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SLOSH TEST ANALYSIS FOR THE
200-INCH MULTICELL TANK

By

J. C. Walls
C. E. McCandless

ABSTRACT

Analytical expressions for liquid natural frequencies, forces, moments,
pressures,and surface displacement are determined for a lien-sector circular
compartmented tank, geometrically equivalent to the 200-inch multicell tank.
Slosh test results for the 201-inch multicell tanks are then compared to these
analytically determined values. In general, excellent correlation is ob-
tained for natural frequencies, forces, moments, pressure and surface dis-
placements of the liquid, considering the complexity and nonlinearities of the

problem.
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DEFINITION OF SYMBOLS

a = outer tank radiuo

b . inner tank radius

d = diameter

F = force

g - gravitational acceleration

h = liquid depth

i W	 -1

iv ( ) = Bessel function of first kind of order v

M = moment

Mf = total mass of liquid

p normal pressure

r radial. coordinate

t time

x,y,z rectangular coordinate aces

d vertex angle of sector tank

I s 2ra

r gamma function

a displacE,tnent of liquid free surface from equilibrium position with
respect to space coordinate

4mn
a

AM=

0 s angular coordinate

K• tmnh/a

P = liquid mass density

v

K



DEFINITION OF SYMBOLS (Concluded)

R ! 
mr. r/ a

velocity potential. function

^L s excitation frequency

w . natural circular frequency

f = w/2 r .

m,n,A • aeries indices

xoryo ' amplitude of forcing excitation in x and y directions.

UNUSUAL TERMS

Sloshing: All stable oscillatory liquid motion.

Splashing: All unstable oscillatory liquid motion.

CONVERSION TO METRIC SYSTEM

To convert inches to meters, multiply by 2.54 x 10"2

To convert pounds mass(avoir.) to kilograms,multiply by 4.5359 x 10`1

To convert psi to Newtons per square meter, multiply by 6.8948 x 103

f
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A

SLOSH TEST ANALYSIS FOR THE 200-INCH

11ULTICELL TANK

SUMMARY

A ten-sector, circular, cylindrical compartmented tank, geometri-
cally equivalent to the 200-inch Multicell Tank, is investigated.
Analytical expressions are determined for liquid natural frequency,
pressure, surface displacement, forces, and moments for this equivalent
tank with lateral exci.tati.ont^ identical to those in the test tank.
First and second analytical liquid natural frequencies are determined
which agree very closely with those obtained from the multicell test.
Data on forces, moments, and pressures generated by lateral excitation
of the test tank are in good agreement with analytically expected
values, considering the nonlinearities involved. Liquid surface dis-
placement determined analytically agrees very well with the wave shape
observed experimentally.

It is concluded that analytical expressions for liquid natural
frequency, forces, moments, etc., obtained by using an equivalent
circular compartmented tank are adequate to predict the behavior of
liquid in a multicell tank.

It is also concluded that the multicell tank provides efficient
means of reducing sloshing masses and increasing liquid resonant fre-
quencies over those of a circular cylindrical tank.

SECTION I. INTRODUCTION

A. General Background

Launch vehicles of importance in space technology have liquid fuel
which comprises an enormous percentage of their initial weight. Con-
sequently, the dynamic forces resulting from translational, yaw, pitch-
ing, and roll motions of these large liquid masses could be very sub-
stantial, even beyond the capabilities of the control system to count-
eract them or the structure to resist them. The control system natural
frequencies, the elastic body frequencies, and the fuel-slosh frequen-
cies should all be fairly widely separated due tothe possibility of
coupling between various components. If the dominant fuel-slosh fre-
quencies are close to any of the control system frequencies, an insta-
bility in the flight characteristics can result; and if the fuel-slosh
frequencies are close to the elastic body bending frequencies, a large
amplitude dynamic response problem may arise.
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Control of the liquid dynamic behavior is generally accomplished
either by the introduction of various arrangements of baffles (intended
to provide an adequate degree of damping in the liquid system) or by
modifying the tank geometry in such a way as to change drastically the
liquid frequencies.

It should be noted that both the liquid-slosh frequencies and the
elastic-body bending frequencies decrease with increasing tank diameter.
Since compartmentation, or subdivision, of the tank has a very marked
effect on increasing the propellant slosh frequencies it would appear to
be an :ideal method of avoiding coupling with the rigid body motions.
However, the question of relative advantages of the circular-versus-
compartmented-rank-configuration is quite complex. Consideration must
be given to several factors including weight and fabrication expense.
However, as diameters increase for advanced vehicles beyond Saturn V,
compartmention may be necessary.

The multicell tank is one of the most promising solutions to this
problem, as it offers the following advantages with respect to liquid
sloshing:

1. Principal structural elements serve as damping baffles.
2. The shear webs reduce circular sloshing substantially.
3. The masses of the sloshing 'liquid are decreased considerably.
k. Higher resonant frequencies result.

These advantages were to be verified by tests of the 200-Inch
Multicell Tank.

The slosh test of the 200-Inch Multicell Tank was conducted by
Brown Engineering Company during February, 1968 at the Marshall Space
Flight Center Propulsion and Vehicle Engineering Laboratory Structural
Test Facilities, The test was performed according to the test proced-
ures described in Reference (1) and the test results are documented in
Reference (2). The test program was monitored by the Structures Div-
ision of R-P&VE.

