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RING-BAFFLE PRESSURE DISTRIBUTION AND SLOSH DAMPING

IN LARGE CYLINDRICAL TANKS

By Harland F. Scholl, David G. Stephens,
and Phillip K. Davis

Langley Research Center

SUMMARY

An investigation was conducted to determine the pressure loads and damping asso-
ciated with rigid ring baffles in relatively large cylindrical tanks. The radial and cir-
cumferential pressure distribution, as well as the damping, was measured on a ring baf-
fle subjected to fundamental antisymmetric slosh in a 284-cm-diameter rigid tank.
Experimental and analytical data are presented as a function of slosh velocity or ampli-
tude, baffle spacing, and baffle locations both above and below the liquid surface. Results
suggest that pressure distributions and damping values can be determined from available
theories for the design of single and multiple baffle configurations.

INTRODUCTION

Antislosh baffles are usually required in liquid-propellant space vehicles to mini-
mize propellant oscillations. The most common configuration consists of rigid rings
fitted around the internal periphery of the tank. Such baffles often comprise a high per-
centage of the tank weight. Therefore, it is important that the baffle design be efficient
in terms of the damping per unit of baffle weight. Efficient design of both rigid and flexi-
ble baffles requires a detailed understanding of the hydrodynamic loads as well as the
damping associated with the baffle configuration.

Numerous studies have been conducted to investigate and develop antislosh devices.
Most of these studies have concentrated on the damping provided by various baffle con-
figurations, with much less attention directed toward baffle loads. For example, damping
associated with rigid and flexible flat ring baffles mounted in cylindrical tanks is dis-
cussed in references 1 to 4, where it is shown that the damping provided by a single ring
baffle can be predicted with reasonable accuracy by using semiempirical relationships
such as the one presented by Miles in reference 5. The damping provided by a series of
ring baffles, as calculated by Helmut F. Bauer, using linear superposition, is shown in
reference 1. As noted in reference 2, however, the superposition is inaccurate for closely



spaced baffles. Furthermore, there is no experimental verification for the damping pro-
vided by a series of baffles.

Semiempirical theories are presented in reference 6 for the maximum pressure on
submerged baffles subjected to oscillatory slosh, as well as for baffles which are uncov-
ered during the slosh cycle and subjected to a slapping or impact action. However, these
expressions have not been verified by experiment. An irrotational flow model for the
forces and pressures on a single ring baffle, developed by Frank C. Liu, is compared
with experimental data in reference 7. Davis, in the appendix of the present paper, devel-
ops an expression for pressure which is based on irrotational flow results, similar to that
of Liu, and adds a velocity-squared drag term utilizing the measured drag coefficients
presented by Keulegan and Carpenter in reference 8. In addition to oscillatory accelera-
tion and velocity terms, the expression accounts for radial and circumferential pressure
distributions.

The loads experienced by a ring baffle while submerged and partially submerged in
a relatively large tank of oscillatory liquid are examined in this study and compared with
available theories. The effects of baffle spacing on pressure loads are included. Damp-
ing data for single and multiple baffles are presented to indicate the effectiveness of mul-
tiple baffle systems.

SYMBOLS

C coefficient

D plate width or cylinder diameter (as used by Keulegan and Carpenter in
ref. 8), cm

d distance from quiescent surface to uppermost baffle, positive when baffle is
below quiescent surface, cm

F force, N/cm

g acceleration due to gravity, cm/sec^

h liquid depth, cm

i imaginary number

/ 2K nondimensional parameter, P/pUmax (determined by Keulegan and
Carpenter in ref. 8)



N number of cycles

P dynamic pressure, N/m^

AR remainder function

r tank radius, cm

s distance between baffles, cm

T natural period of liquid oscillation, sec

t time, sec

U velocity of liquid at baffle location, cm/sec

W width of baffle, cm

w complex velocity potential, cm2/sec

x coordinate normal to y-coordinate, cm

y coordinate in direction of plate or baffle width

z complex variable, cm

|3 angle in plane of quiescent surface, measured from antinode position, deg

yt

6 logarithmic decrement, — loge
 n

N

displacement amplitude of liquid surface, cm

emax value of 6 when F = Fmax>

v kinematic viscosity, cm2/sec
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P liquid mass density, kg/cm^

* = 180° - 0max, deg

<p velocity potential, cm2/sec

i// stream function, cm2/sec

ft body force potential function, cm2/sec2

u> natural circular frequency, rad/sec

Subscripts:

d drag

I inertia

max maximum

n nth cycle of vibration

APPARATUS AND TEST PROCEDURE

Tank

A vertical cylindrical steel tank with a circular cross section and an ellipsoidal
bottom was used in the investigation (fig. 1). The tank had an inside diameter of 284 cm
and a wall thickness of 1.58 cm. Two relatively long, narrow antiswirl plates were
mounted vertically along the tank wall at the desired antinode locations of the fundamental
mode to minimize rotational drift of the slosh plane. The pertinent dimensions of the tank
are given in figure 2. The tank was considered to be rigid and it remained stationary dur-
ing the tests.

