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TECHNICAL MEMORANDUM X-53755

AN EXPERIMENTAL STUDY OF THE BEHAVIOR OF
A SLOSHING LIQUID SUBJECTED TO A
SUDDEN REDUCTION IN ACCELERATION

By
Louis E, Toole and Leon J. Hastings

George C. Marshall Space Flight Center
Huntsville, Alabama

ABSTRACT

The behavior of aliquid column oscillating in the fundamental
antisymmetric mode and subjected to a sudden reduction in accelera-
tion has been experimentally investigated. The amplitude and configura-
tion of the liquid vapor interface, shifts in the liquid center of gravity,
damping of the liquid motions, and the period of oscillation under the
reduced gravity environment were examined using six-inch diameter
scale model S-1IVB LH, tanks. In addition, the effectiveness of a
single ring baffle used as a propellant control device was evaluated.
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AN EXPERIMENTAL STUDY OF THE BEHAVIOR OF
A SLOSHING LIQUID SUBJECTED TO A
SUDDEN REDUCTION IN ACCELERATION

SUMMARY

The behavior of a liquid column oscillating in the fundamental
antisymmetric mode and subjected to a sudden reduction in axial
acceleration has been experimentally investigated. The Marshall Space
Flight Center drop tower facility was used to obtain a controlled low
gravity environment for durations of up to 4.3 seconds. Tests were
conducted in six-inch diameter cylinders using petroleum ether, a zero
contact angle liquid, as the test fluid. The test conditions provided
Bond numbers and Froude numbers, based on tank radius (R), ranging
from 12 to 100 and about .03 to 22, respectively. Engineering results
were obtained that have general application in the design of propellant
control systems. In addition, the liquid behavior for the specific S-IVB-
203 geometric configuration and energy conditions at orbital insertion,
both with and without the baffle and deflector installed, was evaluated.

The results indicated that, for measured Froude numbers from .03
to 14.6 in combination with Bond numbers from 24 to 100, the maximum
liquid amplitude is uniquely dependent on the Froude number. Simula-
tion of the unbaffled S-IVB-203 LH, energy conditions (Froude number =
19.3) produced amplification of the slosh wave to the top of the forward
dome of the model S-IVB LH, tank for two successive slosh cycles in
the low gravity environment. A ring baffle positioned either at or
slightly above the liquid surface was highly effective in reducing slosh
wave amplification and damping the low gravity liquid motion. The
nature of the liquid behavior in model tests of the S-IVB-203 configura-
tion was strikingly similar to that observed on the AS-203 flight after
orbital insertion.

The logarithmic decrement describing the decay of the amplitude
of oscillation in a low gravity environment due to viscous dissipation
when the initial amplitude is between 0.6 R and 1.05 R was found to be
amplitude dependent and to increase with increasing amplitude. Initial
damping for large amplitude sloshing is considerably higher than pre-
‘dicted by available correlations. The frequency of oscillation of the
liquid column shifts instantaneously with changes in the applied accel-
eration. The measured wave period of the first cycle of motion follow-
ing a reduction in acceleration was found to agree with the Satterlee-
Reynolds equation within + 8 percent at all Bond numbers within the
range obtained in this program. Empirical equations were developed
for determining the maximum shift in liquid center of gravity as a
function of Froude number for liquid depths of 1.0 R or greater.



INTRODUCTION

One of the basic engineering problems in the design of space
vehicles is the control or proper positioning of the liquid propellants.
Many missions, such as the Saturn V lunar mission, will require an
extended low gravity orbital coast period with a subsequent restart of
the main propulsion engine. Proper orientation of the liquid propellants
during the coast period is necessary for satisfactory functioning of the
propellant tank vent system for the operation of the engine thermal con-
ditioning systems prior to restart. In addition, propellant control is
essential for minimizing disturbances to the vehicle that could impose
excessive demands on the attitude control system.

An especially severe propellant control problem can exist immedi-
ately following main engine cutoff. Liquid sloshing amplitudes that are
relatively small during the high-g conditions of powered flight may
attain very large amplitudes following engine shutdown when the liquid
kinetic energy is converted into potential energy in the reduced gravity
field. In fact, slosh wave amplification was a foremost concern in the
design of the Saturn V/S-IVB stage propellant control system and
became a significant factor in the decision by NASA to perform the
full-scale AS-203 Low Gravity LH, Experiment using a Saturn IB/S-IVB
stage to simulate the earth orbital phase of the Saturn lunar mission.

Prior to the AS-203 flight the Marshall Space Flight Center initiated
an experimental program to study the various low gravity problems
associated with the Saturn V lunar mission, with initial emphasis on the
AS-203 LH, experiment. The program is being conducted in the MSFC
4.3-second drop tower facility. One phase of the experimental program
was an investigation of the behavior of a sloshing liquid subjected to a
sudden reduction in acceleration, This report discusses the results
from that phase of the program.,

The basic objectives of the program were to (1) evaluate the liquid
behavior for the specific S-IVB-203 geometric configuration and energy
conditions--both with and without the baffle and deflector installed,

(2) assess the effectiveness of slosh baffles as propellant control devices,
and (3) obtain quantitative data applicable to the design of any cylindrical
propellant containers. The amplitude and configuration of the liquid-
vapor interface, shifts in the propellant center of gravity, damping of

the liquid motions, and the frequency of oscillation under the reduced
gravity conditions were of concern from an engineering design stand-
point.
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Fluid behavior during the low gravity period provided by the drop-
tower was recorded using high speed photography (approximately 400
frames/second). A motion picture supplement to this report was pre-
pared and is available on loan, The 16 mm, 11 minute film, Number
M-281 can be obtained from:

Photographic Branch T5-P
Marshall Space Flight-Center
Redstone Arsenal, Alabama
35812

This report was prepared by Chrysler Corporation and Marshall
Space Flight Center under the technical supervision of Leon J. Hastings,
Fluid Mechanics Section, Propulsion and Vehicle Engineering Labora-
tory, George C. Marshall Space Flight Center, under Contract NAS-8
4016, Schedule II, Modification 292, change order MSFC-1, Amend-
ment 39.



BACKGROUND

Scaling Parameters

Space vehicle acceleration histories typically vary from values
higher than one-g during powered flight to accelerations on the order
of only 1073 or 107¢ g's during orbital operations. Liquid containers
may range from one foot in diameter to greater than 20 feet. To per-
mit reliable extrapolation from model test results to full-scale vehicle
and spacecraft systems, appropriate dimensionless parameters are
employed. The Bond number and the Froude number are the scaling
parameters applicable to the problem discussed in this report where

itational f ° 2
Bond number, By = gravitational force _pR a/gc _R%a

(1)

capillary force oR S
inertial force pR2VZ /g V2
F d b F. = = = — 2
roudenumber, r gravitational force pRza/gC aR (2)

Characteristics of Liquid Oscillations

Evaluation of sloshing data
from the S-IV stage of the Saturn
I vehicles (Reference 1) indi-
cates that during powered flight
the LH, wave motion was essen-
tially of the fundamental anti-
symmetric mode with several G
higher harmonics. The mea- —
sured frequency of the funda- *n
mental mode was in good agree-
ment with the theoretical funda- S
mental frequency. Analyses indi- saite ]
cated that the LLH, sloshing dur- ?
ing powered flight of the S-IVB
stage was also expected to be
predominately of the fundamental e Rt
mode. Therefore, for purposes
of analysis and specification of
experiment conditions, only the
fundamental mode of antisymmet-

Maximum Amplitude in Low
Gravity Environment

|- Maximum Amplitude in High
, Gravity Environment

Nominal Liquid Level
{Maximum Kinetic Energy
Position)

Heed

ric sloshing was considered. FIG. 1., Geometry for Liquid
Figure 1 illustrates the geometry Oscillations in a Flat

of the problem for a flat bottom Bottom Cylindrical Con-
cylindrical container. tainer
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If an inviscid, incompressible liquid is oscillating in a cylindrical
container in a high gravity environment, the total energy of the wave
motion can be expressed as a function of the sloshing mass, the slosh-
ing frequency, and the maximum liquid amplitude at the container wall.