B. Objectives

The primary objective of the slosh test on the 200-Inch Multicell
Tarok was to determine the first mode resonant slosh frequency at the
1/2- and 3/4- full levels. Secondary objectives were to determine
pressures at various points in the 'tank, sloshing forces and moments
generated, liquid surface displacements, and stresses and strains pro-
duced in the webs and cylindrical sections. (See Reference 2.)

The objectives of this report are to calculate natural frequencies,
forces, moments, surface displacements, pressures, etc., for a tank
geometrically equivalent to the 200-Inch Multicell tank, and to compare
the test results with these analytical values. 	 s
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SECTION II. TEST SPEC? N

The test specimen which is the subject of this analysis is a 1/3
scale model of the NOVA segmented taik. The diameter of the model. is
508 cm (200 inches). The specimen is referred to in this paper by its
common nomenclature, the Nulticell Tank." See Figure 1. (Skirt not
shown.)

The configuration of the Multicell Tank, termed "scolloped,"
somewhat resembles a cluster of tanks; structurally, however, the Multi-
cell Tank differs completely from a tank cluster.

The Multicell Tank is constructed of ten symmetrical segments
having common stiffened bulkheads which carry load but, being, perfor-
ated, do not isolate the liquid content of one segment from another.
These bulkheads serve as slosh baffles. The Z-bar stiffeners are arran-
ged vertically on one side of a bulkhead, and horizontally on the other
side of the same bulkhead; these stiffeners damp fluid motion in their
immediate vicinity.

The mid-section of each segment is a cylindrical surface whose axis
is oriented in the flight direction. Immediately joining the cylindri-
cal segment at both its forward (top) and aft (bottom) ends are spher-
ical segments. A radial conical segment joins each spherical segment,
forming the forward and aft bulkhea-i aegmerts. An axial center tuba
joins all ten segments.
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SECTION III. TEST DATA

A.	 Data Required

The primary data requirements for the slosh tests were (1) to de-
termine the first resonant slosh frequency (2) to determine correspond-
ing pressures and strains on the webs and on the cylindrical sections
of the tank (3) to obtain horizontal shaker loads (4) to obtain hori-
zontal shaker displacements and (5) to obtain vertical load changes on
the ten load feet.

B. Instrumentation

Cell webs were instrumented with biaxial strain gages, uniaxial
strain gages, and pressure transducers.

Outer walls of the cells were instrumented with biaxial strain
gages, pressure transducers, and slosh sensors.

Selected cells had slosh sensors located on an inner wall (or in
one cell corner) to take advantage of the particular direction of slosh
motion.

Each of the ten load feet was equipped with two biaxial strain
gages.

Instrumentation location is shown in Figure 2.

C. Equipment

The following equipment was assembled for the test setup:

A base frame with ten fixed mounting pads equipped with an oil
pressurization system; a Loading ring with ten integral load feet, each
separated from a mounting pad by an oil film, and each instrumented to
serve as a load cell; a hydraulic pump; a hydraulic power unit and dis-
tributor; a hydraulic shaker and load cell; roller guides and frame to
prevent motion at right angles to the shaker displacement; a two-foot
displacement transducer; a water-level gage; three TV cameras equipped
with zoom lens; two recorders; five oscillographs; and three movie
cameras (interchanged with TV cameras during the test).

The base frame and loading ring were carefui.ly leveled, and the
axis of the hydraulic shaker was aligned exactly on the diameter of the
tank

D. Methodology

1. Fluid Level. Since sloshing in a nearly full or a nearly
empty . tank is of small consequence, two fluid (water) levels were
selected for this test: the i/2-full level and the 3/4-fu11*level.
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The amount offluid required to fill the tank to the 1/2-full level is
25,423 liters (6716 gal.) and 38,134 liters (10,074 gal.) to the
3/4-full level.

2. Excitation Mode_ Although there are four types of slosh
excitation---translational, pitching, yawing, and rolling---it was con-
c hided that for practical purposes the test should consist of transla-
tional excitation only. This translational excitation was originally
planned for three cases:	 Case I, with the shaker force acting hori-
zontally in the plane of the web between cell 1 and cell 10; Case II,
with the shaker force acting horizontally along the bisector of the
central angle of cell 1; Case III, with the shaker force acting hori-
zontally in cell l in the vertical plane 28 0 from the web.

Case I was the only condition carried through; it is believed,
however, that the data, gathered from Case II and Case III would not
have affected appreciably the conclusions presented in this report.

3. Oscillation Amplitude. The hydraulic shaker had a "range
capability" from 0 to 6 Inches displacement, double amplitude. In
practice it was found that the smallest displacement which could be a.»

chieved was 0.07938 cm (0.03125 in.); this displacement was controlled by
a coarse-resolution transducer which was used as a substitute for a
fine resolution transducer unavailable at the time of the test. The
upper limit of displacement, 3.81 cm (1.50 inch), was achieved without
the irregularity of motion observed during small displacements (Fg.3).

4. Frequency and Force. The frequency range of the hydraulic
shaker was from 0 to 20 cps, and the force capabi''lity .ranged from 0 up
to 22,680 Kg. (50 Kips).

5. Wave Measurement. Two techniques for measuring wave amplitude
were proposed for the slosh test. The first technique consisted of the
use of pressure transducers to measure differential head by differential
pressures; the second called for the use of a variable-current-path
resistance tape. The first technique was considered to be insuffi-
ciently sensitive for the head measurement of the small wave amplitudes
which were anticipated. The second technique was adopted because it
was sufficiently sensitive, and orientation presented no problems.