Baffles

Two ring baffles, each split into two 180° segments with the separations at the nodal
locations of the fundamental antisymmetric slosh mode, were used for these tests. The
baffles, which were constructed of 0.32-cm-thick aluminum plate, were 14.2 cm wide and
extended to the tank wall, where they were rigidly supported by angle brackets. The dis-
tance d from the quiescent surface to the top baffle (fig. 2) was controlled by changing



the level of the water which was used as the test liquid. A second baffle was used during
certain pressure and damping studies to determine the effects of baffle separation. For
the baffle-separation tests, the second baffle was installed at various preselected dis-
tances from the fixed top baffle.

Instrumentation

To obtain the differential pressure exerted on the top baffle, a system utilizing two
strain-gage differential-pressure transducers (flat response from 0 to 700 hertz) was
installed. These transducers were sealed from the water and positioned on the baffle as
shown in figure 3. The individual output signals from these transducers were amplified
and summed (polarity being opposite) to yield a signal which was proportional to the dif-
ference in pressure across the thickness of the baffle. The constant of proportionality
for each transducer was obtained prior to filling the tank, in a static calibration in which
the pressure was read directly from a manometer. During testing the transducer signal
was recorded (flat response from 0 to 90 hertz) as an oscillogram.

Tests were conducted to determine whether significant interference effects resulted
from the close proximity of the transducer housing of one gage to the pressure field of the
diaphragm of the opposite gage. Recordings of the output of a single gage with and with-
out the presence of the opposite transducer housing indicated that significant interference
effects were not present over the range of fluid velocities and amplitudes studied in the
present investigation.

The displacement amplitudes of the liquid in the test tank were also sensed by a
strain-gage differential-pressure transducer (flat response from 0 to 700 hertz) which
was sealed in a 1.91-cm-diameter tube open to the atmosphere as shown in figure 4. The
sensing element was placed a fixed distance below the quiescent surface at the location of
the liquid antinode (|3 = 0°). The amplitude of the output signal was directly proportional
to the liquid amplitude, the constant of proportionality being determined in a separate cal-
ibration in which the liquid amplitude was read directly from a scale along the tank wall.
The transducer signal was recorded (flat response from 0 to 90 hertz) as an oscillogram.
Both the displacement amplitude and damping of the liquid oscillations were determined
from this record.

Procedure

The test procedure was essentially the same for both single and multiple baffle sys-
tems. Prior to each test the baffles were spaced according to the individual test require-
ments. The baffle spacing s/W ranged from 0.5 to 2.0, in increments of 0.5, for these
tests. The tank was filled to a selected level with respect to the top baffle (d/r), which
for these tests ranged from -0.1 to 0.4. The liquid was then excited in the fundamental



antisymmetric mode by manually applying a vertical excitation at the fundamental slosh
antinode with a plunger opposite the pressure measuring system. (See fig. l(b).) When
the displacement amplitude £ of the liquid surface reached the highest attainable value,
the plunger was removed. Differential-pressure data, measured on the upper baffle only,
were obtained from the record during both buildup and decay, whereas the slosh damping
data were obtained by measuring the free decay of the liquid only.

DATA REDUCTION AND ANALYSIS

Baffle Pressures

The measured pressure data are presented in terms of a reduced velocity param-
eter which is a nondimensional parameter (often referred to as the period parameter)
describing the relative velocity conditions of the liquid in the vicinity of the baffle. The
reduced velocity parameter may be written as

2W

where Umax is the maximum liquid velocity at the baffle location, T is the natural
period of the oscillation, and W is the baffle width. The reduced velocity parameter
was shown in reference 8 to be similar to the Strouhal number and tp be important in cor-
relating drag coefficients of plates in an oscillating flow. From reference 5 the maximum
vertical velocity in a cylindrical tank at the baffle location due to the antisymmetric mode,
as obtained from a potential solution (no baffle), may be written

fl 4h--d

Umax = w£max j r— (2)
sinh 1.84 y

where co is the natural slosh frequency, £max is the maximum displacement amplitude
at the surface, d is the distance of the baffle below the quiescent surface, r is the tank
radius, and h is the liquid depth. When the baffle is located at or below the quiescent
surface, the value of Umax obtained from equation (2) at the baffle depth may be used in
equation (1) to obtain the value of the reduced velocity parameter.