E = 0. 21 mg wh? {p%/ge = 0.21 mg Vi %/ge (3)
where the sloshing mass is given as,

ms = 1.43R3? p tanh (1.841 h/R) (4)
The portion of the total energy that is in the potential energy state is

P, E. =E sin ¢ (5)

Satterlee and Reynolds (Reference 2) studied the motions of a liquid
in a vertical cylindrical tube under the combined influence of gravita-
tional and capillary forces and obtained data that are in substantial
agreement with their theoretical predictions. Based upon a linearized
inviscid incompressible analysis, they found that the fundamental fre-
quency can be described by the equation:

w={% [tanh (1.841 h/R)] [6.255 + 1.841 B

1
- 4.755 cos e]}2 (6)

When the capillary forces are essentially negligible relative to the
gravitational forces, that is By >> 1.0, equation (6) reduces to,

1
w = {[tanh (1.841 h/R)] [(1.841 a/R)]}? : (7)

If a liquid column is oscillating with maximum amplitude, {j, and
the applied acceleration is suddenly reduced, the maximum amplitude
of the oscillation in the reduced gravity environment, {y, can be
estimated from the total energy equation (3) by equating maximum
kinetic energy under the high gravity condition to maximum potential
energy based on the reduced gravity condition to give,



2
Vv 1
/R =~0.74 (Z%{)Z (8)

Equation (8) illustrates that the maximum amplification is directly pro-
portional to the liquid velocity before the change in acceleration and
inversely proportional to the square root of the final or reduced accel-
eration. The term (V% /aR) is recognized as the Froude number. Since
under significantly reduced gravitational forces the liquid-vapor inter-
face becomes highly curved, it would be suspected that equation (8) is
not an accurate numerical representation of the maximum liquid ampli-
tude in the low gravity environment. It does, however, indicate that
the Froude number is the applicable scaling parameter.

The maximum liquid amplitude can also be expressed in terms of
an amplification factor, which is simply a ratio of the maximum ampli-
tudes prior to and following the acceleration decrease. That is,

1
ty/Ln = [sin? ¢+ (ap/ag) cos? ¢]° (9)

where ¢ is the wave phase angle at the time of the decrease in accelera-
tion. In the special cases where ¢ = 0° and 180° (flat liquid interface),
equation (8) will yield a relation identical to equation (9).

Previous Damping Investigations
If there is no energy input to a system that is oscillating in one of
its natural modes, the amplitude of successive oscillations decreases
as a result of energy dissipation. The decreasing amplitude can be

described by the logarithmic decrement.

maximum amplitude of any cycle

§=1 =1 1n (i (10)
= " maximum amplitude one cycle later n tn

where {; is the amplitude of the initial cycle and {,, is the amplitude n
cycles later.

A number of experimental investigations have been conducted under
standard gravitational conditions to determine the characteristics of
viscous damping of the fundamental antisymmetric mode of oscillation
in cylindrical containers as a function of liquid depth, liquid amplitude,
kinematic viscosity, and tank size. The experimental investigations
produced similar, but not identical, empirical relationships for calcu-
lating the logarithmic decrement. Stephens (Reference 3) expressed
his results in the form,
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6=5.23 (v R a [1+2(1-2)csch (3.68 2]
5, o - (3.68 ¢
-% h Y

[ tanh (1.84-1;\)]J (11)

ENTY)

1

The quantity (v°R * a *), commonly called the ""damping parameter, "
includes the kinematic viscosity, acceleration, and tank size as varia-
bles. The quantity in brackets describes the effect of the liquid depth
on damping. This term becomes a dominant factor as the filling depth
ratio, h/R, is decreased below 1.0. For the deep tank problem (h/R >
1.0) equation (11) reduces to,

[T

-

1.
6§ =5.23 (vR 4 a ) (12)

ENIAY
P

Reference 4 summarizes the findings of the Russian investigator, G. N,
Mikishev, whose results were obtained in the form,

) {1

0.318 1 - h/R
sinh (1.84 h/R)[cosh(1.84 h/R)+ l}} (13)

N

-3 .
‘a

1
6 =4.98 (vR

Both Stephens and Mikishev concluded that the damping was not affected
by the liquid amplitude at the wall for amplitudes up to 0.1 R. Applica-
bility of the equations for amplitudes greater than 0.1 R is not known.

Mikishev specifically investigated the effect of surface tension on
damping by employing two cylindrical tank diameters (20 cm and 51.38
cm) and test liquids having different surface tensions but identical
kinematic viscosity, (Reference 4, page 110). Results of these experi-
ments showed that the surface tension has an increasingly significant
effect on damping as the Bond number is reduced. Equations (11)
through (13) do not account for the effects of surface tension and are,
therefore, limited to large Bond number applications.

More recently, an investigation of damping under conditions of
zero Bond number has been performed by Salzman (Reference 5).
Salzman shows that the logarithmic decrementfor a deep tankina zero
gravity environment is given by either,

5 =21.6 (%;—)% | (14)

or,



1

5 = 28.1 (;—;7)3 (15)

1
For large Bond numbers the quantity (v/wR?)? is identical to the more
commonly recognized damping parameter given in equations (11) through
(13). The results of Stephens (equation (12)) expressed in the form of
equation (15) are,

5= 6.1 (wgz)% (16)

Neither equation (15) nor equation (16) appears adequate for predicting
damping in the Bond number range of interest during most orbital
operations (B, = 20-100), and additional investigation is required to
define the variation of the coefficient of the damping parameter with
Bond number.

S-IVB-203 LH, Sloshing Conditions

One of the primary study objectives was to evaluate the liquid
behavior at the conditions anticipated to exist in the S-IVB-203 LH,
tank at orbital insertion. It is, therefore, of interest to review these
specific conditions and the S-IVB-203 geometry.

The Dynamics Analysis Branch of the MSFC Aero-Astrodynamics
Laboratory(R-AERO-DD)made an evaluation of the sloshing character-
istics of liquid hydrogen in the S-IVB-203 stage during ascent flight.
Values pertinent to the problem of liquid motion following orbital inser-
tion, that is after J-2 engine cutoff, are listed in the following table.

TABLE I
S-IVB-203 STAGE LIQUID HYDROGEN SLOSHING PARAMETERS

Tank radius, R 130 inches
Filling height, h/R 0.87
Acceleration prior to J-2 cutoff, (a/gg )y 3.41
Acceleration following J-2 cutoff, (a/gg), 5x 1074
Sloshing frequency at J-2 cutoff, fp 0.70 cps
Maximum amplitude at wall without baffle, {; 5 inches
Maximum velocity at wall without baffle, Vj 1.83 ft/sec
Maximum amplitude at wall with baffle 0.27 inches
Maximum velocity at wall with baffle 0.1 {t/sec




Based upon the values given in Table I, the maximum energy
sloshing conditions in the S-IVB-203 LH, tank at orbital insertion with-
out baffles correspond to a Froude number of 19.3. From equation (8), a
Froude number of this magnitude represents an approximate maximum
liquid amplitude following orbital insertion of 3.26 tank radii or about
35 feet with respect to the liquid surface before engine cutoff. Such an
amplitude would be in excess of the physical dimensions of the S-IVB-
203. The maximum LH, energy conditions were considered intolerable
from the standpoint of vehicle stability and vent system reliability.
Examination of equation (8) shows that the liquid amplification can be
minimized by one or a combination of the following methods:

1. Decrease the initial liquid velocity. This may be accomplished
by:

a. Terminating the thrust when the slosh wave is in the
minimum kinetic energy position (¢ = 90°, 270°)

b. Decreasing the maximum possible velocity with slosh
suppression devices

2. Install deflectors to redirect the flow to the bottom of the tank.
3. Increase the final acceleration level with auxiliary thrusters.

The ideal solution is to terminate the thrust when the wave is in
its minimum kinetic energy position, since this theoretically produces
no amplification of motion. In the practical case, however, the problems
involved in sensing the instantaneous wave position and initiating the
engine cutoff signal at a time when the vehicle velocity is also within
acceptable limits make this solution unfeasible.

