURES

With the exception of the tests performed with a tow weight consistent

with a speed in still water corresponding to 10 knots for the full-scale

ship, the agreement between the results obtained from the 5-ft and the

7.8-ft models was generally satisfactory.

With a tow weight for a still-water speed corresponding to 14 knots,

the agreement in the speed reduction data was excellent for a wave steepness

of 60, but there was a consistent tendency for the larger model to suffer

a somewhat smaller speed reduction for a wave steepness of 40. For wave

steepness ratios of both 60 and 40 the agreement between the two sets of

results for heave, pitch, and phase displacement is quite good, since any

of the deviations which occur could be accounted for in terms of errors

in reading the photographic plates or the wave-height record. An inter-

esting feature, however, is that whenever differences do occur in the

motions results, the larger model usually exhibits the greater motion.

For the test results with a tow weight which would yield a still-water

speed corresponding to 10 knots, the differences between the sets of data

from the two models are quite striking. Only the differences which exist

at wave lengths of one-half and three-fourths of the ship length could be

explained in terms of data-reading errors. A more complete discussion of

the poor agreement between the two sets of data follows.

POSSIBLE CAUSES FOR DISCREPANCIES

Reynolds Number

It is doubtful if the difference in Reynolds numbers between the two

models at corresponding Froude numbers could account for the observed

discrepancies. For the larger model, the Reynolds numbers relating to

the conditions where difficulties were encountered are lower than the
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Reynolds numbers associated with conditions which gave good results. For

wave lengths of three-fourths ship length and above, the Reynolds numbers

for the smaller model for the towing conditions in question are no smaller

than the Reynolds numbers for other towing conditions where good agreement

was achieved. Hence, the occurrence of any significant Reynolds number

effects can be discounted.

Wave Reflection from Walls

Because the models are towed in a basin of finite width, the possibility

exists that the wave train in the basin reflected from the model, or the

waves generated by the motions of the model may propagate to the basin

walls, be reflected there, and return to the center of the basin to influ-

ence the subsequent motion of the model. If, however, the model progresses

with sufficient speed, it will have moved entirely out of the region of

the reflections from the walls by the time they have propagated back to

the center of the basin.

Assume that a wave whose length equals that of the incident wave is

reflected from the model in a direction normal to the original direction

of propagation. Require that the model travel at least its own length

in the time necessary for the reflected wave to travel to the basin wall

and back to the center of the basin. Then if W is the basin width and c

is the wave celerity,

L W
v c/2

Using the relation

c = J gX/2n

then

L Ig
2W 2t

Denote the velocity for which the equality holds as vmin The waves
min
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produced in consequence of the incident wave-induced motions of the model

have the frequency of encounter and therefore (for towing in head seas)

are of shorter wave length and propagate more slowly than the incident

waves. The reflection of these disturbances from the basin walls thus

imposes a less stringent restriction on the model velocity than the one

given previously.

All the velocities observed for Model 3572-5a are greater than vmin

for this model at all the wave lengths of concern. For Model 3572-8,

v . has the value
min

vmin = 0.522 ')

where vmin is given in knots for X in feet. Table 8 compares v . with
min mtn

the average velocities observed for Model 3572-8 for the various test

conditions at all five wave lengths used.

It can be seen from Table 8 that only for vs = 1.35 (10 knots full

scale) is v significantly smaller than v min; this is true only for the

three longer wave lengths. These conditions, however, are precisely the

ones for which such poor agreement with the results for the small model

were manifested. Yet at worst only the after third of the model would

have been subjected to the first reflections from the walls, and it hardly

seems reasonable to ascribe such pronounced differences in the behavior

of the two models to what seems to be such a moderate influence. Thus,

while wave reflections from the walls must hear some of the blame, a

more profound cause for the observed discrepancies should be sought.

Towing System Dynamics

In Reference 1 the dynamics of the gravity dynamometer used for the

present investigation were examined, and it was found that the towing

system possessed one or two natural frequencies that were likely to coin-

cide with a frequency of encounter a model might experience while being

towed. To explore the possibility of such an occurrence in the test

reported here, the results of Reference I were applied to the dynamometer

in the several configurations of interest. Most of the preliminary tests

111
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on Model 3572-5A were run with a silk towline installed, although this was

replaced by a nylon towline before any of the runs for final data were

recorded. The natural frequencies of the dynamometer while towing Model

3572-5A were calculated for both types of towline. Model 3572-8 was

towed with a nylon line only, and so this case was the only one calculated.