When the baffle is above the quiescent surface, the velocity Umax at the baffle is
less than the velocity w?max at the liquid surface, and may be written as

umax = w£™av cos



The angular displacement o>t is obtained from the relationship

d = S sin wt

where d is the distance of the baffle above the liquid surface. The relationship between
the actual wave height and the reduced velocity parameter UmaxT/2W for the exposed
and the submerged baffle is shown in figure 5.

The measured pressure data are nondimensionalized by dividing by the theoretical
1 9dynamic pressure ^ PUmax and are compared with the theories presented in the NASA

monograph "Propellant Slosh Loads" (ref. 6) and the theory presented by Davis in the
appendix of the present paper. As given in reference 6, the maximum pressure acting on
a submerged baffle subjected to the oscillatory velocity of sloshing liquid can be computed
from the expression

P = KpUma* (5)

where K is the nondimensional parameter determined by Keulegan and Carpenter (ref. 8)
and shown in figure 6.

When the baffle is above the quiescent liquid surface and subjected to the slapping
action of the sloshing wave, an expression for the pressure of the form

P = 2pUmax (6)

is suggested in reference 6. This expression is based on impulse momentum and assumes
that the velocity of the liquid is completely reversed when it strikes the baffle.

Frank C. Liu developed a theory for pressure of the form

P = 2w2p£e~3'68d/2rW\|l - (y/W)2sin wt cos /3 (7)

which is based on liquid acceleration about the baffle. (See refs. 1 and 7.) The expres-
sion also includes terms for radial and circumferential loading, y and /3, respectively.

Davis (see appendix) derived a semitheoretical expression for pressure which
includes both the liquid acceleration (as does Liu's expression) and liquid velocity. The
expression, which is based upon an irrotational flow analysis and the experimental results
of Keulegan and Carpenter, is



sinh 3.68
P = 2pu>2£ i.

h - d
2r

sinh 13.68^-
2r

W2 - y2 sin cot cos /3

2r

/ v,>

sinh 3.68 —
\

/ ^ \

u>2£2 1 - 2_ cos cotlcos cot cos2/3
I r» / I

(8)

The analysis also includes the terms for radial and circumferential loading. The drag
coefficient C^ is discussed in the appendix and is assumed to be

Cd = 15
W

(9)

Slosh Damping

The damping data are presented in terms of the logarithmic decrement, defined as

6=1 (10)

where N is the number of cycles occurring over the amplitude range of ?n to
When applicable, these data were compared with the theoretical values determined from
the relationship of Miles, reference 5:

= 27r2.83e-4-60d/ra3/Vr)1/2
(11)

where a is the fractional part of the cross-sectional area of the tank blocked by the
baffle:

a =_ r2 - (r - W)2

(12)

RESULTS AND DISCUSSION

The test program consisted of the isolation and examination of the baffle pressure
loads and slosh damping, with the following as variables: nondimensional liquid velocity
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UmaxT/2W, liquid amplitude £/r, baffle depth d/r, radial position on the baffle y/W,
circumferential position /3, and baffle spacing s/W. The dependence of the pressure
loads on each of these variables is illustrated with representative data obtained with one
and two baffles mounted in the tank, followed by damping data obtained with single and
multiple baffles. These data are compared with available theories where applicable.

Baffle Pressure Loads

Effect of amplitude.- Sample data are presented in figure 7 to illustrate the effect
of slosh amplitude, in terms of the nondimensional velocity parameter Umax