Slosh baffles were evaluated by R-AERO-DD to determine the extent
of damping that could be expected on the S-IVB-203 stage using various
baffle configurations. The amplitude and velocity given by Table I are
for one 20-inch ring baffle placed at the approximate location of the
liquid level at J-2 engine cutoff. It was anticipated that the 20-inch
ring baffle would reduce the liquid amplitude following cutoff to a maxi-
mum of {y /R =0.178 or about 1.90 ft. To achieve the same effect by
means of auxiliary propulsion, at least 0.167 g's, or in the case of the
AS-203 vehicle, a minimum thrust level of 10,000 1b; would be required.
Of these two alternatives, the ring baffle imposes a much smaller
weight penalty, is passive, and can also be used to suppress sloshing
during orbital coast. Therefore, a 20-inch ring baffle was installed in
the S-IVB-203 LH, tank as a propellant control device. As an additional



precaution, a deflector was mounted approximately 100 inches (as
measured at the wall attachment point) above the baffle, Figure 2
illustrates the S-IVB-203 fuel tank configuration with the baffle and

deflector installed.

LH; TANK

130

19° 34°

I -q——-I—— 47.83 ;
95 Deflector
Baffle
—-‘ 21.25 |
4 }— 15°

Engine Cutoff Pre-
dicted in this Range

NOTE: All Dimensions in Inches
Unless Otherwise Specified

FIG. 2. S-IVB-203 Propellant Tank Geometry

Simulation of S-IVB-203 Conditions -

To simulate prototype conditions in the MSFC drop tower, Froude -
numbers of at least 19.3 (without baffles) were required. The basic
drop tower procedure consisted of establishing a first mode slosh wave
in the model container and, then, releasing the test package into a low
gravity environment. Therefore, assuming maximum energy conditions,
the normal gravity liquid amplitude necessary to produce a given Froude
number can be expressed as,

10




Fra/go)t go}% (17)

e = [ZR

Equation (7) accurately defines the oscillation frequency of a liquid in
containers of a few inches or greater in diameter under standard
gravitational conditions. Substituting equation (7) into equation (17),
the amplitude becomes;

o=

Fr(a/go)[ :I (18)

¢, /R =0.737 [tanh (1.841 h/R) (a/go)n

Thus, if the Bond number is sufficiently great at the conditions before
the reduction in acceleration, simulation of a given Froude number is
independent of the test container dimensions or physical properties of
the test fluid. Equation (18) is plotted in Figure 3.

1

10 ) YL
7} Froude
- Number
h/R = 0.90 ; 19. 3
Initial Acceleration, (a/gQ)h =1.0 ]L ] f 10
P | o '; AT s
100 Ll | : {,/V LH
+ - 1
[+ + ' D
~ I
- { 11 4// e /7
; T // ’4// b L~ :
o~ » ‘“/
i T 1 LM LA
] - / Pe /
@ 307! A4 .
)
o =
3 > N
b 1
i ' Ay ¥
g P ,// 1% I
< // /f‘/ A/ } 1
10_2 ‘/// /A’ ,/ i i
>
+
P |
10”7 | xo
- - - - -1
10 5 10 4 10 3 10 2 10 10

Acceleration - (a/go)z

FIG. 3. Test Conditions Required to

Produce Various Froude Numbers
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Figure 3 illustrates that at the reduced acceleration levels for
which the drop tower was initially checked out (a/ggy = 10-2), liquid
amplitude ratios of at least {,h/R = 0.35 were required to produce
Froude numbers of the magnitude anticipated in the S-IVB-203 fuel tank
at orbital insertion without baffles.

APPARATUS AND PROCEDURES

Test Program Outline

The initial tests utilized a six-inch inside diameter Lucite scale
model S-IVB liquid hydrogen tank. Prior to the AS-203 flight, the
primary objectives of the program were to study the comparative
liquid behavior with and without the baffle and deflector in the tank and
to obtain an indication of the expected liquid behavior at orbital insertion.
After data pertinent to the AS-203 flight were obtained, the LOX-LH,
common bulkhead was replaced with a flat base, and additional tests were
performed to provide data over a wider range of conditions for general
application to the design of liquid storage systems. The experimental
program consisted of the following general test series.

1, Scale model S-IVB tank with no baffle or deflector and a liquid
height of h/R = 0.9. Liquid amplitudes before the drop were varied
from ¢ /R = 0.35 to 0.85 to simulate AS-203 energy conditions without
the baffle. Reduced accelerations ranged from 0.01 to 0.026 g.

2. Scale model S-IVB tank with geometrically-scaled baffle and
deflector. Reduced accelerations ranged from 0.005 to 0.01 gg,.

3. Six-inch inside diameter flat bottom circular cylinder with no
baffle and an h/R = 1,3. Liquid amplitudes before the drop were of low
amplitude ({;,/R = 0.08 - 0,2) to produce more nearly ideal linear
motion. Reduced accelerations ranged from 0.01 to 0.04 g,.

Test Facility

The test program was conducted in the MSFC drop tower facility,
which is located in the Saturn V Dynamic Test Tower. The experiment
package containing the scale model tank and associated equipment was
placed inside a protective drag shield, suspended from the top of the
Dynamic Test Tower, and dropped into a 40-foot tall pneumatic (air)
tube that decelerated the drag shield and experiment package. During
the drop, the experiment package was free floating within the drag
shield.

12
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The drop distance between the bottom of the drag shield (when
suspended at the top of the tower) and the top of the pneumatic tube is
approximately 294 feet, permitting low gravity test durations of up to
4.3 seconds. Because of the drop height and the small diameter differ-
ential between the drag shield O. D. and the pneumatic tube I. D. (3
inches), the drag shield is guided during the drop by rails. Figure 4
is a composite showing various physical characteristics and capabilities
of the facility. References 6 and 7 provide additional details concern-
ing the facility and its operation.

Experiment Package

The experiment package consisted of a 3 x 3 x 1.5 foot welded angle
aluminum frame with a plywood floor to which was mounted the neces-
sary test equipment (Figure 5). The model tank was clamped to the
sliding table of a solenoid spring-operated mechanism (Figure 6) and
enclosed within a light box, which provided proper light distribution on
the test specimen for high-speed photography. The mechanism was
used to establish the initial slosh wave in the liquid. When the solenoid
is energized, the spring forces the tank assembly along the slide rod
and against the opposite side of the base frame. The motion of the test
container and the impact against the base frame results in the formation
of a slosh wave in the liquid. The mechanism was constructed so that
waves of varying initial maximum amplitude could be established in the
test fluid by altering the spring constant, the spring tension, the travel
of the sliding table, or any combination of these variables.

The electrical power for the experiment package was supplied
by rechargeable nickel-cadmium batteries carried on the package.
Data (except photographs) were originally retrieved from the pack-
age through a trailing cable between the experiment package and
the drag shield. The data cable was the only physical connection
between the experiment package and the drag shield during drop-
ping. To eliminate this trailing cable, a telemetry data retrieval
system was designed and incorporated after approximately 50 per-
cent of the test program was completed.

A nitrogen cold gas thruster located in the center of the package
and exhausting downward through an opening in the center of the floor
was used to apply a predetermined acceleration to the test fluid during
drop. Gas was supplied to the thruster from a 3000 psia storage bottle
mounted on the experiment package. The thruster nozzle was calibrated
in the form of plenum pressure versus thrust by a precision force-
balance technique. By adjusting a pressure regulator on the package,
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the thruster plenum pressure could be changed to vary the acceleration
on the package from one drop to another,

Test Liquid

The test fluid used in all cases was petroleum ether. Petroleum
ether was selected because it has a kinematic surface tension that is
nearly the same as hydrogen, has a static contact angle of zero degrees
with Lucite, and is chemically compatible with Lucite. To ensure
proper wetting, careful cleaning procedures were adopted, and contami-
nation of the solid surfaces and the liquid was avoided. The density,
surface tension, and viscosity of petroleum ether were each measured
at three different temperatures within the range of interest., The test
fluid temperature was measured before each drop so that fluid properties
characteristic of each test could be evaluated. The following table lists
values of these properties.

TABLE II
PROPERTIES OF PETROLEUM ETHER

Iemperature Density Temperature Surface Tension Temperature Viacosity
oc | 9F |gm/sem? | 1b /63 oC “F | dyne/cm Ibg/ft oc OF {centistokes [ lby, /ft sec
26,7 80.06 /| 0.6185 38.61 21 69.8 14.9 1,021 x 10°3 ) 21 69.8 0.139 1.672 x 10-4
21.0 69.8 0.6382 39.84 10 50.0 16.2 l.llxlO.3 10 50.0 0.43 1. 86 x 10'4—‘
15.6 60.08 | 0.6433 40. 16 -4 24.8 17.3 1.185 x 103 || -4 v24ﬂ 0.47 2.04 x io-4
L

Operating Procedure

After the experiment package was assembled, the camera
loaded with film, the thruster nozzle centered, the high pressure
nitrogen storage bottle charged with gas, and the mechanism placed in
the drop position, the package was balanced about the vertical axis of
the thrust nozzle by adding weights where required. The balancing was
performed on a Bytrex Center-of-Gravity Locator, which is a strain-
gauge balance table capable of locating the package center of gravity
within £0,003 inches. When all balancing was completed, the package
was placed in the drag shield, and the drag shield was suspended in its
predrop position in the working area at the 336-foot level of the Dynamic
Test Tower.

