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TECHNICAL MEMORANDUM X-53542 

ORBITAL INVESTSGATION OF PROPELLANT DYNAMICS 

I N  A LARGE ROCKET BOOSTER 

H. J. Buchanan and F. M. Bugg 

George C. Marshall Space F l i g h t  Center  

Huntsvi l le  , Alabama 

ABSTRACT 

Experimental d a t a  on the dynamics of l i q u i d  hydrogen i n  the 6.6m 
(260 i n )  diameter tank of a n  S-IVB s t a g e  dur ing  boos t ,  a t  S-IVB s t a g e  
c u t o f f ,  and i n  o r b i t  are presented. For the  boos t  phase of f l i g h t ,  t he  
ampli tude of the  s lo sh ing  l i q u i d  decreased from approximately .25 m 
(10 in)  a t  t h e  beginning of S-IVB s t a g e  boos t  t o  a minimum of about  
.038 m (1.5 in )  as the l i q u i d  leve l  moved p a s t  the b a f f l e .  The f r e -  
quency during the  S-IVB s t a g e  engine burn increased  from approximately 
.44 cycles  pe r  second t o  .70 cycles per  second and showed good agree-  
ment w i th  pred ic ted  va lues .  

During o r b i t a l  coas t ,  periods of the  l i q u i d  hydrogen o s c i l l a t i o n  
were measured through a range of  a c c e l e r a t i o n s  from 8.0 x go t o  
4 . 4  x lo'* go. Per iod d a t a  taken whi le  t he  a c c e l e r a t i o n  was vary ing  
w i t h  time d id  not  agree  w i t h  e i t h e r  the  p red ic t ed  n a t u r a l  o r  coupled 
per iods .  Nearly s t e a d y - s t a t e  condi t ions ex i s t ed  f o r  the  8.0 x go 
a c c e l e r a t i o n  and the  300 s e c  t o  330 s e c  s l o s h  per iods  measured a t  t h i s  
a c c e l e r a t i o n  were c lose  t o  the  predicted va lue  of 315 sec. The good 
agreement between experiment and "high-g" theory (i.e.,  theory  neglec t -  
ing s u r f a c e  t ens ion  and con tac t  angle  e f f e c t s )  a t  t h i s  very  low accel- 
e r a t i o n  tends t o  v e r i f y  the  v a l i d i t y  of Bond number as a c r i t e r i o n  f o r  
de f in ing  "high-g" condi t ions wi th  regard t o  l i q u i d  s losh ing .  
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DEFINITION OF SYMBOLS 

D e f i n i t i o n  

l i q u i d  l e v e l ,  meters  ( inches)  - measured from tank bottom 

second s t a g e  burn time, seconds 

time a f t e r  l i f t o f f ,  seconds 

long i tud ina l  a c c e l e r a t i o n  of v e h i c l e  

9.8 m/sec2 (32.17 f t lsec ' )  

frequency, cycleslsecond 

peak-to-peak amplitude,  meters  ( inches)  

damp ing r a t  i o  

per iod ,  seconds 

Bond number, ar2/ (a/ p) 

tank rad ius  

l i q u i d  s u r f a c e  tens ion  

l i q u i d  d e n s i t y  

iv 
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ORBITAL INVESTIGATION OF PROPELLANT DYNAMICS 

I N  A LARGE ROCKET BOOSTER 

SUMMARY 

Experimental d a t a  on the  dynamics of l i q u i d  hydrogen i n  the  6 . 6  m 
(260 i n )  diameter tank of a n  S-IVB s t age  during boos t ,  a t  S-IVB s t a g e  
c u t o f f ,  and i n  o r b i t  a r e  presented.  For the  boos t  phase  of f l i g h t ,  t h e  
ampli tude of the  s lo sh ing  l i q u i d  decreased from approximately .25 m 
(10 i n )  a t  the beginning of S-IVB s t age  boos t  t o  a minimum of about  
.038 m ( 1 . 5  i n )  as the l i q u i d  l eve l  moved p a s t  t he  b a f f l e .  The f r e -  
quency during the  S-IVB s t a g e  engine burn increased from approximately 
.44 cycles  p e r  second t o  .70 cycles  per  second and showed good agree-  
ment w i t h  pred ic ted  va lues .  