The second technique used a tape with a system of parallel
wires (0.125` in. x 0.003 in. copper strands, flash coated , with gold) to
be fixed to the cell wall in a preselected location. The u,ater in the
cell served to complete the circuit between the wires. As a wave
reached the tape, the crest and trough and all intermediate points
caused a variable resistance in the system, proportional at any instant
to the position of a particle on the wave. See Figure 4.

6. Splash Determination. Monitoring the incipient separation of
a water droplet (impending splash criterion) from the wave crest was
facilitated by the use of TV cameras. Later, a permanent film record

8
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was made by movie cameras for the same operating conditions ,and time-
keyed. By the same token, the cessation of splash could also be deter-
mined. Further, movie film "stills" were helpful in verifying the
maximum wave amplitudes; the verification was easily accomplished by
observing the wave crest against the background of a white-faced steel
tape which was fixed to an inside cell. wall.



SECTION IV. THEORETICAL BACKGROUND

A. General

A theoretical analysis of liquid behavior in a tank with the geo-
metry of the mult icell was not available in the literature. Therefore,
recourse was had to available analyses on tanks of geometry very similar
to that of the multicell.

The annular-sector tank shown in Figure 5 has been used extensive-
ly for studies in the control of fuel. sloshing. Therefore, theoretical
expressions have been derived for natural frequencies, pressures, forces
and moments, resulting from many types of tank excitation. (See
References 3 and 4.)

To convert the multicell tank geometry tothat of the annular-
sector tank it was required to obtain an equiv

,
alent outer tank radius

to replace the scollop of the multicell tank. This equivalent radius
was determined by location of the center of gravity of the scolloped
section. Thus, the equivalent annular-sector tank has the same cross
sectional area as that of the existing multicell tank.

Even with this simplification, the theoretical expressions describ-
ing the slosh behavior for an annular-sector tank are very complex, and
are lengthy to evaluate. After some investigation, it was decided that
the inner radius of the annular tank could be neglected without signi-
ficant error, since the ratio of inner radius to outer radius was quite
small. It was determined from Reference 5 that this assumption would
not appreciably affect the natural frequencies of the sloshing liquid
for this geometry. This assumption greatly simplifies the expressions
for natural frequencies pressures, forces and moments. These ex -
pressions, taken from Reference 3 for a sector tank (Figure 6) are
given in Appendix A.

It was also required to determine an equivalent height of liquid
in the circular cylindrical sectored tank, because of the complex geo-
metry of the multicell bottom bulkhead. This equivalent height of
liquid was determined by equating volumes in the multicell tank to the
circular cylindrical sectored tank and solving for height of liquid.
Thus, the geometry of the ,tanks shown in Figure 7 is used for the
theoretical analysis which follows. It should be noted that for the
3/4-full condition, the static liquid level extended into the upper
bulkhead of the multicell, thus requiring a modification of the equiva-
lent radius.

B. Natural Frequency

The equation for the natural frequencies of the sloshing liquid
in a tenth-sector tank is

w2	 YL E tanh e hmn a mn ( mn a
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where the values of E	 are given in Appendix B for values of m and n
The subscripts m and n are integers ranging from 0 to co and represent
the mode shape of the liquid in the radial and tangential, directions.
The equation for the natural frequencies has been derived with the
assumption of very small excitation amplitudes. As a consequence, the
natural frequency of a teak under relatively large excitation amplitudes
would not be in exact agreement with the expression above. A plot of
the frequency equation versus liquid height ratio is shown in Figure 8
for the lowest three mode shapes, represented by values of (* Mn , . It can
be seen from this plot that as h/a approaches 1.0 the value of the
natural frequency approaches a constant value and remains constant for
h/a greater than 1.0. The two vertical lines on this figure show the
two values of h/a at which the multi,cell was tested. From their posi-
tions on the curves it can be seen that the lowest natural frequency for
both test conditions should be nearly the same. Also, it is seen that
natural frequency is independent of tank orientation or excitation.

C. Pressure

The pressure at any point in the sectored tank shown in Figure 6
is

P='gpt - pC

The first term is the pressure resulting from the static liquid and the
second term is '-he pressure generated by the sloshing liquid (Ref. 3).
Substitution of the velocity potential. from Appendix A and differentiat-
ing with respect to t yields

P _ -gpz -

00	 00	 x	 r cos 0

V1 P; g 2 el
ato	 +

Y	 r sinem-0 n=0	 0

cosh 
(h 
+'E	 J

 ( mn
Er

a a mn 	 a I
h

cosh (Emn a

This expression is for a single cell; however, the pressure at any point
in any cell can be evaluated if the proper excitation amplitudes,
(Xo and Yo) for that cell are used.
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D. Forces

The force expressions in Appendix A are only for a single sectored
tank with local axis and excitation direction as shown in Figure 6.
The total force generated by all the ten cells is required in order to
correlate results obtained for the complete tank. Each cell of the
complete tank has excitation amplitudes which are vectorial components
of the total tank excitation amplitude. Thus, by taking each cell with
its appropriate excitation amplitudes the resultant force in the x and y
directionsfor each cell can be obtained. Then, by summation of the re-
sults from the ten cells, resultant forces can be obtained for the
total tanks.