With two exceptions all dimensions and physical properties of the dynamometer

components could be taken directly from Tables 1 and 2 of Reference 1. The

length of the wire which joins the ends of the towline and to which the

towing bracket is attached was 7.77 ft in place of the 6.80-ft wire

installed at the time of the measurements of Reference 1. Also, because

of a change in the wave absorber installation, the model could start its

run closer to the wave absorber end of the basin during the tests reported

here than was possible at the time of the investigation of Reference 1.

As a consequence of these changes, the quantities denoted by 81, 82, and

8 in Reference 1 should have their values changed to 0.1660, -0.0924,

and 0.0609, respectively, and bo should be changed to 0.0114 for Model

3572-5A and 0.0113 for Model 3572-8.

The natural frequencies of the dynamometer are a function of the

instantaneous location of the model along the basin. For this reason

the frequencies are calculated for both the minimum and maximum values

of (l/pl + 1 /P2) encountered during the recorded part of a run, where

(1/p1 + 1/p2) is a position parameter employed in Reference 1. In terms

of an alternate position parameter, p, also defined in Reference 1,

(1/pl + 1/P2)min occurs at p = (I - 81 + 82)/2 = 0.3708 and (1/Pl+l/P2)max
occurs at p = 0.2100, when the model has just completed its run through

the test section of the basin.

Reference 1 gives the five natural frequencies of the towing system

as the solution of a quintic equation. It also gives a very satisfactory

approximation which yields the two highest natural frequencies as the

solution of a quadratic and the three lowest frequencies as the solutions

of a cubic. Table 9 lists the natural frequencies of the dynamometer

in all the configurations mentioned, as calculated from the combination

of cubic and quadratic equations. The two highest frequencies are functions

of the tow weights used, and so results are quoted for the three different
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tow weights employed with Model 3572-5A, and for the two different tow

weights used with Model 3572-8. Half of the cases were recalculated from

the quintic to test the worth of the approximate solution. In every case,

the results were in agreement to three significant figures.

To perceive the applicability of the above calculations to the model

experiments, the experiments will be examined for any unusual features,

and these features will be classified according to the frequency of encoun-

ter, i.e., the forcing frequency.

Data for Model 3572-5A at a wave length of 1.5 ship length and Vs = 10

knots is missing. This is because, during the preliminary tests, the

model exhibited an exaggerated oscillation in surge while being towed,

actually changing its direction of motion at each cycle. The oscillations

of the drive pulley were even more grossly amplified, thus making it quite

impossible to measure an average speed of advance. By extrapolating the

speed of advance at a wave length of 1.5 the model length from Vs = 18

and 14 knots to Vs = 10 knots, the speed of advance is estimated to be

0.93 V . This leads to a frequency of encounter v = 1.05 cps. The
s e

calculated results for Model 3572-5A with silk towline give the lowest

natural frequency in the range v = 1.01 to v = 1.02 cps. Thus the

phenomenon described can be attributed to a resonance of the towing

system. Unfortunately, the investigation reported here preceded the

work of Reference 1, or it would have been realized that the later change

to a nylon towline would have made it possible to accumulate data normally

at the troublesome condition. The peculiarity just described was the

only one observed with the smaller model.

Unusual features in the data from the larger model were observed, as

mentioned before, for the three longer wave lengths with Vs corresponding

to 10 knots. The frequencies of encounter encompassed by these conditions

range from v = 0.84 to v = 1.06 cps. The location of the resonance

within this range is not clear. The calculations for Model 3572-8 with

nylon towline give the lowest natural frequency, vn = 0.81 cps. It is

conceivable, though not in itself convincing, that the resonance occurs
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at about 0.81 cps and extends its effects as far as 1.06 cps because of a

large width of the resonant peak.

