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ABSTRACT

tThis report presents the results of an experimental study
of the hydrodynamic mass and hydrodynamic mass moment of inertia
of submerged bodies. Hydrodynamic mass and damping force data
were obtained for three *towed body“}shapes translating in the
direction of towing and perpendicular to the direction of towing.
Hydrodynamic mass moment of inertia data were obtained for a
prolate spheroid rotating about its minor axis.

The data for the bodies translating in a direction perpen-
dicular to the towing direction show that the hydrodynamic mass
decreases almost linearly with increasing frequency. Tests run
at constant frequency show that a minimum point occurs in the
hydrodynamic mass-amplitude curve. The amplitude at which the
minimum occurs is a function of the body streamlining in the
direction of motion. The data for the bodies translating in the
towing direction were widely scattered; hence, only average
values are given.

The hydrodynamic mass moment of inertia data was obtained
by the natural frequency method. Further study is being con-
ducted to determine the frequency and amplitude dependence

for the towed body shapes.
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NOTATI1ON

amplitude of oscillation

damping force

diameten

damping constant or speed of sound
torsional damping coustant
hydrodynamic mass moment of inertia
hydrodynamic mass factod
characteristic length of body
hydrodynamic mass

fluid density

phase angle

frequency

fluid viscosity




INTRODUCT 1ON

Ihis report presents the results of an experimental
=tudy ol the hydrodynamic mass and hydrodynamic mass moment
ol inertia ol submerged bodies. The work is a continuation
of that reported in reference (1), * Hydrodynamic mass data

are presented tor "towed body" shapes moving in translation

in the direction of towing and perpendicular to the direction

of towing. Hydrodynamic mass moments o1 inertia were
obtained for a prolate spheroid oscillating about its
minor axis.

I'he purpose of the investigation was to determine the
effect ot frequency and amplitude of oscillation on the
hydrodynamic mass of a body. The results are presented
in the form ot dimensioniess plots, The comptete data are
on file in the Department of Mechanical Engineering of the
University of Rhode Island. A portion o1 the data is also

available in the work by Miller (2).

* Numbers in parenthesis designate references at the end

of" the report.




EXPERIMENTAL INVESTIGATION

X, Hydrodynamic Mass
'he hvdrodynamic mass data for the bodies moving in

translation were obtained by uging the forced oscillation

method., [n this method the test body is mounted as the
mass in a simple spring-mass system and the system is
driven at a given rrequency and amplitude. A schemati:c
diagram ot the apparatus is shown in Fig. | 'he forces

acting on the test body are related to ecach other as shown
in the vector diagram below. (muu reference ﬂ_) The

acceleration and the force were simultancously recorded

Spring Force

P

w
—_——————— N
Damp ing )
l‘(l]l L =

Driving Force

while the immerszed body was being driven at a given fre-
aquency W From this record the phase angle ¢ was deter-
mired With the total 1orce, acceleration, and phase angle
known the hydrodynamic masg and the damping coefficient were

calculated (1).
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photograph of the apparatus is shown in Fig. 2.

Design details are available in reference (2). The drive
assembly consisted of a three-quarter horsepower motor con-

nected through a single V-belt to a Graham variable speed

transmission. The motor and transmission were shock mounted
m a frame separate from the main frame. This drive assembly

allowed the test body to be driven at any frequency from
zero to 3.3 cyecles per second. The T-slot in the crank disk
allowed any amplitude of oscillation up to ifive inches.

The force exerted on the test body was measured by a

dynamometer consisting of two octagonal force rings fitted

with SR-4 ctrain gages (5). A photograph of the force
dynamometer is shown in Fig. 3. The gages were connected

so that the opposite gages on each force ring were in
series. The iour pairs of gages were thern connected in a
Bridge eiremat: With the gages in this configuration, the
system was within three per cent of being insensitive to
bending moments and horizontal forces. The gages and
submerged connections were waterproofed by a liberal coating
of a rubber-like epoxy resin.

An accelerometer (Servonic Instruments, Inc., type
111.002) with a +1g range was attached to the drive shaft
above the upper guide bearing. While the accelerometer was
not used to determine the magnitude of acceleration, it was
necessary to record the accelerometer output in order to
determine the points of zero acceleration. The magnitude
of the acceleration was calculated from the kinematic
relationship among the crank radius, the connecting rod
length, and the angular velocity of the crank disk o)

The outputs from the accelerometer and the dynamometer

were recorded by a Massa, Model BSA-260A two channel

recorder. A photograph of the accelerometer, force dynamc-
meter, and recorder are shown in Fig. 4. A diagram of the

instrumentation configuration is shown in Fig. 5.




FIGURE 2

APPARATUS USED IN DRIVEN,

DAMPED SYSTEM EXPERIMENTS
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FIGURE 3

FORCE DYNAMOMETER




FIGURE &4

ACCELEROMETER, RECORDER, AND FORCE DYNAMOMETER
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9

B. Hydrodynamic Mass Moment of Inertia

The hydrodynamic mass moment of inertia for the bodies
moving in rotation was determined by the natural frequency
method. In this method the test body is mounted as the mass
in a torsional spring-mass system. A schematic diagram of
the apparatus is shown in Fig. 6. If this system is driven
at its natural frequency the torques acting on the test

body are related as shown in the vector diagram below.

Spring Torque

AT

w

Damping Torque Driving Torque
—-— —3

Y

Inertia Torque

At resonance the driving torque balances the torsional
damping force and the spring torque balances the so-called
inertia torque. From the spring torque-inertia torque
equality the hydrodynamic mass moment of inertia was calcu-
lated and from the driving torque-damping force equality
the damping coefficient was calculated.