1. Force in x direction

The total force in the x direction for the complete tank due
to lateral excitation as shown in Figure 7 is

(F) Total	 2 (F X,
 x + 2 cos' 36° (Fx) x + 2 sin' 36° (F ) 	 +

X)
 o	

Y Yo

2 cos' 72 0 (Fx) x + 2 sin' 72° (FY) Y
o0

where

(F	 =	
Fx 	 Tr h ^2 i

x)xo	 x 
Pa3 eint	 iOa

0

cc	 co i 0 sin& bmn 772
	

m+i tanh x	 a'
7rai ^1)	

am( -1)	 K	 (7r m -^ ) J(Emn)	 L0(Emn)
m=0 n=0

and
F
Y	 rh 2

(FY)
Yo _
	 seiSZt	 i0a^

Yo P a

t

i

t{t;

00	 00

m=0 n=0
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2. Force in y direction

The total force in the y direction for the complete tank due to
lateral, excitation as shown in Figure 7 is

(Fy) Total ^ 2[F
y ) x
 

+ 2 cos t 36° (FY ) x -0	 0.

M	
2 sin' . 36 0 ( FX)	 + 2 cos t 72 0 (F)	 - 2 sine 72 0 (F )

YO 	 yXO	
x yo

M

F	 2
where	 (F )	 -	

.7r h Q
—y 	 -

y 
X  ^ X 

pa 3 eint r	 iOa
0

200	 00 2bmn 71	

a Ii
	 J
 - (-i) mcosa1 tanh ccE	 E

M=O n=0 «(
a i - 

^'
-
) 

in	 x

2

In(rZ a J(Emn) + Lo ( EMn)

and	 (F)	 =	 FX	 = 7r 
h u 2

X y 	
y 

pa  eiQ t	 i 0a
0

10 sin& bmn 77 2 m+i tanh t<
C	

2	
J	 e

u	 7r a (1 - r^^)	 m (i )	 K	 (m 7r -. a)E
	 + L

( mn)	o^ mn)
m=0 n=0

E. Moments

To obtain the total moment about the x' and y' axes due to the
tank excitation shown in Figure 7 it will be rewired to sum expressions

C

from the ten individual cells as was done for the force expressions in 	 I
Section D. Therefore, with the basic expressions for a single cell
given in Appendix A the total for the entire tank can be found.

1
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1. Moment about x' axi.j

The total moment about the x' axis for the complete tank due
to lateral excitation as shown in Figure 7 is

(Mx) total 
= 2 (Mx) xo + 2 cos 2 36° (Mx) x 

o 
+

2 sine 36 0 (My) y + 2 cos' 72 0 (Mx) x + 2 sin e 72° (My) Y
0	 0	 0 •

(	

2

M	 _	 Mx	 _ 7r h .
2 a sine a 	 bmn am

 X x iSZt	 i0a	 2ha	 as i - r^ E	 [o	 x p a4 a	 mn
0

where

and

	

1l	 2

	

mcos^xJ
	 (m	 «) J(Emn) + Lo(Emn)

2	 1	 _

	

2&2 Emn

 L2( 'E
	 )

	

tan^l K + X cosh K
	 i	 + (Ili -r - a) KcoshK

M	 =	
My	

= 7r h 2 4a s i n' a +
( y) y  o
	

YO
	
iStt	 iOa^	 ha

0 
p a

	

s ina ( -1) 
m+i b	

712	
_ 2

mn
a & E { 1 - 11)	 cm 	 (m 7r - ) J(Ein) + 

Lo(Emn)
mn

r

2
	 i	 2 a2 

E' L2( Emn)
	tanh 

K + K cosh K	 + (m 7r	 CY ) K cosh K



2. Moment about y' axis

The total, moment about the y' axis for the complete tank due
to lateral excitation as shown in Figure 7 is

(M) total = 2 (My ) x + 
2 cos' 36 ° (My) X

	

y	 o	 0

	

2 sin' 36° (MX) 

YO

	 2 cos' 72° (My) X - 2 cos' 72° (MX)

	0 	 o	 yo

where

	

(M 
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7r h q2 42 i + 

s in« Cosa	
+

	

y 
X0 r x p a 4  eW t	 i 0a	 h	 ix

0
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a s Emn(i 77)	
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2 	 i	

2 a 2 E
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F. Surface Displacements

The displacement of any point. on the surface in the sectored tank
shown in Figure 6 is

g at

Substitution of the velocity potential, from Appendix A and differentiat-
ing with respect to t yields

a Z e iSZ t	 X 	 i cos

g	 yo	 r sino

00	 °°	
b 712 am	 cosh Ra	 a

h +
mn

Emn
 I	 mn a I

m=O n=0	 m	 cosh (e
mn a

This expression is for a single cell, but it can be evaluated for any
cell if the proper excitation amplitudes for that cell are used.
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SECTION V. TEST EVALUATION

This section contains the evaluation of the theoretical, expressions
for frequency, force, moment, pressure, etc., obtained in Section IV
for the geometry given in Figure 7.

Correlation of experimental results with theory is then made.

A. Natural Frequency

The theoretical expression for the natural frequency of the slosh-
ing liquid in a tenth-sector tank,as given in Section IV-C, is independ-
ent of excitation amplitude. The experimental determination of liquid
natural frequency must, however, be done by tank excitation and fre-
quency variation to obtain the transition from stable to unstable slosh-
ing which determines the experimental value of natural frequency. How-
ever, experimental studies have failed to yield very good agreement be-
tween measured and predicted liquid frequencies (Ref. 3), the measured
frequencies always being somewhat low.

This "softening" c: ractcr .stic is a consequence of the essentially
nonlinear behavior of compare-+ented tanks.

It was revealed that there was a strong dependence of the liquid
frequencies on excitation amplitude and this indicated agreement with
the theoretical values for vanishingly small excitation amplitudes.
This effect has been shown in Reference 3.