The camera, lights, and thruster were actuated two seconds before
the drop to allow the thruster plenum pressure to become fully stabilized
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and the camera to attain full speed. An infinitely variable 0-10 second
timer on the package was preset to actuate the impulse mechanism at
any desired time between camera-on and drop. The camera, lights,
and thruster operation were terminated by onboard circuitry approxi-
mately nine seconds after initiation. The entire test sequence was
executed automatically.

Data Reduction

To visually and numerically evaluate the liquid behavior, films
were taken of the test container and liquid at a speed of about 400
frames./sec with a Milliken camera, Numerical data pertinent to the
liquid motion were obtained by reading, with a Teleredex machine,
the liquid amplitude as a function of time (in a plane perpendicular to
the field of view of the camera) from the film., Ordinarily, the ampli-
tude was read every fourth frame, or at approximately 0.0l-second
intervals, providing about 40-45 data points per cycle of liquid motion
under one-g conditions and 200-400 points per cycle under the reduced
gravity conditions,

Film Calibration - To correct for the visual distortion due to the
tank wall and the test fluid, a calibration grid of horizontal and
vertical ruled lines on a Plexiglass sheet was placed in the test

tank and aligned on a plane passing through the center line of the
tank. The tank was then filled with petroleum ether and photographed
under conditions identical to those used on the experiment package,
that is, with the same camera, lens, and spacing between the lens
and test tank. From the calibration film, a table was compiled in
the form of apparent horizontal and vertical distance as a function

of known ruled distance. This table was input to a data reduction
computer program and used to correct ''as read'" dimensions to

true dimensions before any other operations or calculations were
performed with the data.

Experiment Package Acceleration - During each test, the thruster
plenum pressure was measured continuously to determine the variation

in pressure. The pressure traces indicate that the thrust remained
nearly constant during any given drop. The maximum variation observed
between the pressure at the beginning of a testandthe pressureatthe end of
the test was about 3.5 percent. Usingthe average measuredpressure, the
actual thrust was determined from the nozzle calibration curve. The
acceleration level was subsequently calculated from the thrust-mass
characteristics of the package.
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During the final series of tests in the program, a low-range accel-
erometer (Model MCA-5 linear accelerometer manufactured by Univer-
sal Controls, Incorporated) was installed on the experiment package.
The instrument used is a high performance, servo-type, force balance
transducer having an output of £ 5 volts DC at £ 0.2 g's. Comparisons
of the acceleration indicated by the accelerometer and the acceleration
calculated from the package thrust-mass characteristics show that the
accelerometer reading was usually higher than the calculated accelera-
tion. The difference between the measured and the calculated accelera-
tion was greatest at the lower acceleration levels. The accelerometer
reading was a maximum of about 20-25 percent higher than the calcu-
lated acceleration at 0.04 g's but was as much as 100 percent higher
than the calculated value at 0.01 g's.

Figure 7 illustrates a typical nominal accelerometer output. Before
the drop, the accelerometer output is at full-scale deflection. Following
release, a relatively short transient is observed until the accelerometer
indicates that a steady-state low gravity condition has been achieved. It
is not known whether the initial transient is a result of the instrument
response characteristics or an actual gravity transient. It is probably
a combination of the two, but the individual effects cannot be separated,
The exact nature of the transient profile varied somewhat from one test
to another, but the accelerometer indicated steady-state conditions from
0.1 to 0.3 seconds after first package motion. In the example illustrated
by Figure 7, the calculated acceleration was 0.0404 g's, while the
accelerometer indicated 0.05 g's,

Although the accelerometer characteristics discussed in the previous
paragraphs were typical, there were several instances in which the nozzle
thrust was varied to increase or decrease the acceleration on the package;
yet, the accelerometer indicated the opposite effect. In all cases the wave
period measured in the low gravity environment supported the calculated
acceleration both in trend (period increases with decreasing acceleration)
and in absolute numerical value (equation (6)). The reasons for the dis-
crepancies in the accelerometer output could not be resolved. Therefore,
the experimental data were evaluated on the basis of the calculated accel-
eration levels,

Determination of Release Time - Coded timing marks were displayed
along the edge of the film to relate the film to the physical events occur-
ring during the test sequence. The time of release of the experiment
package and drag shield was indicated by a breakwire signal. When
viewing the films, it appeared that the liquid was experiencing a reduced
gravity environment before the breakwire signal. After installation of
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FIG. 7. Typical Low Gravity Accelerometer Output and
Comparison with Calculated Acceleration

the accelerometer on the experiment package, this fact was validated.
The accelerometer consistently indicated motion of the experiment
package from 0.0l to 0.03 seconds before the breakwire signal. In the
test illustrated by Figure 7, for example, the breakwire signal occurred
0.02 seconds after the accelerometer first indicated package motion.
This time lag was subsequently attributed to varying degrees of stretch-
ing of the wire between the time of release of the drag shield and the
actual breaking of the wire. The zero time on the films was, thereafter,
adjusted for the time lag.

Determination of Liquid Velocity - The liquid velocity at the instant of
release into the low gravity environment was one of the primary para-
meters of interest in the tests. To obtain this data, a least squares
second order polynomial curve fit was applied to the amplitude data
using an arbitrary number of data points. By differentiating the result-
ing polynomial, the liquid velocity at the time corresponding to the
midpoint of the particular data group was obtained. This procedure will
be clarified by referring to Figure 8.

If a five-point (must be an odd number) curve fit is chosen, a poly-
nomial is fit to the first five data points as illustrated by Figure 8. The
polynominal is then differentiated and evaluated at the time correspond-
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FIG. 8. Illustration of AmplitudetData Curve Fitting Procedure

ing to data point 3 to give the velocity at point 3, This procedure is
repeated using points 2 through 6, inclusive, to obtain the velocity at
point 4, and so forth. By this method, a three-point fit describes the
instantaneous velocity based upon the ""as read' amplitude data. Use
of a greater number of points in the curve fit produces smoothing of
the '"as read' data.

The test films indicated that during the oscillation, which was
established before the drop, the liquid immediately adjacent to the wall
sometimes appeared to become ''stuck'' to the wall, although liquid a
short distance away from the wall was moving. The '"stuck' condition
occurred when the wave reached its minimum or maximum amplitude
(zero velocity) and changed direction. If the release of the experiment
package occurred while the liquid was stuck, or shortly after the break-
away from the wall, the stuck condition might significantly affect the
linearity of the velocity profile with the maximum instantaneous velocity
occurring at some distance from the wall. Consequently, the velocity
profile across the liquid surface was determined for eachtest.

To determine the velocity profile across the liquid surface, the
amplitude history of the surface was measured at 0. 15 inch increments
up to about one inch from the wall over the time period from 0.3 seconds
before the drop until 0.3 seconds after the drop. The transient velocity
of the surface at each radial station was then computed from a curve fit
in the manner described previously. The results of the foregoing proce-
dure definitely established that the maximum liquid velocity at the time
of release was not always at the tank wall. This is illustrated by
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Figure 9, which shows the velocity profiles across the liquid surface
at various times before and at the time of drop during test 2F-28, All
values in Figure 9 are based on a five-point curve fit,

The effect of the number of points chosen for the curve fit on the
magnitude of the reduced numerical data was also investigated. The
velocity profiles were evaluated on the basis of 5, 11, and 19-point
curve fits to determine the effect of the curve fit on the computed
numerical value of the velocity. Several comparisons were also made,
which included a three-point fit, and it was found that the three- and
five-point fits produced nearly identical velocities. Once this was

established, the three-point fit was omitted from subsequent evaluations.