T/2W, on
the baffle pressure P. Pressures shown were measured at the antinode of the funda-
mental slosh mode (/3 = 0°) and a radial position y/W of 0.25. Baffle depths d/r of
0.4 and -0.1 are presented to show the effect for both a submerged and an exposed (splash)
baffle. (The negative value of d/r indicates that the baffle is above the quiescent sur-
face.) Higher values of the velocity parameter are presented for d/r = -0.1 because of
the ease of manually exciting much larger slosh amplitudes when there is no baffle below
the quiescent liquid surface. Theoretical values for submerged baffles included in the
figure, obtained from Davis (appendix) and from reference 6 (eq. (5) of present paper),
are derived for a submerged baffle subjected to oscillatory liquid flow. Theoretical val-
ues derived from Liu's equation (eq. (7)) are considerably lower than those of Davis for
the range of depths and liquid velocities examined during these tests and therefore are
not presented. Also included in figure 7 are theoretical values from reference 6 (eq. (6)
of present paper) derived for the case in which the baffle is above the quiescent surface
and subjected to a periodic slapping (splash) action of the sloshing wave. As might be
expected, the pressure on the baffle increases with increasing values of the velocity
parameter. Furthermore, there appears to be good agreement between theoretical and
experimental results for the submerged baffle and fair agreement when the baffle is
exposed.

Figure 8 shows the effect of slosh amplitude, in terms of the nondimensional veloc-

ity parameter UmaxT/2W, on the nondimensional baffle pressure parameter P/4pU^iax

for all experimental data. Pressures were measured at /3 = 0° for radial positions
y/W of 0.25, 0.5, and 0.75 and baffle depths d/r ranging from 0.4 to -0.1. Although a
baffle depth of 0.05 is below the quiescent surface, the baffle was generally exposed dur-
ing some portion of the slosh cycle. It should be noted that the theoretical values for the
submerged case are dependent on UmaxT/2W but independent of d/r, whereas the
splash theory (ref. 6) when nondimensionalized is independent of UmaxT/2W. The mea-
sured values of the pressure parameter decrease with increasing values of the velocity
parameter in both submerged and exposed cases and also vary with baffle depth d/r
between 0.1 and -0.1.



There appears to be good theoretical and experimental correlation when the baffle
is relatively far below the liquid surface (submerged theory, d/r greater than 0.1) or
well above the liquid surface (d/r of -0.05 and -0.1) and subjected to slosh of relatively
high amplitude. Agreement is not quite as good, however, when the baffle is only slightly
submerged or exposed, probably because of the greater liquid turbulence. At these shal-
low depths (d/r of 0.05, 0, and -0.05) the highest pressures were recorded for given val-
ues of UmaxT/2W. This may or may not be the critical design condition, however,
because of the high damping and, hence, low values of UmaxT/2W associated with these
shallow depths. The critical design depth and velocity UmaxT/2W can be determined
only from detailed analyses of vehicle stability and loads.

Effect of radial position. - Although the effect of radial position y/W on the baffle
pressure parameter may be observed by reviewing all the data of figure 8, a summary of
the effect is shown in figure 9. The distribution of the pressure in terms of y/W is
presented for liquid depths d/r of 0.2 and 0.4. The experimental distributions are com-
pared with the theory of Davis, which includes the pressure distribution across the baffle,
and with the theoretical values from reference 6 (eq. (5) of present paper), which does not
include y/W effects. Davis's prediction of the magnitude of the pressure across the
baffle is somewhat low for a low value of UmaxT/2W, but does follow the trend of the
data.

Effect of circumferential position.- The effect of circumferential position /3 on
the baffle pressure parameter is presented in terms of the nondimensional velocity
parameter UmaxT/2W in figure 10. The data given were measured at a radial position
y/W of 0.5 and at baffle depths d/r of 0 and 0.4. The theory of Davis is shown for
comparison with the data taken at d/r = 0.4. Agreement appears to be good for
d/r = 0.4 and (3 = 30°, but as /3 increases the agreement is not as good. Although the
theory predicts zero pressure at the nodal point (/3 = 90°), the liquid in fact exhibits a ver-
tical oscillatory component at the nodal point during antisymmetric slosh (see ref. 9, for
example).

Effect of baffle spacing.- The effect of baffle spacing s/W on the baffle pressure
parameter is presented in terms of the nondimensional velocity parameter UmaxT/2W
in figure 11. The data were measured on the top baffle of the two-baffle system at the
antinode position (/3 = 0°) and radially at y/W = 0.5. Baffle depth d/r varied from 0.4
to 0. For comparison, faired curves based on the data for the single baffle are also pre-
sented. With the possible exception of the spacing s/W of 0.5, the addition of a second
baffle provided little or no attenuation of the baffle pressures. In fact, under certain con-
ditions the pressures were higher in the case of the multiple baffle.
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Damping

Effect of amplitude.- The effect of surface amplitude £/r on damping is shown in
figure 12. Damping values are presented for baffle spacings s/W ranging from 0.5 to
2.0. Baffle depth J/r varied from 0.4 to 0 and was measured from the quiescent sur-
face to the top baffle. Damping data taken with a single baffle are also presented for
comparison. Because of the common usage of Miles' theory (ref. 5), values were calcu-
lated by that theory for both single and multiple baffles (s/W = 1) and are presented in the
figure. Although Miles' theory was derived for a single baffle, the theoretical value at
s/W = 1 was calculated by taking the damping value of the second baffle at its given d/r
and adding to it the damping value of the single baffle at its given d/r.