The apparatus shown in Fig. 2 was modified to allow
the test body to be rotated. A photograph of the modifica-
tion is shown in Fig 7. The change from the translation
configuration of Fig. 2 to the rotation configuration of

Fig. 7 can be made in a few minutes.
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FIGURE 7

APPARATUS USED IN HYDRODYNAMIC MASS
MOMENT OF INERTIA EXPERIMENTS
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C. Test Bodies

Four test bodies were used. All were constructed of
soft pine wood. Drawings and photographs of the three
"towed body" shapes are shown in Figs. 8 through 13. The
fourth body was a prolate spheroid with a major axis to
minor axis ratio of two. These same bodies were used in

the work reported in references (l) and (7).

e — - ) T e e e

e

A

e

WENe BV

=



13

5t R

>
MOIHL T

&l (oK) PX 2

Xqgod

dIONIA

B . S haiaa o P

@

®
]
=
m
o
Brg

\

s - =

—




i o

FIGURE 9

WINGED BODY
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1 B
TEST RESULTS

The test results are presented in the form of dimen-
sionless plots.
A. Hydrodynamic Mass Data

It the hydrodynamic mass is considered to be a function
of the rrequency and amplitude of oscillation or the body,
a characteristic dimension of the body, and the density and
viscosity of the 1luid in which the body is oscillating, a
dimensional analysis yields the tollowing dimensionless

groups:
Mp wi?e 1

R

This first of these groups is denoted by K and is called the

K =

hydrodynamic mass factor. The second group is a form of
Reynolds' number, and the third group is a length-amplitude
ratio. The results are given as plots of K vs. wlz/oéu
with a curve for each value of 1/A. For the three bodies
used the hydrodynamic mass factor K was defined as shown in
Fig. 14.

The results for the towed body shapes translating in
a direction perpendicular to the direction oi towing are
shown in Figs 15, 16, and 17. (For a body being towed
horizontally this would be in the vertical direction.)
A very definite dependence on frequency and amplitude is
shown. For a given body oscillating at a given length-
amplitude ratio the hydrodynamic mass decreases almost
linearly as the frequency increases. Tests run at constant
frequency showed that as the amplitude was increased the
hydrodynamic mass decreased, reached a minimum, and then
increased. The amplitude at which the minimum occurred
appears to be a function of the body streamlining in the
direction of motion. For a body that is relatively flat in
the direction of motion the minimum occurs at a much smaller

amplitude than for a body that is streamlined in the direction

? SN R e b
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of motion. Further study with disks and spheres is being
carried on in order to clarify the appearance of this
minimum point.

- For motion of the towed bodies in the direction of

towing the hydrodynamic masses were small and the data was

quite scattered; hence only average values are given. These

are given in Table 1. To more accurately determine values

TABLE 1
Body Average K
Winged Body 0.00137
Torpedo Shape 0,036
Streamlined Body 0.20

of K in the direction of towing a more sensitive force
dynamometer would be needed, and a more accurate way of
determining the phase angle ¢ would have to be found.

The values of K for each body were also plotted
against the dimensionless group WA/c, in which ¢ is the
speed of sound in the fluid. All of the data points, when
plotted in this way, fell in a relatively narrow band,

These plots are shown in Figs. 18, 19, and 20.
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B. Damping Foice Data

If the damping force is consldered to be a function of
the same variables asc was the hydrodynamic macs in the previouc
section, a dimensional analysis ylelds the following dimension-

less groups:

The results are as plotg of D/mzl%o VE. wl%@ék& with a

curve for each value of 1/A. For the torpedo body the diameter
was used as the characteristic length and for the streamlined
body the width was used. (See Fig. 14.) The results for the
various bodies are shown in Figures 21 through 28. The data
chowed considerable scatter at small values of 1/A and very
little scatter at large values of 1/A. The curves for small
values of 1/A were drawn uging those at large valucs of 1/A

as guldes.

28
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FIGURE 22
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FIGURE 24 Damping for Torpedo Perpendicular to Direction of Towing
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C. Hydrodynamic Mass Moment of Inertia Data

Hydrodynamic mass moment of inertia datawere obtained for
only one body, a prolate spheroid with a major axis of 24 inches
and a minor axis of 12 inches. Only one torsional spring was
available so values are given for only one fruquuncy of oscilla-
tion, Further tests on the prolate spheroid are being performed
using the forced oscillation method. These tests will determine
the frequency-amplitude dependence of the hydrodynamiu mass
moment of inertia., Similar tests will also be performed on
the towed body shapes. Tests will also be run on spheres and
disks to determine damping coetficients. The data are given

in Table 2.

TABLE 2

Natural frequency 23.9 rad/sec
Angular displacement 17.8 degrees
Hydrodynamic mass 2

moment of inertia 1.22 in.~-1b.-sec
Torsional damping

coefficient 7.18 in.-1lb. sec/rad

v

TEST ACCURACY

A detailed error analysis of the hydrodynamic mass data
is given in the work by Miller (2). The largest source of
error was in the measurement of the magnitude of the force
and the phase angle from the recorder paper. The data were
obtained over a frequency range of O to 20 radians per second.
At low frequencies the error in the hydrodynamic mass is
+ 17 per cent; at medium speeds, + 5 percent; and at high
speeds, + 11 percent. A more sensitive force dynamometer and
a more satisfactory means of measuring phase angle would allow

these errore to be reduced.
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