Omission of the three-point fit was based on reasons associated with the
operation of the data reduction computer program. Figure 10 shows the
effect of the number of points chosen for the curve fit on the velocity
profile at breakwire time during test 2F-28. In this particular case,
the velocity at the wall computed from the five-point fit is about twice
as great as the velocity obtained from a 19-point fit.

As suggested by equation (8), the maximum liquid amplitude in the
low gravity environment was plotted against the square root of the
Froude number where the maximum instantaneous velocity in the liquid
at release was used to compute the Froude number. Plots were made
using five- and 19-point fits to determine the velocity. Whereas the
data based on the 19-point velocities were so scattered as to be com-
pletely meaningless, the data based on the five-point velocities demon-
strated the expected trend (maximum amplitude decreases with decreas-
ing Froude number) with significantly less scattering of the data. It
was concluded that the curve fit, and not the velocity profile, was the
significant factor in determining the most realistic value of instantane-
ous velocity.

RESULTS AND DISCUSSION

Maximum Liquid Amplitude Without Baffles

General Liquid Behavior - The general nature of the liquid behavior
that was observed in the tests without the baffle and deflector may be
divided into two types. The first type of motion occurs when the
energy conditions are insufficient to result in the movement of liquid to
the top of the tank. As the amplitude of the wave at the tank sidewall
where the velocity is positive (toward forward dome) at the time of
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release increases with time, the liquid-vapor interface becomes

highly curved, but generally remains well-defined. Figure 11 illus-
trates liquid-vapor interface profiles when the liquid is at its maximum
amplitude in the low gravity environment for Froude numbers of 0.09,
1.3, and 10.5.

The second type of motion results when the energy conditions are
sufficient to cause movement of the liquid to the top of the tank. In
this case, the liquid motion is governed by the particular container
geometry. In the model S-IVB tanks, for example, the curvature of
the forward dome redirected the flow across the dome and down the
opposite sidewall. The initial tests in the experimental program were
designed to produce Froude numbers in the approximate range of the
predicted S-IVB-203 LH, conditions (19.3) without the baffie. Froude
numbers as high as 22 were achieved. It was found that the liquid
amplitude reached the top of the tank whenever the Froude number was
in excess of about 14. These tests did not provide data of numerical
value except as applied to the geometry of those specific tests. How-
ever, the visual observation of the liquid behavior was informative.

Test 2F-1 affords a good illustration of the general characteristics
of the second type of motion. Figure 12 shows selected frames from
the film of the test that visually illustrate the liquid configuration at
various times. At release, the liquid on the left side of the container
moved toward the top of the tank, and as shown by the sequence of
photographs, the liquid continued its upward travel until it reached the
forward dome. The liquid then followed the contour of the dome, fell
down the opposite wall, and re-collected in the bottom of the container.
For a short period of time, the liquid appeared to be completely
resettled, although some turbulence was visible. However, a second
wave containing significantly less mass than the first subsequently
rose up the left wall of the tank and reached the top of the dome a
second time. The second wave did not completely encircle the dome
but, instead, gradually settled back down the left wall. The time
interval between the waves corresponded very closely to the natural
frequency of the liquid at the reduced gravity level, as determined from
the Satterlee-Reynolds equation (equation (6)).

When the liquid fell down the right wall, after its initial pass across
the dome, it penetrated the liquid mass that had remained in the bottom
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of the tank and entrained a large bubble of ullage gas. The bubble was
subsequently transported into the space between the sidewall and the
common bulkhead and then slowly gravitated toward the liquid surface
(see Figure 12f).

Quantitative Results - The maximum liquid amplitude in the low gravity

environment was evaluated in the form of the measured amplitude as a
function of the instantaneous energy conditions at drop (as described by
the Froude number in equation (8)) and the amplification factor (equa-
tion (9)). When considering the results in the form of equation (8), the
maximum low gravity amplitude was defined as the difference between
the measured maximum amplitude {;, and the instantaneous amplitude
at the instant of drop, {;. This amplitude difference is denoted as ALy.

Figure 13 shows the measured maximum liquid amplitudes plotted
in dimensionless form Ag{, /R, as a function of the square root of the
Froude number. Results are shown for tests both with and without the
baffle and deflector. In the tests without the baffle and deflector, there
was some data scatter, anda single curve representative of all the data
could not be defined. However, the maximumn amplitude along the upper
boundary of the data region varied from ALy /R = .63 to AL, /R = 1.8
over a Froude number range of 0.028 to 14.6 and is defined by the
empirical relation,

J[0.018 tn(Fr) +0.177]

ALy /R = 0.99 (Fr (19)

The numerical data with the baffle in the tank were obtained from
tests in which the nominal liquid level was below the baffle position.
Figure 13 shows that at any given Froude number the slosh baffle
significantly reduced the maximum liquid amplitude compared to the
unbaffled amplitude. These results do not fully emphasize the effective-
ness of the baffle as a propellant control device. It was shown in Section
II. D that the primary value of the baffle is in reducing the liquid kinetic
energy (hence Froude number) during the high gravity condition in com-
parison to the energy that would exist if the baffle were not in the tank.

Within the range of test conditions the maximum liquid amplitude
appears to be independent of the Bond number. However, at sufficiently
low values of Froude number, a Bond number dependence should become
apparent, In the extreme case of an initially quiescent liquid (F. = 0)
subjected to a sudden decrease in acceleration, Fung (Reference 8) has
shown mathematically that the interface oscillates about its low gravity
equilibrium position. This has also been demonstrated experimentally
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by Siegert (Reference 9). As the Froude number decreases, the
maximuwm liquid amplitude (as defined in Figure 13) should, there-
fore, approach, as a minbhum value, the wall amplitude of the
equilibrium interface configuration corresponding to the prevailing
Bond number.

The cause of the data scatter in Figure 13 is probably due to
a combination of several factors of which the identification of the
release time or zero reference is the most significant. It became
apparent early in the program that meaningful amplitude data would
be highly dependent upon accurate determination of the zero, or
rclease time. Consequently, great care was exercised to this end.
Nevertheless, as illustrated by Figure 9, errors of only a few
hundredths of a second in identifying the film frame corresponding
to actual release time can result in sizeable errors in initial
velocity. Also, it is significant that the data from the tests in
which the initial (one-g) sloshing conditions were small in amplitude
and more nearly linear in nature, with only one exception, plot
along the upper boundary of the data region. This consistency exists
because fluid conditions were more uniform from one test to
another, and the near linear motion should have permitted more
reliable reduction of data from the films. The initial sloshing
characteristics in the small amplitude tests were also representa-
tive of the type of motion that would occur in a vehicle during
powered flight. For these reasons, it is believed that the upper
boundary of the data area, as well as being the safe design condi-
tion, is actually the most realistic.

The measured and calculated (equation (9)) amplification factors
are tabulated in Table III. As shown, the results are inconclusive.
The deviations in this case can also be partially attributed to
possible errors in determining the exact release time. However,
the fact that a reasonably good correlation was obtained in terms
of the Froude number, whereas for the same tests nearly random
results were obtained in the form of the amplification factor, is
explained by the following reasoning. In Figure 13, the measured
amplitudes are related to a quantity in which the instantancous
energy conditions were determined from measurements of the
liquid surface. On the other hand, the calculated amplification
factors in Table III arc predicated upon an idealized linear wave
in which there is a known relationship between wave phase angle
and velocity. Since the actual liguid oscillations were not completely
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(a) Time = -0.1 seconds (Before Drop) (b) Time = 0.0 seconds (Drop)
Maximum Amplitude Under Standard
Gravitational Conditions

(c) Time = 4+0.1 seconds (After Drop) (d) Time = +0.5 seconds. Liquid
Reaches Forward Dome of Tank

FIG. 12. Behavior of a Slosh Wave Following a Sudden
Reduction in Acceleration, Froude No. = 22 27




(e) Time = +1.5 seconds. Liquid (f) Time = +2.9 seconds. Liquid
Begins Re-Collecting in Bottom Appears Settled
of Tank

(g) Time = +3.5 seconds. Second
Wave Reaches Forward Dome.

FIG. 12. Behavior of a Slosh Wave Following a Sudden
Reduction in Acceleration, Froude No. = 22
(Concluded)
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linear (see Figure 9) the phase angle was not an accurate representa-
tion of the instantaneous velocity.