The data show higher damping for increasing surface amplitudes and decreasing
depths, as would be expected. In general, the theoretical curve for the single baffle is
about 20 percent higher than the experimental values for depths d/r ranging from 0.4
to 0.2. When the assumptions and approximations made in the derivation are considered,
this agreement is considered good and is believed to be sufficiently accurate for most
applications. For depths d/r of 0.1 or less, it is evident that agreement is not as good.
This disagreement is probably due to the turbulent nature of the liquid in this region. The
modified theory for the multiple-baffle damping (s/W = 1) predicts damping values higher
than experimental values for baffle depths d/r of 0.4 to 0.1 and lower than experimental
values for baffle depths below this level. This disparity between theory and experiment
is caused by flow interference effects which decrease the independent effectiveness of each
baffle. This may be seen from the experimental data alone. If the damping contributions
of two independent single baffles at a spacing of s/W = 1 are combined, in all cases the
multiple-baffle data are lower, a result which suggests flow interference.

Effect of baffle spacing. - The effect of baffle spacing s/W on damping is summa-
rized in figure 13. Damping values are presented for a range of baffle depths d/r from
0 to 0.4 and for surface amplitudes £/r of 0.02 and 0.04. Damping data for a single baf-
fle are also presented (value at s/W = 0). The data show that adding a second baffle to
the system may either increase or decrease the total damping effectiveness, depending on
the liquid depth and baffle spacing, but in general, for baffle depths of d/r > 0.1, little
benefit is realized. Multiple baffles are required, of course, to provide damping as the
liquid drains from the tank. Therefore, the final design of a baffle system for a tank with
changing liquid depths must be optimized in terms of damping requirements and practical
considerations such as weight, strength, and cost.

CONCLUSIONS

An investigation was conducted to determine the liquid pressure loads and slosh
damping associated with rigid ring baffles in relatively large cylindrical tanks. Results
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suggest that liquid pressure distributions and slosh damping values can be determined
from available theories for the design of single and multiple baffle configurations. The
following specific comments are applicable in the range of variables covered by these
tests:

1. Measured pressures are a function of the magnitude of the liquid velocity at the
baffle location. In addition, pressures are dependent on the position of the baffle with
respect to the free surface when the ratio of baffle depth d to tank radius r is less
than 0.1.

2. The highest pressures measured for given wave heights and baffle depths
occurred when the baffle was most effective as a slosh damper, near the quiescent sur-
face of the liquid at a baffle depth d/r of 0.05.

3. The magnitude of the baffle pressure was not significantly affected by the pres-
ence of a second baffle located deeper in the tank.

4. When the baffle is submerged, theories based on oscillating flow about a sub-
merged baffle (theories of Davis in present paper and of NASA SP-8009, "Propellant Slosh
Loads") show excellent agreement with measured pressures. As the quiescent surface
approaches the baffle position the agreement is not as good but is probably sufficient for
most baffle designs. Furthermore, the trend of the radial and circumferential pressure
distribution can be predicted by available theory.

5. When the baffle is exposed during a portion of the slosh cycle, the submerged-
baffle theory predicts both the magnitude and the trend of the data with fair accuracy and
appears to be better than the splash theory calculation from NASA SP-8009.

6. The magnitude of the damping resulting from the presence of a second baffle is
less than would be obtained by adding the contributions of the individual baffles. Further-
more, when the baffles are closely spaced, the total damping may be less than that pro-
vided by a single baffle.