Another unusual effect which occurs with Model 3572-8 is not shown in

the final recorded data, but affords a clear indication of the actual

location of the resonance. It was noticed in the detailed motions data

taken from the photographic plates that some of the pitch records showed

sharp variations in the maximum or minimum pitch angles between adjacent

cycles. To be certain that no variations due to reading errors could

affect the conclusions, only those records were considered for which the

maximum difference between consecutive extrema in pitch angles exceeded

15 min. The test conditions for which this maximum difference A e exceeded

15 min. included three conditions for which Vs corresponds to 14 knots as

well as two conditions for which Vs equals 10 knots. The conditions are

identified and the appropriate values of A e and A e/e are listed in Table 10.
The values of A e/e averaged for the two tests (in one case, three tests)

at each condition are plotted as a function of frequency of encounter in

Figure 12. The curve in Figure 12 rises distinctly at the end of the plot

where ve = 0.84 cps.

This competes the list of unusual features observed with the two

models. In every case the abnormality can be attributed to the proximity

of a nuatural frequency of the dynamometer. There is no reason to doubt

that a resonance with the dynamometer could cause discrepancies of the

observed magnitude. Two details, however, require explanation. First,

although every case of a frequency of encounter near the lowest natural

frequency of the towing system led to some sort of difficulty, many of

the test conditions were run near the next-to-lowest natural frequency of

the dynamometer with no observable ill effects. Second, the resonant

behavior of Model 3572-5A was so much more violent than the behavior of

Model 3572-8 at its resonance.

Without solving the equations of motion of the dynamometer, it is

possible to describe the separate modes of motion of the system by noting

the dependence on the various inertial and elastic elements of the system
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of the natural frequency corresponding to each mode of motion. For example,

because the two highest natural frequencies depend on the tow weights and

the properties of the tow pan wires, and to a slight extent on the moment

of inertia of the drive pulley, the corresponding modes of motion involve

a vibration of the tow weights on their supporting wires, accompanied by a

slight oscillation of the drive pulley and no discernible motion of the

rest of the system. Also, because the third or intermediate natural fre-

quency is determined primarily by the properties of the towing bracket and

the elasticity of the towline, the corresponding mode of motion is one in

which the pulleys and model remain almost stationary while the towing

bracket oscillates about its pivot in the model.

The modes of motion of the two lowest frequencies cannot be described

as readily as the other three modes, but their general nature can be examined

by varying the properties of each of the inertial and elastic elements in

turn and by finding how the resulting natural frequencies change. For

these calculations it is sufficient to use an approximation from Reference 1

which gives the two lowest natural frequencies as the solutions of a

quadratic equation. For the next-to-lowest frequency the program of variation

of the constants of the system reveals a strong dependence on the towline

elasticity, a moderate dependence on the moments of inertia of the pulleys,

a very slight dependence on the towing bracket properties, and almost no

dependence on the mass of the model. This mode of motion may then be

envisioned as an opposite (out-of-phase) oscillation of the pulleys that

involves little motion of the towing bracket and almost no motion of the

model. A resonance with this natural frequency then might give a speed

deviation record with amplified oscillation, but should not affect average

speed of advance or the motions records of the model.

The lowest natural frequency shows a strong dependence on the towline

elasticity and the moments of inertia of both pulleys. The dependence on

towing bracket properties is moderate; the dependence on the model mass

varies from moderate to slight. To be more quantitative,a 20 percent

decrease in the mass of the model produces a 2.1 percent increase in the

lowest natural frequency for Model 3572-5A and a 0.6 percent increase in
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this frequency for Model 3572-8. Thus the mode of motion corresponding to

the lowest natural frequency is the only mode in which the model partici-

pates appreciably, and the degree of this participation is greater the

smaller the mass of the model.

The motion of the system for its lowest natural frequency is the most

complicated. In this mode the model surges, accompanied by a rotation of

the towing bracket and rotation of the pulleys similar to that which is

obtained in the next-to-lowest model of motion. However, because of the

model motion, the deflection of the pulleys would be expected to be more

extreme in the lowest mode than in the second mode, which would account

for the increased dependence of the lowest natural frequency on the pulley

properties. This would also lead to oscillations of the drive pulley

which would have a more drastic effect on speed measurements in the lowest

mode than in the second mode.

A final comment is that although the water level in the basin was

maintained at the proper level for the tests discussed here, it was per-

mitted to fall below the usual level during the measurements reported in

Reference 1. The only effect would be in the adjustment of the towing

bracket. If the water level is raised, the towing bracket arms must be

spread and the overall height reduced. A 1-in. increase in the water level

would thus cause an increase of about 15 percent in the z/a2 is a quantity

defined in Reference 1 which gives a significant measure of the towing

bracket properties. If this change is incorporated into the calculations

for the lowest natural frequencies, the result for Model 3572-5A with

silk towline is now vn = 1.05 cps and for Model 3572-8 with nylon towline

v = 83 cps. These results compare favorably with the estimated locations

of the resonances.