COMPARISON OF MEASURED AND CALCULATED AMPLIFICATION FACTORS

TABLE III

Measured Calculated
Test Degrees ay/ay Inches Inches Ly /Ly, (Equation 9)
No. $ th &y t4/th
2F-2 48.5 40.5 1.758 2,775 1.58 4,28
2F-20 119.1 100 0.518 3.391 6.55 4,94
2F-21 31.2 100 0.290 3.050 10. 50 8.57
2F-22 142.9 100 0.190 3.890 20.45 8.0
2F-28 9.36 32.3 0.700 1.790 2.56 5. 60
2F-30 47.3 33.6 0.391 3.183 8.15 4.0
2F-41 52.6 32.0 0.281 2.608 9.28 3.52
2F-42 47,2 32.0 0.254 1,822 7.17 3.92
2F-46 87.6 26.75 0.310 3.009 9. 68 1.023
2F-48 65.7 50.0 0.262 3.263 12, 45 3.05
2F-49 27.0 25,64 0.379 1.978 5.21 4,54
2F-50 55.8 25,64 0.397 2.155 5,43 2.96

On thie basis of this study it is not possible to derive a conclusive

empirical relationship for the liquid amplitude following a reduction

in acceleration,

However, for unbaffled tanks, equation (19) should

provide estimates of sufficient accuracy for most engineering purposes.
The amplitudes corresponding to the measured Froude numbers are
such that the use of auxiliary devices for reducing the propellant motion

would be required in most practical applications.

immediately before thrust termination.

flight trajectory.
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Tests with Baffles

Eleven tests were conducted with a geometrically-scaled S-IVB-203
baffle and deflector in the model tank,

It was originally intended that
the nominal liquid level in the S-IVB-203 LH, tank be at the baffle posi-
tion at orbital insertion to derive maximum damping from the baffle

It was estimated, however, that
the liquid level could be as much as 12 inches below the baffle at thrust
termination due to possible variations in initial propellant loading and

Five tests were performed with the liquid level at the




baffle position, and six tests were conducted with the liquid level a

distance of d/R = 0. 18 below the baffle. (This corresponds approximately
to the minimum predicted S-IVB-203 liquid level at orbital insertion.)

Liquid L.evel at Baffle Position - In the tests with the liquid level at the
baffle position, it was impossible to accurately measure liquid velocities
at the wall because of the visual interference of the baffle. Therefore,
the results of this particular series of tests are purely qualitative.
Pairs of tests were conducted with and without the baffle and deflector
installed in the tank. For each pair of tests the initial energy input
(mechanism spring constant, spring deflection, and time lag from
impulse to drop) and acceleration during drop were, for all practical

purposes, identical.

Figure 14 shows selected frames from the films of two tests (2F-
19 and 2G-3) that illustrate typical results observed during this series
of tests. The Froude number in the test without the baffle was 14.6.
The Bond number in both tests was about 24. The energy conditions
were such that the maximum amplitude of the liquid in the low gravity
environment during test 2F-19 was just equal to the physical upper
limits of the tank.

As shown by Figure 14, the maximum liquid amplitude with the
baffle was considerably lower than observed in the corresponding test
without the baffle. In addition, a thin column or "spike' of liquid was
formed near the wall that subsequently flowed upward and away from
the tank wall toward the opening in the center of the deflector. The
column reached a maximum amplitude corresponding to the attachment
point of the deflector at the wall. This type of flow was typical of all
the baffled tests with the liquid surface initially at the baffle position.,
In the example shown by Figure 14, a second column of about the same
diameter as the first was formed at the opposite tank wall. The second
column did not reach an amplitude as great as the first but simply fell
across the tank and quickly re-collected with the liquid bulk. The
liquid mass contained in both columns was very small compared to the
total mass of liquid in the tank,

Presumably, the deflected column is a result of the interaction of
the liquid flowing across the top of the haffle and the liquid below the
baffle being turned upward and toward the center of the tank by the
baffle surface. It is, therefore, suspected that the orientation of the
baffle influenced the trajectory of the deflected column.
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Liquid Level Below Baffle Position - In the series of tests with the liquid
level below the baffle, the predrop slosh amplitudes were less than the
distance between the baffle and the nominal liquid level. Therefore, it
was possible to measure the liquid amplitude histories before drop and
make a quantitative evaluation of the baffle. Measured Froude numbers
in these tests ranged from about 0.561 to 11. The measured maximum
liquid amplitudes are shown in Figure 13 for comparison with the data
from the tests without the baffle. As mentioned previously, at a given
Froude number the baffle significantly reduced the maximum amplitude
in the low gravity environment.

In general, following the reduction in acceleration, the liquid would
"pile up'" under the baffle on the side of the tank toward which the sur-
face flow was moving at the time of drop. A small quantity of liquid
usually spilled around the lip of the baffle and collected between the top
surface of the baffle and the tank wall, where it remained for the dura-
tion of the low gravity period. The liquid interface around the remainder
of the circumference of the tank spread up the wall due to surface tension
and collected under the baffle with some occasional spillage over the lip.
Figure 15 shows a comparison of frames from the films of test 2F-41
(no baffle) and 2G-9 (baffle and deflector installed). The fluid motion in
the latter test was typical of the flow pattern just described. The Froude
number in both cases was about 0. 5.

Another type of flow pattern observed was very similar to that
described previously, except a column of liquid was formed that had a
trajectory toward the center opening of the deflector and a maximum
amplitude corresponding approximately to the position of the deflector.
Figure 16 shows selected frames from the film of test 2G-6 (baffle and
deflector), which-exhibited the second type of flow pattern, and test
2F-48 (no baffle). The Froude number in both tests was about 1. 3.
Based upon the very limited number of tests, the two different flow
patterns were not found to be dependent on the Froude number.

In addition to considerably reducing the maximum liquid amplitude,
the baffle was also quite effective in damping the fluid oscillations.
Figure 17 shows the amplitude histories from tests 2F-41 and 2G-9. In
the baffle test, the fluid motion at the wall in the low gravity environ-
ment was essentially dissipated after about one second, or about 0.22
times the theoretical low gravity wave period.

In both of the particular liquid-baffle geometries tested, the bulk of
the liquid was effectively contained below the baffle following a sudden
reduction in applied acceleration. The only liquid above the baffle at any
time was either that which spilled oyer the baffle and became trapped
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Baffle and Deflector
No Baffles Installed in Tank

(b) Time = +0.07 seconds (After Drop)

(c) Time = +0.17 seconds

FIG. 14. Effect of AS-203 Baffle and Deflector Configuration
on Liquid Behavior with Nominal Liquid Level at
the Baffle Position, Froude Number with No
Baffle = 14.6
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(£) Time
FIG.

Baffle and Deflector

No Baffles

= +1.23 seconds

14. Effect of AS-203 Baffle and Deflector Configuration
on Liquid Behavior with Nominal Liquid Level at
the Baffle Position, Froude Number with No
Baffle = 14.6 (Continued)



Baffle and Deflector
No Baffles Installed in Tank

(g) Time = +1.94 seconds

(h) Time = +2.44 seconds

(i) Time = +3.84 seconds

FIG. 14. Effect of AS-203 Baffle and Deflector Configuration
on Liquid Behavior with Nominal Liquid Level at
the Baffle Position, Froude Number with No
Baffle = 14.6 (Concluded)
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Baffle and Deflector
No Baffles Installed in Tank

(c) Time = +0.55 seconds

FIG. 15. Effect of AS-203 Baffle and Deflector Configuration
on Liquid Behavior with Nominal Liquid Level Below
the Baffle Position, Froude Number = 0.5



Baffle and Deflector
No Baffles Installed in Tank

(f) Time = +3.23 seconds

FIG. 15. Effect of AS-203 Baffle and Deflector Configuration
on Liquid Behavior with Nominal Liquid Level Below

the Baffle Position, Froude Number =0.5 (Concluded)
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Baffle and Deflector
No Baffles Installed in Tank

(a) Time = -0.26 seconds (Before Drop)

(c) Time = +0.51 seconds

FIG. 16. Effect of AS-203 Baffle and Deflector Configuration
on Liquid Behavior with Nominal Liquid Level
Below the Baffle Position, Froude Number = 1.3



Baffle and Deflector
No Baffles Installed in Tank

(f) Time = +2.13 seconds

FIG.

16.