'the theoretical expression for frequency can be rewritten in non-
dimensional form as

a 2 _	 h
9 Wmn 

2 
nin 

tanh 
(Emn a

When this parameter is plotted versus the ratio of excitation
amplitude to tank diameter (xo/d) the results are as shown in Figure 8
for the first two values of natural frequency.

The experimental values of natural frequency obtained for cells
1, 2, and 3 as given in Tables I and II were plotted on Figure 9'at the
appropriate excitation amplitude parameter from which they were obtained.
Results from sectored tanks (Ref. 3) have shown that, at higher Xo/d
ratios, natural frequency parameters were further below theoretical
values than those obtained at lower xo/d ratios. This trend cannot be
established for this test because of the small number of data points.

It can also be seen from Figure 9 that,for this tank excitation,
cell 1 is sloshing in the first natural frequency while cells 2 and 3	

t

are sloshing in the second natural frequency. This occurs because of
the geometrical orientation of the cells with respect to tank excita-
tion. The radial type mode shape associated with the first natural

23
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frequency occurs in cell 1 because the tank excitation is also radial for
that cell. However, for cells 2 and 3 the tank excitation is generally
tangential, thus exciting the tangential mode shape associated with the
second natural frequency. These: mode shapes can be seen in photographs
taken from the television camera data. See Figure 4.

For the 1/2-full, tank the first two values of theoretical natural
frequency are

f
00 

W
00,

 12'rr ' 0.643 hertz
^

f10= W10 /2,?r = 0.839 hertz

and for the 3/4-full tank the first two values of theoretical, natural
frequency are

f40 = 0.646 hertz

f 1q = 0.845 hertz
t

Comparison of these values with bhose obtained experimentally and listed
in Tables I and II shows good agreement, especially at low excitation
amplitude.

B. Lateral Forces

.

The theoretical expressions for total tank force in the x and y
directions obtained in Section IV-D were evaluated using appropriate
geometric parameters for the 1/2-full and 3/4-full test conditions and
the values given in Appendix B. Plots were then made of the force ex-
pressions versus values of tank forcing frequency ( Q ). These plots
are shown in Figures 10, 11, 12,and 13 for force in the x and y direc-
tions for both 1/2-and 3/4-full test conditions. The range of forcing
frequency plotted included the two lowest liquid natural frequencies;
these are indicated by the two broken vertical lines.

The total tank force in the x direction was measured experimentally
by a load cell connecting the mounting ring and the shaker rod which
excited the tank. These forces, for particular conditions of sloshing
in the three cells, are tabulated in Tables I and II under the heading
of L.C. output. There was no method provided to measure tank force in
the y direction.

The experimentally measured values of :force in the x direction for
both the 1/2- and 3/4-full test conditions were nondimensionalized by
appropriate parameters, and the results plotted as points on Figures
10 and 11. Several load cell reading's indicated a range of values dur-
ing the test (Refer to Tables I and II.) An average reading was plotted
for these cases.
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Table I.

Transducer Output When Tank is 'A Full

CELL 1 CELL 2 CELL 3
R F .613 Hz .615 Hz .820 Hz .815 H_ z .825 Hz 827 Hz
S D 850 in. 1.425 in .124 in. 39 in 128 in .244 in.
GAGE I	 -	 in. µ - in. µ - in, µ `in Ii..,,_ in. µ - in

2
3 * ^e * k
4 0 0 0 0 0 0
5 0 0 0 0 0 0
6 0 0 0 0 0 0
7 0 0 0 0 0 0
8 0 0 0 0 0 0
9 0 0 0 0 0 0

10 0 0 0 0 0 0
11
12
13 0 160 400 400 320 400
14 280 330 665 780 665 730
15 0 0 800 800 0 0
16 0 0 330 265 0 330
17 210 250 250 210 250 250
18 220 220 180 180 180 145
19
20 0 0 0 0 0 0
21
22 400 400 0 0 0 0
23
24
25 0 0 600 600 600 600
26

27 0 0 0 0 0 0
28 0 0 0 0 0 0
29 0 0 0 0 0 0
30 0 0 0 0 0 0
31 100 165 0 0 0 0
32 0 0 0 0 0 0
33 350 350 0 0 0 0
34 85 200 0 . . 0 0 0
35 200 290 0 0 0 0

SYMBOLS: R.F. = Resonant Frequency
S.D. = Shaker Displacement
µ = Micro

- Bad Gage



Table 1. (Continued)

Transducer Output Wizen Tank is 1;r Full

CELL 1 CELL 2 CELL 3
R.F. 613 Hz 615	 z 820 Hz 815 Hz 825 Hz .827 Hz
S.D. 850 in 1 425 in 124 in 239 in 128 in 244 in
GAGE µ - in Il	 -	 in µ - in W - in µ - in µ - in
36 0 160 0 0 0 0
37 0 0 0 0 0 0
38 0 90 0 0 0 0
39
40
41 0 0 0 0 0 0
42 0 0 0 0 0 0
43 0 0 0 0 0 0
44 0 0 0 0 0 0
45 0 0 0 0 0 0
46
47
48 0 0 0 0 0 0
49 0 0 0 0 0 0
50
51 0 0 0 0 0 0
52
53 145 170 170 285 170 230
54 0 0 0 0 0 0
55 265 315 210 315 210 265
56 0 0 0 0 0 0
57 345 455 230 285 145 285
58 0 0 0 0 0 0
59
60
61 0 0 0 0 0 0
62
67 0 0 0 0 0 0
68 0 0 0 0 0 0
69 0 0 0 0 0 0
70 0 0 0 0 0 0
71 0 0 0 0 0 0
72 0 0 0 0 0 0
73 0 0 0 0 0 0
74 1	 0 0 1	 0 1	 0 0 0