CONCLUDING REMARKS

Although the experimental investigation reported here of the effects
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of scale on ship model motions in waves was of very modest scope, it served

to demonstrate the importance of towing system dynamics in wave tests.

Discrepancies in the data from the two models occurred if and only if

the frequency of encounter of the model was near the lowest natural fre-

quency of the gravity dynamometer neglecting reading errors. It was con-

cluded that Reynolds number differences between the two models had no

discernible effects. Any effect on the larger model caused by the reflections

of waves from the wall was masked by the resonant effects and could not be

evaluated separately. Thus, within the limited scope of the experiments,

no scale effects were found which were attributable to the model itself.

The method of recording and reading motion data described in this

report is not currently in use at TMB. The photographic method has since

been replaced by electronic techniques where the signals are recorded on

tape and/or chart paper. This latter method makes the task of data analysis

less tedious.
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APPENDIX A

MEASUREMENT OF HEAVE

Let the origin of time be chosen so that the heaving motion of the

center of gravity of the model can be written as

z = a sin at

The pitching of the model can then be described by

4 = e sin (ct-0)

If a is the distance that the midship's light is elevated above the center

of gravity, then the vertical motion of this light (measured from the mean

center of gravity location) is

y = a sin mt + a cos 0

If the heave measurement is to be obtained from the amplitude of the

motion of the midship's light, then it is the extrema of the y curve which

are of interest.

Ax = 0 = wa cos at - a we cos (cmt- sin 4
dt

Since e may be assumed to be small, let

sin # * e sin (at-a)

Hence

a cos t = a e 2 sin (at-a) cos (at-a)

Let act + 5 where 8 is small. Then
2
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sin co t st 1

cos at st -8

sin ((a-a) cos a + 8 sin a

cos (at-a) 5-8 cos a + sin a

When substituted into Equation [1], the result is

8 2

a
sin a cos a

Now let at = - +e in Equation [1]. Then it is found that

S- sin a cos a
a

The quantity required is yax-Yml n where

Ymax = a sin (2+8) + B cos [e sin (i+8-0 ]

ymin = a sin (-2+e) + A cos [e sin (-+-]

Since

S= -8

Ymax- m i = 2a sin (2+5)

+ 2 sin sin ( ) cos ] sin cos

+ 21 sin [0 sin (i+) cos a1] sin [E cos (i+6) sin a]2 2

and within second-order terms, this gives

Ymax- Ymin = 2a
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APPENDIX B

MEASUREMENT OF PHASE DISPLACEMENT

Let x be a horizontal ordinate (increasing in the direction of tow)

and let the subscripts p refer to pitch, h to heave, r to real value (i.e.,

referring to values taken from the trace made by the midship's light.)

Bow up pitch angles are positive. Then the horizontal ordinate of the

center of gravity at maximum pitch is

x = x + I sin 4 [2]
rp ap p

At minimum pitch it is

x ' = X ' + 2 sin 4 ' [3]
rp ap p

At maximum heave

xrh = ah + sin h [4]

and at minimum heave

Xrh' = Xah' + a sin 0 h [5]

Then if the phase displacement between pitch and heave is expressed by

S= 2-n [(xrh-xrP) + (x 'r h - x rp ' )

a- = 2

it follows from Equations [2] through [5] that if *h =- h' and p= -4 ',

then

a = [(x -x) + (Xah -xap)

If, however, there exists a nonzero average pitching angle of amount E,

then

o = - ' + 2E
P P

22
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When no trim exists,

S= cos C and ' = ' cos a
h p h p

but the angle E

h =  + (p-E) cos a

4h = E + ('-E) cos a

= E - (4 -E)
p

cos a

Hence

sin Oh + sin Oh' = 2 sin e cos [ (0 -E) cos ]
p

for small pitching angles. Also,

sin 4 + sin 0 ' o 2E
P P

Thus, even when a nonzero average pitching angle exists,

+ (x '-x ')]
ah ap

= X [(ah- ap)Sah ap
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Figure 1 - 5-Foot SAN FRANCISCO Model