Effect of AS-203 Baffle and Deflector Configuration
on Liquid Behavior with Nominal Liquid Level
Below the Baffle Position, Froude Number = 1.3
(Concluded)
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between the tank wall and the baffle surface and/or the deflected liquid
column. In either case, the quantity of liquid above the baffle was
insignificant in relation to the total contained mass.

Comparison with AS5-203 Flight Results - On the basis of the preceding
observations, it was concluded that there should not be a significant
liquid hydrogen control problem at orbital insertion of the AS-203
vehicle if the liquid level was within the expected range with respect
to the baffle., The results of the AS-203 flight, which occurred on
July 5, 1966, substantiated this conclusion. The LH, sloshing ampli-
tude and frequency measured during powered flight of the S-IVB stage
indicated a maximum possible Froude number at orbital insertion of
about 2. 3,

The major liquid flow pattern following orbital insertion, as
observed by television, appeared to be a movement of the entire liquid
surface across the tank. A column of liquid was then observed to enter
the field of view and follow a trajectory that carried it diagonally
across the tank and toward the forward dome. Portions of the column
continued forward through the center opening of the deflector and then
broke into smaller fragments that gradually fell back and re-collected
with the bulk of the liquid in the bottom of the tank. In general, the
observed liquid motion was very similar to the motion observed in the
model tests under approximately similar energy conditions (see Figure
16). A more detailed description of the AS-203 flight results is availa-
ble in Reference 10.

Shifts in Liquid Center of Gravity

The maximum shift in the liquid center of gravity following a
reduction in acceleration was determined from the liquid-vapor inter-
facc profiles measured at the time the liquid was at its maximum
amplitude. In general, as the liquid amplitude increased in the low
gravity environment, two distinct interface profiles became apparent.
One profile represents the interface in a plane passing through the
centerline of the container and perpendicular to the direction of view.
The second profile represents the inter section of the liquid-vapor
interface with the tank wall. Figure 18 illustrates the typical geometry
of these profiles when the liquid is at maximum amplitude and the
notation used in the evaluation of the results.
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FIG. 18. Nomenclature for Evaluation of Liquid Center of Gravity

To present the results in general form, only those tests were evalu-
ated in which the liquid remained totally on the cylindrical surface of the
tank, In addition, the coordinates of the center of gravity were deter-
mined only for the liquid volume above the minimum point on the low
gravity interface, Z ,i,, when the liquid was at its peak amplitude. The
volume in question is the volume bounded by the liquid-vapor interface,
the tank wall, and the xy plane. This procedure was used to make the
coordinates independent of the liquid depth and the geometry of the bottom
of the container. The center of gravity of the liquid above the xy plane
can be easily combined with the center of gravity of the liquid below the
xy plane to obtain the center of gravity of the entire liquid column for
any particular nominal liquid depth. The results should be sufficiently
accurate for most engineering purposes so long as h/R > 1.0. The
dimensionless distance, Z,,in/R, of the minimum point on the interface
below the nominal liquid level is shown as a function of Froude number
by Figure 19. As would be expected, Z,,i,/R, increases with increas-
ing Froude number.

The center of gravity of the liquid mass above the xy plane was
determined by numerical integration using the following procedure:
Let 7Z,(x) represent the equation of the upper curve and Z,(x) represent
the equation of the lower curve where 7Z;(x) and 7, (x) were determined
from a least squares polynomial curve fit of the measured coordinates
of the two curves. The shape of the intcrface on any cross section, Xp,
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Froude Number - (V}f/alR)

FIG. 19. Maximum Depth of Liquid-Vapor Interface Below Nominal
Liquid Level When Liquid is at Peak Amplitude

taken parallel to the direction of view (Section AA of Figure 18) was
assumed to be symmetrical and was approximated by a circular arc
where the contact angle boundary condition at the wall was neglected.
The liquid volume and the moments with respect to the xy and yz planes
were calculated for each increment and summed to give the total volume
and moments. Finally, the coordinates of the center of gravity refer-
enced from the point defined by the intersection of the tank centerline
with the xy plane are,

X = Myz/v (20)

Z = MXY/V (21)

A detailed description of the formulation used for evaluating the data is
given in the Appendix.

Figure 20 shows the coordinates of the center of gravity of the
liquid mass above the xy plane. It is seen that the radial shift in c.g.
position, X/R, is relatively insensitive to Froude number within the
range of conditions obtained in these particular tests. The radial
coordinate varies from about X/R = 0.39 at a Froude number of 0.03 to
X/R = 0.44 at a Froude number of 10. The axial coordinate increases
with increasing Froude number from a value of z/R = 0. 13 at a Froude
number of 0.03 to z/R = 0.27 at a Froude number of 10.
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FIG. 20. Coordinates of Liquid Center of Gravity When
Liquid-Vapor Interface is at Maximum Amplitude
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FIG. 21. Ratio of Liquid Mass Above Z,ip to the
Theoretical Sloshing Mass




Figure 21 shows the ratio of the calculated liquid mass above the
xy plane to the theoretical sloshing mass as a function of Froude number,
where the theoretical sloshing mass is determined from equation (4).
The ratio increases from about 0.45 at a Froude number of 0.03 to about
0.56 at a Froude number of 10, based on a best fit curve through the data.
Although there is some scatter of the results, the trend is obvious, and
the scatter is not particularly bad, considering some of the necessary
assumptions used in the analysis. ‘

Time to Reach Maximum Amplitude

The time required for the liquid to first attain its maximum ampli-
tude is of interest with respect to both the attitude control system and
the vent system design. This time was determined from the amplitude
versus time histories of the various tests and is expressed in the form
of the Froude number based on the average velocity of the liquid between
the time of release and the time at which the liquid reached its maximum
amplitude, that is,

Fra = (—A—%i)z /agR (22)

where t is the time in question. Figure 22 shows the Froude number
based on the measured average velocity (equation (22)) plotted as a
function of the Froude number, based on the measured velocity at
release. All values that are shown on both the ordinate and abscissa
of Figure 22, except the elapsed time, are known or can be estimated
for the particular problem of interest.

For comparative purposes, the theoretical result for uniform
linear motion is also shown on the figure. For uniform linear motion,
the average velocity over an interval of time is simply,

Ve + V;
V, = —L4+— (23)
2

that is, when the final velocity is zero, the average velocity over the
elapsed time interval is one-half of the initial velocity. Substituting
Vi/2 into equation (22) and dividing the result by the Froude number,
based on initial velocity, will show that,

Vi2/4 [ Vi?
alR alR

Fpa/F, = or Fp, = F,./4 (24)
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From Figure 22 it is seen that at Froude numbers greater than one the
measured data generally agree clasely with the theory for uniform
linear motion. At Froude numbers less than one, the relatively few
data points available indicate that the time for the liquid to reach its
maximum amplitude is shorter than the time corresponding to uniform
linear motion.
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Damping of Liquid Oscillations

The test conditions used permitted no more than one complete cycle
of motion under the low gravity environment to be observed. However,
there were several tests in which two peak amplitudes occurred on one
side of the container. From these selected tests it was possible to
obtain an indication of the damping characteristics by observing the
decreasing amplitude of the liquid oscillation. The test conditions
include initial amplitudes of 0.6R to 1.06R, Bond numbers from 57 to
95, and a nearly constant damping parameter of 5 x 10-3, For each
applicable test the peak liquid amplitude measured at half-cycle intervals
provided three data points for establishing the logarithmic decrement
(equation (10)).

The experimental decrements and values calculated from the empiri-
cal equations of Stephens (equation (16)) and Salzman (equation (15)) are
shown in Figure 23. In each case, the damping parameter has been com-
puted using the natural frequency determined from equation (6). Since
Stephens equation is valid only for large Bond numbers, and Salzman's
equation is valid only for zero or near zero Bond numbers, the logarith-
mic decrement for small amplitude oscillations and Bond numbers within
the range of these tests should lie somewhere between the two. As shown,
the measured damping is considerably greater than even Salzman's corre-
lation would predict.

The significantly higher logarithmic decrements are apparently a
function of the very large sloshing amplitudes. The logarithmic decre-
ment is shown plotted as a function of the initial low gravity sloshing
amplitude ratio in Figure 24. The figure clearly illustrates that the
damping decrement increases with increasing amplitude when the slosh-
ing amplitude is large. The best fit line through the data, when extrapo-
lated to the lower amplitudes for which most available correlations are
applicable, yields values corresponding approximately to those com-
puted from Salzman's equation.