SYMBOLS:- R.F. = Resonant Frequency
S.D. ='Shaker Displacement
µ = Micro

Bad Gage



Table 1. (Concluded)

Transducer Output When Tank is % Full

CELL 1 C T, 2 CELL 3
R 613 Hz 615 Hz .820 Hz 815 Hz .825 Hz .827 Hz
D .850 in. 1.425 in .124 in .239 in 128 in .244 in

P T psi psi psi psi psi Rai
81
82 0 0 0 0 0 0
83 0 0 0 0 0 0
84
85 0 .50 0 0 0 0
36 0 0 0 0 0 0
87
88
89 .35 .50 .20 .25 .20 .25
90
91 .35 .35 .03 .05 .03 .08
96 0 .10 0 0 0 0
99 .02 .06 0 0 0 0
100
104 0 0 0 0 0 0
105 0 0 0 0 0 0
106 .35 .35 0 0 0 0

S.S.t	 Osc,llograph Movement and Corresponding (Peak-to-Trough Slosh Movement
Inches

160 0375(9k) .450(15 }^ .140(N.A.), 0225(N.A.) .180(N.A.) .300(N.A.)
162 .275(N.A.) .360(N.A.) .230(10 3/4 .300(140 .200(N.A.) .300(N.A.)
164 080 N.A .140 N.A, 580 N.A. .625 N A .560L111 .650(14)

L F	 Chanee in Load While Sloshing	Pounds Peak' oa,d-Minimum Load
1 1560 2380-2630 560-715 750-935 435-680 620-865
2 910-1210 1520-1670 455-530 530-605 304-450 420-610
3 190 250 60-95 125 95-125 155
4 805-895 1070-1340 585-675 535-715 405-675 585-810
5 1435 2375-2500 310-465 750 280-435 650-710
6
7 690-940 1060-1250 370-560 625-750 435-650 590-745
8 810 1375-1440 250-340 435 185-280 370-465
9 950 1300 375 500 250.600 375-500

10 600 950 350 500 250-450 450-575
L.C. 720 1040 415 400 200-390 280-460

SYMBOLS:	 R.F. = Resonant Frequency S.S. = Slosh Sensor
S.D. = Shaker Displacement L.F. = Load Feet
P.T. = Pressure Transducer L.G. = Load Cell
N.A. = Not Available = Sad Gage

tNOTEs	 The actual slosh movement is not linearly proportional to oscillograph
movement.



Table 11.

Transducer Output When Tank is % Full

1

.
Cf LL 1 CELL 2 LL 3

P^x. 0 0 z
Se Ds 850 in 1,250 in 034 in, .067 in 129 .222 -in,

GAGE Il	 •°	 in 11	 - in w	 - in 11	 -	 in, - in ,., µ	 -	 in.

1
2
3
4 0 0 0 0 0 0
5 0 0 0 0 0 0
6 0 0 0 0 0 0
7 0 0 0 0 0 0
8 300 350 0 0 0 0

9 240 240 0 0 0 0

10 0 0 0 0 0 D

11
12
13 0 0 0 0 0 0

14 0 0 0 0 0 0

15 0 0 0 0 0 0

16 0 0 0 0 0 0

17 320 720 0 0 0 240

18 200 275 0 75 75 125

19
20 0 0 0 0 0 0

21
22 0 200 0 0 0 0
23 * * * * !r

24 * * * * * k
25 0 0 0 0 0 0

26
27 80 180 0 0 0 100
28 0 0 0 0 0 0

29 0 0 0 0 0 0

30 0 0 0 0 0 0
31 135 335 0 0 0 0
32 0 0 0 0 0 0
33 0 150 0 0 0 100
34 55 170 0 0 0 70
35 215 400 0 55 55 145

SYMBOLS: R.F. Resonant Frequency
S.D. Shaker Displacement
µ = Micro

- Bad Gage

33



Table II. (Continued)

Transducer Output When Tank is % Full

CELL 2 CELL 3
. .634 Hz .633 Hz 830 Hz .830 Hz .840 Hz .840 Hz

S.D. .850 in. 1.250 in. n. MT 7n. OIZ9 n. n.
GAGE w - in. µ	 - in. µ	 -	 n. µ	 n• µ	 -	 n. µ	 -	 n.

36 0 0 0 0 0 0
37 0 0 0 0 0 0
38 90 185 0 0 0 90
39
40
41 0 0 0 0 0 0
42 0 0 0 0 0 0
43 0 0 0 0 0 0
44 0 0 0 0 0 0
45 0 0 0 0 0 0

46
47
48 0 0 0 0 0 0
49 0 0 0 0 0 0
50
51 0 0 0 0 0 0
52
53 285 400 0 115 0 230
54 0 0 0 0 0 0
55 420 895 130 210 265 395
56 0 0 0 0 0 0
57 715 1140 230 230 170 400
58 0 0 0 0 0 0
59
60
61 0 0 0 0 0 0
62
67 0 0 0 0 0 0
68 0 0 0 0 0 0
69 0 0 0 0 0 0
70 0 0 0 0 0 0
71 0 0 0 0 0 0
72 0 0 0 0 0 0
73 0 0 0 0 0 0
4 0 0 0 0 0 •O