Figure 2 - Sample Motions Record for Model 3572-8 in Waves of X/L = 1.25
and X/H = 60 for a Thrust Corresponding to 14-knot Still-Water Speed

Figure 3 - Sample Motions Record for Model 3572-8 in Waves of X/H = 60
for a Thrust Corresponding to 10-knot Still-Water Speed



S
a

U)

'UU),aoa

U)

'-o1aa'C
u)

Figure 4 - Speed Reduction in Waves for Thrust Corresponding to
14-knot Still-Water Speed

0

aU) c
C

o
-'aSa>U)o1- Co
a'

a

U)

Figure 5 - Speed Reduction in Waves for Thrust Corresponding to
10-knot Still-Water Speed

1 111



18 knots

Model I 4knt

0 3572 -5A ,0 knots

A3572-8

& o

0.5 1.5

Figure 6 - Speed Reduction in Waves for X/H = 60

1.0

U)C
.: 0.9Cna.

,S0.8oo o

-USSa.0,a.
-C
U)

07
I / I

- I I I II I I I IILFI'



0E
Q0

E

I

Figure 7

1.0

0.8

0.6

ol"

0.4

0.2

0

1.0

O.8

0.6

0.4

0.2

0

O.8

0.6

e al I

0.4

S0.2

0

Ship Motions in Waves of X/H = 60 for a Thrust
Corresponding to 14-knot Still-Water Speed

Model
0 3572- 5A

S63572-8

0.5

It

coa.

c
0

0
4',

0

0.

-- 11 11111

__ _ _~~~_._ ~~ ~_~ ~ __.._..._~_~____~,~rn~-



1.0

0.8
E

o
0.6

*\ oI Cai
0.4

E

E 0.2
0
I

O0

1.0

o 0.8

E
E 0.6

0

0.4

E Q 2

0.

c 0.2 0.6

00

Figure 8 - Ship Motions in Waves of X/H = 40 for a Thrust
Corresponding to 14-knot Still-Water Speed

O 3572-5A
A 3572-8

0.5 1.0

rrrrmnnnrr~n~n~llr~3 ii I I I I I I



1.0

0.8

0.6

• 0.6

> 0.2

I0 0

1.0

0.8

x , I ' rI I /

o a 0.6

2 0.4

0.

0.6 1 Model

o11 0.4 - A 3572-8E' -

0 0.5 1.0 1.5

L

Figure 9 - Ship Motions in Waves of /H = 60 for a Thrust

Corresponding to l0-knot Still-Water Speed
Corresponding to 10-knot Still-Water Speed

-- ^1 III

rl-rrl ~~a ** ~~~~~~PUaMO I-~~ -. --- ""~~~~ ~



1.0

0.8

oj 0.6

0.4

0.2

0

1.0

Figure 10 - Ship Motions in Waves of X/H = 60 for a Thrust
Corresponding to 18-knot Still-Water Speed

-/

o 0.5 1.0 .!

0

E
E

E

Uc
°C

0.
4D cj

0.8

0.6

0.4

0.2

0

0.6

:0 04

0
o

0.

-0.2

;---- - -~-- --~----- -- ;----------------.------ --- ~---.-- ~~F_



Figure 11 - Example of Small Amplitude Motions Record. Model 3572-8 in
Waves of X/L = 0.5 and X/H = 60 for a Thrust Corresponding
to 10-knot Still-Water Speed
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Figure 12 - Fluctuations in Pitch Angle, Model 3572-8
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TABLE 1

Data for Model 3572-5A, Vs
= 14 Knots, -

H

A H v e a a 0 0 a

L in. knots cyc/sec in. h min 0 "

1.5 1.53 1.42 1.15 0.6033 0.789 140.4 0.765 0.408
1.46 1.42 1.15 0.5970 0.818 140.1 . 0.800 0.417

1.25 1.21 1.35 1.27 0.5292 0.875 137.8 0.791 0.435
1.23 1.34 1.27 0.5346 0.869 138.9 0.784 0.376

1.0 1.06 1.34 1.46 0.3125 0.590 91.0 0.477 0.428
1.03 1.36 1.47 0.3079 0.598 88.2 0.476 0.429

0.75 0.72 1.48 1.83 0.0250 0.0694 20.8 0.120 -0.005
0.74 1.47 1.83 0.0272 0.0735 21.3 0.120 0.041