Langley Research Center,
National Aeronautics and Space Administration,

Hampton, Va., October 27, 1972.
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APPENDIX

A SEMITHEORETICAL APPROXIMATION FOR RING-BAFFLE PRESSURE

DUE TO LIQUID SLOSHING IN A CIRCULAR TANK*

Introduction

An entirely theoretical analysis that adequately describes the pressure forces on
ring baffles seems thus far to have evaded researchers in the field. Nominal success has
been achieved by assuming that the resulting flow around the baffle is irrotational. The
irrotationality assumption may, at first, seem reasonable by virtue of the low viscosities
of water and liquid propellants, but this is not the case. Since the prime purpose of the
ring baffle is to dissipate mechanical energy, and since mechanical energy in fluids can
be dissipated only through the action of viscosity, a completely irrotational flow model
can hardly be expected to be adequate. That the flow is actually rotational is well known;
for example, photographs of the eddies formed during the flow of water around plates sim-
ilar to the ring baffle are shown in references 8 and 10. Since the nonlinearities inherent
in the complete viscous (or inviscid) equations of motion governing the velocity field can-
not be eliminated in problems of this type except when the flow is irrotational, an analyti-
cal treatment of baffle pressure problems is difficult. The only success in solving the
complete equations of motion thus far has been with numerical techniques (ref. 11, for
example) and, because of present computer capabilities, these solutions are usually lim-
ited to two-dimensional problems with relatively short time durations. However, there
still remains the possibility of a more realistic approximate semitheoretical approach to
the problem.

Frank C. Liu has demonstrated an analytical technique for determining the pressure
force on a ring baffle due to irrotational sloshing. (See ref. 1.) Another inviscid analysis
has been given by Armstrong and Kachigan (ref. 12). Garza (ref. 7) reported that his
experimental results were in fair agreement with pressure loads predicted by these theo-
ries. However, pressure distributions predicted from completely irrotational flow models
will be a function of the acceleration only. If rotational motion is involved, the pressure
distribution will be a function of the velocity to some power as well as the acceleration.
Since the velocity and acceleration are out of phase in sinusoidal motion, the maximum
pressure on a baffle will appear at a different time during a cycle of motion than that pre-
dicted from inviscid theories; the excellent experimental work by Keulegan and Carpenter
reported in 1958 (ref. 8) has shown this to be true.

*This work was accomplished by Phillip K. Davis as a participant in the ASEE-NASA
summer faculty fellowship program at the Langley Research Center. He is presently
Chairman of the Engineering Mechanics and Materials Department, Southern Illinois
University, Carbondale, Illinois.
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APPENDIX - Continued

In this appendix the inadequacies of the completely irrotational flow model for
describing the baffle pressure problem are discussed briefly. The irrotational flow
model leads to a pressure distribution proportional to the fluid acceleration and indepen-
dent of the velocity. Data from reference 8 are used to demonstrate that the maximum
pressure on the baffle generally occurs at some time during a cycle of motion out of
phase with both the velocity and the acceleration. The possibility of constructing a more
realistic approximate semitheoretical analysis by using potential flow theory to obtain the
baffle pressure distribution is discussed. Lastly, a semitheoretical expression for the
baffle pressure, including both velocity and acceleration, is derived by combining the
irrotational analysis and the experimental results of reference 8.

The Irrotational Flow Model

That there can be no net drag force acting on a body moving at constant velocity in
an irrotational flow (the D'Alembert paradox) is well known in the field of hydrodynamics.
However, there does exist a force resisting acceleration which is greater than the body's
own inertia even in an inviscid fluid. The additional force is due to the inertia of a por-
tion of the fluid medium surrounding the body whose motion is affected by the body.
Problems of this type may be treated by first determining the proper amount to
"increase" the mass of the body so that its resulting motion may then be determined by
ignoring the fluid. For example, the "added mass" for a sphere is easily determined to
be one-half the mass of the displaced volume of fluid by integrating the pressure, deter-
mined from potential-flow theory, over the surface of the sphere.

As a single example to demonstrate that the only pressure force acting on a body in
motion in an irrotational fluid is nondissipative in nature, consider the equation govern-
ing simple pendulum motion of a sphere in water, which is considered to be an inviscid
fluid:

(sp. gr.) - 1

(sp. gr.) +
0 = 0 (Al)

where 0(t) is the angular displacement, Z is the pendulum length, g is acceleration
due to gravity, and sp. gr. is the specific gravity of the sphere. The resulting motion
is not damped; in fact, the only effect of the fluid is to increase the period of oscillation.
The pressure force difference across the sphere is maximum at the maximum value of 6
(maximum acceleration) and zero for 0 = 0 (maximum velocity).