SYMBOLS: R.F. = Resonant Frequency
S.D. = Shaker Displacement
µ = Micro



Table 11 (Concluded)

Transducer Output Whin Tank is % Full

1

CELL 2 CELL 3
0

850 i 1. &50  in 0	 in 129
P psi. i
81
82 .35 .50 .30 .40 .60 .90
83 .10 .15 .06 .04 .04 .07
84
85 1.85 5.40 0 .55 :85 2.55
86 0 0 0 0 0 0
87
88
89 .40 .60 .20 .15 .10 .35
90
91 .40 .65 0 0 .08 .10
96 0 0 0 0 0 0
99 0 0 0 0 0 0
100 * *	 '
1 C4 0 0 0 0 0 0
105 .20 .30 0 0 0 0
106 0 0 0 0 0 0

S.S.- Oscillograph Movement and Corresponding (Peak-to-Trough Slosh Movement)
Inches

160 .18	 (9) .20 (13k) . 05 (N.A.) .06(N,,A.) . 08(N.A.) . 12(N.A.)
162 .16 (N.A.) .20 (N.A.) .10(5 3/4) .11 (6) .10(N.A.) .12(N.A.)
16 10 N.A-) .15	 N.A.) 2	 A 2	 N A .28(9k) 635(15k)

an e in Load While S oshi (Peak Loa -M n mLoad) (Pounds)
1
2 1250 2100-2230 260-330 330-395 330-395 850-985
3 * *ti
4 895-1160 2500.2860 355-445 355-445 455 1160-1520
5 1485-1545 2380 120-180 240-300 360 715-775
6
7 1310-1690 2250-2500 310-435 375-560 435 1250
8
9 1450 2400 350 350 250-450 1100

10 800 800 150 200-250 250-300 650
LLOCI 1000 1680 200-260 220-280 180-260 840

SYMBOLS:	 R.F.- = Resonant Frequency S.S. = Slosh Sensor
S.D. = Shaker Displacement L.F. = Load Feet
P.T. = Pressure Transducer L.C. _ Load Cell
N.A. = Not Available 	 * _ Bad Gage

tNOTE: The actual slosh movement is not linearly proportional to oscillograph
movement.
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Observation of Figure 10 for force in x direction for the 1/2-full
case shows the test points to be much below the theoretical curve. This
discrepancy can be attributed to several factors. First, the test values
were obtained at forcing frequencies very near the natural frequencies
of the liquid. When this occurs, nonlinearities of the liquid behavior
in each of the cells cause poor correlations to linearized theory. This
has been observed in other tests (Reference 3). Second, the theoreti-
cal curve is based on undamped linear motion of the liquid. In the
actual test tank, however, the stiffeners and other structure in the cells
have a damping effect on the liquid. If damping terms were added to the
theoretical expressions, it is believed that better correlations would
have occurred. Third, the method of force measurement by gage on the
shaker arm may have caused the force readings to be low due to a phase
lag of liquid sloshing and shaker arm displacement.

Observation of Figure 11 for force in the x direction for the 3/4-
full case shows somewhat better agreement between measured and theoret-
ical values, especially at points near the second natuval frequency.
For the 3/4-full test, a smaller percentage of the total liquid mass is
sloshing, which may account for better correlation of force data.

It would have been desirable to have measured force at frequencies
other than those so close to the natural frequency. It is believed
that better correlation would have been obtained.

C. Moments

The theoretical expressions for moment in Section IV-E are about
the x' and y' axes (Figure 7) or about the center of the liquid. The
experimental values of moment will have to be determined by the ten
load feet readings at the bottom of the tank for each test case. There-
fore, a total theoretical moment on the load feet was determined by
consideration of the combined effect of the moment at the center of the
tank plus the moment 'caused by the lateral sloshing forces. Thus,
curves were plotted for total moment on the load feet, about both the
x and y axes for both 1/2- and 3/4-full test condition, versus the
forcing frequency ( 9 )'. These plots are shown in Figures 14, 15, 16,
and 17, with the two vertical broken lines representing the first two
liquid natural frequencies.

The ten load feet readings for the 1/2- and 3/4-full test condi-
tions are given in Tables I and II. Several difficulties were en-
countered in converting these readings to moment values about the x and
y axes which made correlation extremely difficult. First, the readings
were not time-correlated as given. Second, there were several load
feet gages that were bad, especially in the 3/4-full test. This re-
quired the assumption of values at these feet to determine moments.
Third, several load feet readings varied considerably during the test,
making it necessary to average load readings

Lem".
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1. 1/2-Full Condition

The values of moment on the load feet calculated from the load.
feet readings are plotted in Figures 14• and 1 5 for the 1/2-full condi-
tion. The test results for moment about the y axis agree very well with
the theoretical curve, especially with the results obtained when cells
2 and 3 are sloshing at their natural frequencies,

The plotted results for moment about the x axis do not agree
as well as results for moment about the y axis. However, since the

'

	

	 moment about the x axis is much smaller in ma gnitude than the moment
about the y axis, slight variations in load cell readings will greatly
affect the moment calculation. Also, the assumptions and the averaging
techniques used to determine the moments had some effect on the accuracy.

2. 3/4-Full Condition

Results for the 3/4-full condition are plotted in Figures 16
and 17. When cell 2 is in resonance the results appear to be bad;
shaker displacement readings for this condition appear to be faulty.
The values obtained are not greatly at variance with expected results
considering that four of the ten load feet were not reading properly.