0.5 0.51 1.49 2.44 0.0110 0.0432 7.6 0.041 0.514
0.47 1.49 2.44 0.0105 0.0447 7.3 0.043 0.571

TABLE 2

Data for Model 3572-5A, V8 = 14 Knots, =- 40
H

A H v a a 0 0 a

L in. knots cyc/sec in. A min 0 r

1.5 2.29 1.25 1.11 0.8546 0.746 206.4 0.751 0.424
2.24 1.20 1.10 0.8144 0.727 208.9 0.777 0.436

1.25 1.91 1.18 1.22 0.7034 0.737 202.6 0.737 0.409
1.88 1.16 1.22 0.6885 0.732 201.2 0.743 0.368

1.0 1.50 1.07 1.37 0.4413 0.588 133.3 0.494 0.270
1.42 1.07 1.37 0.4443 0.626 135.9 0.532 0.301

0.75 1.14 1.42 1.81 0.0397 0.0696 30.9 0.113 0.062
1.12 1.42 1.81 0.0381 0.0680 27.1 0.101 0.088

0.5 0.76 1.46 2.42 0.0185 0.0487 10.2 0.037 0.532
0.73 1.46 2.42 0.0169 0.0463 9.2 0.035 0.557

= 60
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TABLE 3

Data for Model 3572-5A, Vs = 10 Knots, - 60
H

A H 1 ve a a 0 0 a

L in. knots cyc/sec in. h min 08

1.25 1.26 0.92 1.16 0.4177 0.663 124.7 0.687 0.479
1.26 0.91 1.15 0.4062 0.646 122.6 0.675 0.484

1.0 1.00 0.81 1.29 0.2583 0.517 94.0 0.522 0.014
0.98 0.81 1.29 0.2550 0.520 93.8 0.532 0.050

0.75 0.77 0.97 1.60 0.0739 0.192 27.0 0.146 0.163
0.79 0.97 1.60 0.0686 0.174 25.5 0.134 0.179

0.5 0.50 1.03 2.13 0.0205 0.0820 11.1 0.0614 0.612
0.49 1.03 2.13 0.0159 0.0649 10.1 0.0572 0.633

TABLE 4

Data for Model 3572-5A, Vs = 18 Knots, - = 60
H

A H v va a 0 0 a

L in. knots cyc/sec in. h min 0 i,

1.5 1.46 1.82 1.24 0.8283 1.136 150.8 0.861 0.386
1.54 1.82 1.24 0.8047 1.045 150.8 0.816 0.399

1.25 1.28 1.79 1.39 0.7071 1.105 138.3 0.750 0.467
1.26 1.78 1.39 0.6781 1.076 135.7 0.748 0.469

1.0 1.04 1.82 1.63 0.2816 0.542 102.6 0.548 0.495
1.08 1.82 1.63 0.2676 0.496 100.1 0.515 0.467

0.75 0.77 1.93 2.04 0.0177 0.0461 17.7 0.0958 -0.120
0.73 1.93 2.04 0.0220 0.0603 18.1 0.103 -0.105

0.5 0.48 1.93 2.73 0.0153 0.0638 4.0 0.023 0.446
0.48 1.93 2.73 0.0151 0.0629 4.4 0.026 0.412
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TABLE 5

Data for Model 3572-8, Vs = 14 Knots, - = 60
H

X H v v a a 0 0 a

L in. knots cyc/sec in. h min 0 ir

1.5 2.30 1.87 0.93 0.9777 .0.850 149.7 0.846 0.363
2.40 1.80 0.92 0.9867 0.823 149.2 0.808 0.360
2.33 1.77 0.91 0.9934 0.853 147.1 0.821 0.371

1.25 1.96 1.72 1.02. 0.8514 0.869 152.3 0.842 0.315
1.98 1.64 1.01 0.8730 0.882 149.9 0.820 0.331

1.0 1.59 1.70 1.18 0.5475 0.689 96.6 0.527 0.403
1.59 1.69 1.18 0.5458 0.687 97.7 0.533 0.410

0.75 1.11 1.84 1.47 0.0418 0.0753 22.0 0.129 0.023
1.17 1.83 1.46 0.0390 0.0667 21.4 0.119 -0.060

0.5 0.75 1.89 1.96 0.0232 0.0619 6.8 0.039 0.614
0.75 1.89 1.96 0.0212 0.0565 5.7 0.033 0.562