The first theoretical analysis of simple pendulum motion in a viscous liquid was
accomplished by Stokes (ref. 13) in 1850. Stokes found a viscous component of drag pro-
portional to the velocity as well as a component proportional to the acceleration. The
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APPENDIX - Continued

viscous component of the drag acts to dissipate the mechanical energy of the pendulum by
damping the motion. Stokes also found that another effect of viscosity, in the pendulum
problem, is to modify (increase) the added mass of the sphere from that predicted by the
inviscid-flow analysis.

T
2W o

_L
-^- x 2W or D

Sketch (a).- Steady irrotational flow around a plate.

The velocity potential for steady uniform flow impinging normally on a two-
dimensional plate, as shown in sketch (a), may be obtained by the method of successive
transformations:

w = U\|z2 + (A2)

where w is the complex velocity potential,

w = (A3)

and z is the complex variable,

z = x + iy (A4)

If the central streamline is imagined to be the tank wall, with the half-plate being the baf-
fle, the resulting flow represents the irrotational flow around a ring baffle if the tank
radius is large compared with the baffle width. Further, if U is allowed to be time
dependent (unsteady) and a velocity U(t) is then superposed on the entire system,
directed in the negative x-direction, the result is equivalent to a plate traveling at U(t)
through an inviscid fluid otherwise at rest. By fixing a coordinate system to the plate
and letting

U(t) = Umax sin wt (A5)
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APPENDIX - Continued

the pressure can be determined from

2

+ — + n = Constant (A6)

where n is the body force potential function, provided 9<p/3t is determined correctly.
Garza (ref. 7), by use of Liu's analysis (ref. 1), gives the resulting baffle pressure dis-
tribution as

dt

Integration of equation (A7) over the baffle gives the resulting force:

(A7)

F = -Zip TrWfldU
4 /dt

(A8)

The added mass is two times the mass of liquid in a fictitious cylinder with diameter W.
That this irrotational flow analysis yields both a pressure distribution and a net baffle
force proportional to the acceleration is as expected. In the next section, experimental
results are discussed which show the inadequacies of this model.

The Experiments of Keulegan and Carpenter

Underlying the experiments of Keulegan and Carpenter was the idea that the force
on two-dimensional cylinders and plates in a sinusoidal flow could nearly be represented
as the sum of a force component proportional to the velocity squared and a force propor-
tional to the acceleration. Starting with the equation (ref. 8)

TI 27r sinumax T sin 27rt cos 2irt cos AR D (A9)

they determined Cj and Cd from experimental data and found no correlation of
these coefficients with the Reynolds number UmaxD/f over the range investigated
(5 x 103 < UmaxD/t1 < 14 x 103), but instead found a definite relation of each to the period
parameter (velocity parameter) UmaxT/D. Further, they found AR to be negligible
for low and high velocity parameters for cylinders, but more appreciable in the inter-
mediate range of velocity parameters.* However, they report that the data for the plates

*They show comparison curves of measured F and the F calculated by neglect-
ing AR for period parameters of 3 (low), 15.6 (intermediate), and 44.7 (high).
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APPENDIX - Continued

indicate that AR may not be disregarded, in particular when the velocity parameter
is small.

It is apparent from equation (A9), especially when AR is negligible, that the iner-
tia and drag components add in such a way that the maximum force occurs at some time
during a cycle other than the times when either of them are separately a maximum. The
following table shows the magnitudes of these forces for three values of the velocity
parameter when p = 9.99 x 10~4 kg/cnv*, T = 2 sec, and D = 15.2 cm. The values of
Cj, C<j, Fmax> an^ the phase angle <£ are taken from reference 8. Also, equation (A9)
was used with AR neglected for the calculations.

UmaxT
D

2
2.5
5

umax>
cm/sec

15.2
19.0
38.1

Cl

1.60
1.67
2.30

cd

10.8
10
7.24

(Fl)max»
N/cm

130.16
169.48
466.40

(Fd)max»
N/cm

177.61
257.61
740.28

lFdJmax

(Fl)max

1.37
1.52
1.59

I

Fmax>
N/cm

214.22
306.41
881.28

(Fl)max
Frmax

0.61
.55
.53

(Fdjmax
Fmax

0.83
.84
.83

„*'deg

24
25.6
32

How the separate forces add during a cycle of motion is shown in sketch (b). The
sketch indicates the potential error involved in comparing a maximum load F (or pres-

/ \ 2ut 2irt
-(Fd)max|COS —|COS ~

Force

0 IT 27T

Sketch (b).- Comparison of force variations during a cycle.

sure), measured experimentally, that occurs at one time during a cycle with a theory that
predicts a maximum load at a different time during the cycle.