The results for moment about the x axis are low due to the
same reasons discussed above.

D. Surface Displacements

The theoretical expression for surface displacement in a single
cell (given in Section IV-F) was used for this evaluation. This ex-
pression was evaluated fur each cell at the outer radius of the cell
(r = a) for excitation amplitude and forcing frequency equal to the
maximum nonsplash frequency for cells 1, 2,and 3 at the 1/2-full con-
dition. These results are given in Figures 18, 19, and 20. These
figures show the shape and displacement of the surface in each of the
three cells for the conditions given. The radial mode of cell l and
the tangential modes of cells 2 and 3 can be seen.

The surface shapes for these conditions observed by the television
cameras were very close to those shown in Figure= 18, 19, and 20. How-
ever, the observed surface displacements were much greater than those
calculated. This can be explained by the fact that linear theory was
used to predict the surface displacement; whereas, the actual displace-
ment, close to the natural frequency of the liquid, is nonlinear.

E. Pressure
r

The pressure at any point in any point in any cell can be.evaluated
by the expression given in Section IV-C.	

n

I

The pressure transducer output for the transducer locations shown
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in Figure 2 is given in Tables I and II. The readings given are due
only to pressure differentials caused by the sloshing liquid, as static
liquid pressure has been subtracted. Approximately one-third of the
pressure transducers gave bad readings, and several other transducers
gave no reading at all; therefore, data was limited.

Pressures were calculated, from the theoretical expression, for
transducers that appeared to give good readings. The calculated values
of pressure due to the sloshing liquid were much smaller than the
pressures obtained from the transducers. Again, this can be explained
by the fact that linear theory was used and nonlinear sloshing was
occurring. The pressure reading is directly related to the surface
amplitudes obtained in Section D.

F. Strain Gage Readings

Strain gages, located as shown in Figure 2, gave readings as pre-
sented in Tables I and II. From the data it is seen that about two-
thirds of the gages were bad or gave zero strain readings. All the
strain readings that were obtained were of relatively low magnitude.
Actually, this situation is to be expected, considering the low ampli-
tudes of the sloshing liquid in the individual cells. The only strain
that occurs is due to the differential of pressure across a cell wall
due to wave height differentials like those shown in Figure 20. The
small strain readings also indicate that the structural configuration
of the multicell is quite rigid. As long as the liquid is sloshing at
low amplitudes, there appears to be no possibility of overstressing the
cell walls.
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SECTION VI, CONCLUSIONS AND RECOMENDATIONS

M

Based on the correlation and evaluation of theoretical analysis
and experimental data the following conclusions and recommendations are
indicated.

For a circular cylindrical tank with no cell walls and with the
same geometry and liquid height corresponding to the 1/2-full condition
as shown in Figure 7, the first natural frequency-is 0.303 hertz and
approximately 40 percent of the liquid is sloshing (Ref. 4). For the
tenth-sectored tank the first natural frequency is 0.643 hertz and
approximately 10 percent of the liquid is sloshing. Therefore, the ad-
vantages of the compartmented tank in .raising the first natural fre-
quency and in reducing the percentage of sloshing liquid mass are con-
firmed.

The equivalent circular cylindrical sectored tank used for the
theoretical analysis was quite adequate to predict the sloshing behavior
of the liquid in the Multicell Tank.

The natural frequencies of the liquid obtained by test were very
close (within 5 percent) to those obtained from thec-,y, as applied to
the equivalent tank.

The data obtained for the force in the x direction and for moments
on the load feet were in good agreement with theory, considering that
the results were obtained at frequencies near resonance where liquid
behavior is erratic, and considering the limited gage readings on the
load feet.

Surface sloshing amplitudes were not large enough to give signifi-
cant readings on the pressure transducers and strain gages located with-
in the tank.

It was apparent that additional instrumentation would have been
useful; for example, the yoke on which the guide roller wheel was
mounted could have been equipped with strain gages to measure the in-
duced 'lateral force in the y direction. Additionally, an accelerometer
mounted on the specimen parallel to (and in close proximity to) the
shaker axis would have provided additional force information, for com-
parison with the theoretical results.
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APPENDIX A

Sectored Tank Theoretical Expressions



APPENDIX A. Sector Tank

Coiner: The container (Refer to Figure 6) is a sector of a
right circular cylinder of radius a; it is filled with a liquid to a
depth h. The vertex angle is denoted by a

Coordinate System: The origin is located at the center of gravity
of the undisturbed fluid which would be contained in a right circular
cylinder generated by revolving-the sector tank about the z axis. The
x axis must lie in the sector wall.

Comments: The results given in this section are not valid for
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APPENDIX B

Constants for Tenth-Sector Tank
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APPENDIX B

CONSTANTS FOR TENTH SECTOR TANK (a =1/10)

(References 6 & 7)

1. Roots of J 1 5m ( t and = 0	 (Emn)

M

n 0 2

0 3.832 6.416 11.716

1 7.016 10.520 16.448

2 10-173 13.987 20.223

3 13.324 17.313 23.761

4 16.471 20.576 27.182

f

2. ao ) am

m am

10 .93551

1 .07795

2 -.01889

3 .00835

4 -.00468
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tt 0

0 -.57778d 2.909a

1 .0747a .7395a

2 -.10504a

4. Cm

5.	 Lo ( E mn)
m

0 1

0 .28498 • 2059

1 .13675 .09931

2 .10066 -

6• L (Emn)ti 2
m

0 1

0 -.04686 .07938

1 .00336 .01915

2 -.00327 
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