T.ABLE 6

Data for Model 3572-8, Vs = 14 Knots, - 40

A i v ye a a 0 0 a

L in. knots cyc/sec in. h rin 7r

1.5 3.51 1.65 0.90 1.392 0.793 214.9 0.796 0.343
3.55 1.62 0.89 1.396 0.786 215.0 0.787 0.367

1.25 2.99 1.47 0.98 1.105 0.739 212.8 0.771 0.337
2.93 1.49 0.98 1.099 0.750 214.1 0.792 0.347

1.0 2.36 1.40 1.11 0.7912 0.671 139.9 0.514 0.307
2.35 1.40 1.11 0.7999 0.681 141.9 0.523 0.303

0.75 1.76 1.76 1.44 0.0736 0.0836 36.5 0.135 0.026
1.75 1.75 1.44 0.0720 0.0823 37.3 0.139 0.090

0.5 1.15 1.87 1.96 0.0186 0.0323 8.2 0.031 0.508
1.13 1.87 1.96 0.0214 0.0379 10.4 0.040 0.619
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TABLE 7

Data for Model 3572-8, Vs
= 10 Knots, - = 60

H

TABLE 8

Vmi for Model 3572-8mm

A H v Ve a a 0 0 a

L in. knots cyc/sec in. A min 0 r

1.5 2.35 1.25 0.84 0.7818 0.665 154.5 0.855 0.342
2.36 1.25 0.84 0.7846 0.665 155.8 0.858 0.324

1.25 2.00 1.03 0.90 0.4272 0.427 145.4 0.788 0.314
2;01 1.03 0.90 0.4111 0.409 141.0 0.760 0.330

1.0 1.58 1.14 1.06 0.3879 0.491 115.6 0.634 0.206
1.59 1.14 1.06 0.3954 0.497 114.5 0.624 0.232

0.75 1.12 1.22 1.29 0.1197 0.214 30.5 0.177 0.131
1.11 1.19 1.28 0.1302 0.235 34.7 0.203 0.145

0.5 0.83 1.31 1.71 0.0227 0.0547 9.6 0.050 0.485
0.74 1.31 1.71 0.0196 0.0530 9.0 0.053 0.581

V =14 Knots V= 14 Knots V = 10 Knots

- 60 - = 40 -=60
H H H

L knots knots knots knots

1.5 1.79 1.81 1.64 1.25

1.25 1.63 1.68 1.48 1.03

1.0 1.46 1.70 1.40 1.14

0.75 1.26 1.84 1.76 1.21

0.5 1.03 1.89 1.87 1.31
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TABLE 9

Natural Frequencies of Dynamometer

TABLE 10

Maximum Fluctuation in Pitch Angle between
Consecutive Cycles, Model 3572-8

3572-5A, Nylon Line 3572-5A, Silk Line 3572-8, Nylon Line

p=0.3 7 08 p=0. 2 100 p=0.37 08 p=0.2100 p=0. 3708 p=0. 2 100
cyc cyc cyc cyc cyc cyc

Vn Vn- V - V - V - V-
sec sec sec sec sec sec

0.876 0.879 1.01 1.02 0.809 0.813

1.39 1.42 1.78 1.82 1.39 1.42

5.74 5.85 6.38 6.55 5.15 5.25

V = 12.3 10.9 12.3 10.9 11.6 10.2.

10 knots 16.8 22.3 16.8 22.3 18.0 23.9

V = 11.8 10.5 11.8 10.5 10.7 9.58

14 knots 17.3 23.0 17.3 23.0 20.7 27.5

V = 11.3 9.90 11.3 9.90 - -

18 knots 18.8 25.0 18.8 25.0 -

Test Conditions

Ve s X AO A

cyc/sec knots H L min 0

0.84 10 60 1.5 44 0.28

0.895 14 40 1.5 31 0.14

0.90 10 60 1.25 22 0.15

0.92 14 60 1.5 21 0.14

0.98 14 40 1.25 16 0.075
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To investigate experimentally the effect of scale on the mo-
tions of ship models in waves, two different scale models of the
motor ship SAN FRANCISCO were tested. Although within the
limits of the investigation there were no differences in the be-
havior of the models that could be ascribed to the effect of scale,
several very noticeable effects were found that resulted from the
dynamics of the towing system employed.
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