An Approximate Semitheoretical Approach

The data of Keulegan and Carpenter are sufficient to show that, in general, a theory
which predicts a baffle force proportional to the acceleration only is unrealistic. Experi-
ments have established that energy-dissipating vortices are usually formed by the baffle.

17



APPENDIX - Continued

For a velocity parameter of 1.6, the data in reference 10 indicate that eddies form, then
break off, and are washed away along paths similar to those in sketch (c). This process
suggests the possibility of developing an approximate semitheoretical analysis similar in

.''

sin ut ,' A _ Baffle

•Tank wall
_ ^
/ f7 r / / f 7 T/' / / / /

Sketch (c).- Vortex shedding from baffle at a velocity parameter of 1.6.

approach, perhaps, to that developed by Von Karman for the classical vortex sheet.
Von Karman derived an approximate expression for the drag on a cylinder in motion at

constant velocity in terms of the velocity of the cylinder, the velocity of the vortices,

and the vortex spacing; however, resort must still be had to experiment to determine
the period of vortex shedding and the vortex spacing in order to obtain numbers from
the theory. The "added mass" pressure would arise naturally in an accelerative flow.

This is not to imply that such an approximate analysis would be easy, even if possible.

Also, Lamb (ref. 14, article 370) suggests that pressure distributions obtained from

"potential" theories that yield a velocity-proportional drag may differ widely from actual
pressure distributions.

Another approach leading to an approximate baffle pressure distribution is merely

to add to the irrotational flow solution, equation (A7), a pressure component arising from
the drag term. Such an expression can be determined from reference 8 by assuming a

form of pressure distribution in the following manner. From the irrotational linear wave
theory in reference 14, article 191, the velocity on the wall at depth d is

sinh|3.68 h " d

2r
U = w£ — - cos cot cos )3 (A10)

fa
V

where £ is the slosh amplitude of the fundamental antisymmetric mode, d is the depth
of the baffle below the surface, 2r is the tank diameter, h is the undisturbed depth of

liquid in the tank, and /3 is an angle measured from the antinode position in the plane of
the undisturbed free surface. Substitution of equation (A10) into equation (A7) gives

sinhfs.68 h " d

Kaffle)inviscid = 2P«"2C - ~. - J-fr2 - Y2 sin cot cos./3 (All)
sinh ( 3 . 6 8 -

I 2r

18



APPENDIX - Continued

If a parabolic distribution of the following form is assumed:

(pbaffle)d = (pd)max I1 - -^
\ W

cos cos (A12)

a pressure distribution in terms of C^ can be determined from the expression for drag
in reference 8 by integrating equation (A12). Future experimental results may indicate
that another pressure distribution is more appropriate. The resulting pressure distribu-
tion is

(pbaffle)d = -f cos cos (A13)

where C^ (drag coefficient averaged over a cycle) is given graphically in figure 13 of
reference 8 for a range of velocity parameters from 1.7 to 118.2. Miles (ref. 5) found
that these data are given approximately by

Cd*15
'TT Tumax1

V W .

-1/2
UmaxT

W
=i20

and

C d - 2

Addition of equations (All) and (A13) gives

sinh(3.68 V d

P = 2pw £ •/
sinh(3.68 -

UmaxT
V W

S 100

(A14)

,
\|W2 - y2 sin art cos /3

sinh[3.68 —d

\ 2r cos art cos art cos2/3 (A15)

\ 2r/

for the approximate baffle pressure distribution.

It is emphasized that expression (A15) depends on the following assumptions:

(a) That the net pressure may be represented as the sum of two pressures, one pro-
portional to the acceleration and the other proportional to the velocity squared

19



APPENDIX - Concluded

(b) That the velocity-squared pressure distribution is approximately parabolic

(c) That the linear irrotational wave theory properly describes the motion in the
immediate neighborhood of the baffle

However, this expression should be more appropriate than one based on a com-
pletely irrotational flow analysis. It is recognized that the inertia coefficient is a func-
tion of frequency or velocity parameter. The data of Keulegan and Carpenter show, how-
ever, that for sloshing configurations the values of the velocity parameter are relatively
low and cover a narrow range, and therefore justification appears to exist for utilizing
the derived constant value for the inertia coefficient.
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(a) General view.

Figure 1.- Slosh tank with 284-cm diameter.
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Figure 2.- Slosh-tank dimensions and test variables. Linear
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