From the limited results of this study, it was not possible to estab-
lish an empirical relationship for the effect of Bond number on damping.
It was shown, however, that if a sudden reduction in acceleration pro-
duces large amplitude sloshing, the initial damping will be quite high.

47



48




Damping Parameter, ( v/mRZ)l /2

Logarithmic Decrement - 3

0.4
)/
7
0.2 d
' /
T
4— Salzman (equation 15)
0 for Zero Bond Number

0 0.2 0.4 0.6 0.8 1.0 1.2
Initial Amplitude Ratio - {,/R

FIG. 24. Variation of the Logarithmic Decrement
with Initial Amplitude Ratio

Period of Oscillation

The period of oscillation of the liquid column under reduced gravity
conditions was evaluated from the amplitude-time traces of the various
tests by measuring, along any suitable horizontal axis, the time re-
quired to complete one full cycle of motion. Figure 25 shows three
typical amplitude-time traces to illustrate the method used to deter-
mine the wave period. Whenever possible, the wave period was mea-
sured along the zero axis (quiescent flat liquid surface) as shown by
Figure 25a. In some cases a complete cycle could not be measured
along the zero axis. However, in most tests it was possible to choose
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some other axis along which a full cycle could be measured. Figure
25b illustrates a case in which the +1.0 axis was used for reference.
No attempts were made to measure wave periods from the tests in
which no suitable axis could be established. An example of such a case
is shown in Figure 25c.

The measured wave periods as a function of Bond number are shown
in Figure 26. Also shown is the theoretical wave period as determined
from the Satterlee-Reynolds equation (6) for h/R = 0.9 and a kinematic
surface tension of 8.23 x 107 %ft3/sec? , which is the median value of sur-
face tension based upon the fluid temperatures measured during the
various tests. A more accurate comparison of the measured and theo-
retical wave periods is given by Figure 27, which shows the ratio of
the measured period to the theoretical period plotted as a function of
Bond number. In this case, the theoretical period was computed from
the actual filling height and kinematic surface tension for each test.

With two exceptions, the measured periods are within 8 percent of the
theoretical period, and the maximum deviation from the theoretical
period is only 12 percent. Furthermore, the data appear to scatter
uniformly about the theoretical value at all Bond numbers tested. That
is, there is no obvious tendency for the measured wave period to deviate
significantly from the Satterlee-Reynolds equation at either low or high
Bond numbers. Since the experimental wave periods were measured
from the first complete cycle of motion under the reduced gravity
environment and these measured data agree so closely with the theoreti-
cal period, it is concluded that, for all practical purposes, the liquid
column shifts frequency instantaneously with changes in apparent gravita-
tional field.

CONCLUSIONS

The results of this study indicate that, for Froude numbers from
about 0.03 to 14 in combination with Bond numbers from 24 to 100, the
maximum amplitude of a fundamental mode antisymmetric slosh wave
following a sudden reduction in acceleration is uniquely dependent on
the Froude number and increases with increasing Froude number accord-
ing to the expression

AL, /R = 0.99 (Fr)[0'018 m(Fr) +0.177]
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The energy conditions predicted to exist in the S-IVB-203 LH, tank
at orbital insertion without the baffle and deflector in the tank (Froude
number = 19.3) were sufficient to produce amplification of the slosh
wave to the top of the model tank forward dome for at least two succes-
sive cycles of motion in the low gravity environment. Over the range of
Froude numbers studied, the corresponding amplitudes in unbaffled tanks
were generally such that the use of auxiliary devices for reducing the
propellant motions should be considered in practical applications.

A single ring baffle with a width-to-tank radius ratio of 0. 16, posi-
tioned either at or slightly above the nominal liquid surface, was highly
effective in reducing slosh wave amplification and damping the low gravity
liquid motion. Although baffles are not normally required in upper stage
vehicles for purposes of guidance and control during powered flight, they
have definite merit for low gravity propellant control.

The general nature of the liquid behavior in model tests using an
S-IVB-203 baffle and deflector configuration was very similar to that
observed in the LH, tank of the AS-203 vehicle immediately following
orbital insertion.

In an unbaffled tank, the maximum center of gravity shift, which
occurred when the liquid was at its peak amplitude, increased in both
the radial and axial directions with increasing Froude number. For
liquid depths, h/R 2 1.0, the radial coordinate of the center of gravity
of the liquid mass above the lowest point on the liquid-vapor interface
is determined from the expression, x/R = 0.0065 fn (F.) + 0.425. The
axial coordinate is given by z/R = 0.025 In(F.) + 0.22 where the point
of reference of x and z is defined by Figure 18.

The time required for the liquid to attain its maximum amplitude
was found to be dependent on the Froude number. At Froude numbers
greater than 1.0 the measured time agreed well with the time corre-
sponding to uniform linear motion.

When large amplitude sloshing occurs in a low gravity environment,
the initial natural damping is considerably higher than predicted by
available damping correlations. The logarithmic decrement exhibits an
apparent amplitude dependence, increasing with increasing amplitude.

For all practical purposes, the frequency of oscillation of the liquid
column shifts instantaneously with changes in the applied acceleration.
The measured wave period of the first cycle of motion following a reduc-
tion in acceleration agrees with the Satterlee-Reynolds equation within
+ 8 percent at all Bond numbers within the range 24 to 100.
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APPENDIX

DESCRIPTION OF EQUATIONS FOR CALCULATING
LIQUID CENTER OF GRAVITY

The maximum shift in the liquid center of gravity following a reduc-
tion in acceleration has been determined from the liquid-vapor interface
profiles measured at the time the liquid was at its maximum amplitude.
In general, as the liquid amplitude increased in the low gravity environ-
ment, two distinct interface profiles became apparent. One profile is
that which represents the interface in a plane passing through the center-
line of the container and perpendicular to the direction of view. The
second profile is that which represents the intersection of the liquid-
vapor interface with the tank wall as the liquid rises and spreads
around the wall into and away from the line of sight due to surface ten-
sion. Figure 18 illustrates the typical geometry of these profiles at
maximum amplitude and indicates the notation used in the evaluation of
the results. The following procedure was used to evaluate the test
results.,

Let 7 (x) represent the equation of the upper curve and Z, (x)
represent the equa;cion of the lower curve, where Z;(x) and 7, (x) were
determined from a least squares polynomial curve fit of the measured
coordinates of the two curves. The shape of the interface on any cross
section, x,, taken parallel to the direction of view was assumed to be
symmetrical and was approximated by a circular arc where the contact

angle boundary condition at the wall was neglected. The depth, H, of
the circular section was evaluated as,

H = 7 (x)- 2, (xp) (A1)
and the semi-chord length of the circular arc is
1
L= (3% - x2)° (A2)
The radius, r, of the circular section is,

r =(H? + L?%/2H (A3)
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The volume of the crosshatched area of thickness, Ax, shown in
Section AA of Figure 18 is,

Avg ={2LH - r? tan~'[L.fr-H)]- (r - H)L }Ax (A4)

and the volume of the rectangular section between 7 nin and 7, (xn) is
simply

AvR = ZL[ZZ(XH) - Zmin]AX (A5)

The total liquid volume above the xy plane

<
n
MZ

(Avg + AVR) (A6)

=
i
—

Summing the moments of the Az elements from 7, to 7Z; provides the
contribution of the cross hatched volume of the section at x, to the
total moment with respect to the xy plane,

1
(AMxyls={ Z2[(7; - Zmin) + hz][ L - 2rhy - hy?)?] Az} Ax (A7)
The moment of the rectangular volume with respect to the xy plane is,

(AMxy)R =L [Z,(xn) - Zmin]? Bx (A8)

The moment of the entire liquid section at x, with respect to the xy plane
is,

AMyy = (AMXY)S+(AMXy')R (A9)
The moment of the section with respect to the yz plane is,

AI\‘IyZ = xpn(Avg + AvR) (A10)
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The total moment with respect to the xy plane becomes,

N
Myy = 2, (BMyy) (Al1)
n=1

and the total moment with respect to the yz plane is,

N
Myz = E (AMyz) (A12)
n=1

Finally, the coordinates of the center of gravity referenced from the
point defined by the intersection of the tank centerline with the xy plane
are,

%l
n
<
~
4

yz (A13)

nl
1

= Mxy/v (A14)
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