During o r b i t a l  coas t ,  per iods of the l i q u i d  hydrogen o s c i l l a t i o n  
were measured through a range of acce le ra t ions  from 8 . 0  x go t o  
4 . 4  x Period d a t a  taken while t he  a c c e l e r a t i o n  was varying 
wi th  t i m e  d id  not  a g r e e  wi th  e i t h e r  the  pred ic ted  n a t u r a l  o r  coupled 
per iods .  Nearly s t e a d y - s t a t e  condi t ions e x i s t e d  f o r  t h e  8 . 0  x go 
a c c e l e r a t i o n  and the  300 s e c  t o  330 sec s l o s h  per iods measured a t  t h i s  
a c c e l e r a t i o n  were c lose  t o  the  predicted va lue  of 315 sec. The good 
agreement between experiment and "high-g" theory ( i . e . ,  theory neglec t -  
ing s u r f a c e  tens ion  and contac t  angle e f f e c t s )  a t  t h i s  very  low accel- 
e r a t i o n  tends t o  v e r i f y  the  v a l i d i t y  of  Bond number as a c r i t e r i o n  f o r  
de f in ing  "high-g" condi t ions  w i t h  regard t o  l i q u i d  s lo sh ing .  

go. 

I. INTRODUCTION 

Space f l i g h t s  t o  the moon o r  f u r t h e r  space exp lo ra t ions  w i l l  have 
as miss ion  p r o f i l e s  wai t ing  o r b i t s  or  o the r  engine-off low g r a v i t y  coas t  
per iods  a f t e r  which the  engine must be r e s t a r t e d .  
f l i g h t s ,  t he  p rope l l an t  dynamics i n  low g r a v i t y  must be understood and 
con t ro l l ed .  P rope l l an t  dynamics problems occur i n  the  fol lowing phases  
of  f l i g h t :  

To accomplish such 

(1) Boost 

(2)  Engine cu tof f  ( t r a n s i t i o n  from high  t o  low a c c e l e r a t i o n  
environment ) 

( 3 )  Orbi t .  



Several a n a l y t i c a l  i nves t iga t ions  have been made of low g r a v i t y  f l u i d  
dynamics (see r e f s .  1-4). Some experimental  i n v e s t i g a t i o n s  have been made 
i n  which low g r a v i t y  condi t ions were s imulated i n  t e s t s  on the  ground; the  
r e s u l t s  of one of these  a r e  presented i n  re ference  1. A Saturn  I B  l i q u i d  
hydrogen o r b i t a l  experiment has been performed t o  eva lua te  the hydrogen 
ven t  and engine r e s t a r t  systems of the S-IVB s t a g e  i n  a n  o r b i t a l  environ- 
ment ( r e f s .  5 -7 ) .  A s  a p a r t  of t h i s  experiment, data concerning the  pro- 
p e l l a n t  ( l i qu id  hydrogen) dynamics i n  t h e  s-IVB s t a g e  during boos t ,  a t  
S-IVB s t age  engine c u t o f f ,  and i n  o r b i t  were obtained.  These d a t a  a r e  
unique with regard t o  the  tank s i z e ,  a c c e l e r a t i o n  range,  and t e s t  dura- 
t i o n  f o r  which they were obtained.  This r e p o r t  p re sen t s  these  p r o p e l l a n t  
dynamics data and compares them wi th  the  r e s u l t s  of a n a l y t i c a l  i nves t iga -  
t ions . 

11. DISCUSSION 

A. A p p a r a t u s  

The experiment w a s  conducted i n  an  S-IVB s t a g e  which was  launched 
July 5 ,  1966, by the Sa turn  IE f l i g h t  designated A S - 2 0 3 .  Figure 1 shows 
the  S-IVB s t a g e  l i q u i d  hydrogen tank and the loca t ions  of the p rope l l an t  
u t i l i z a t i o n  probe, thermocouples, and l iquid-vapor  sensor .  The p rope l l an t  
u t i l i z a t i o n  probe w a s  a capaci tance type of l i q u i d  l e v e l  sensor  designed 
t o  operate  during the high a c c e l e r a t i o n  of boos t ,  b u t  no t  t o  ope ra t e  a t  
the  l o w  a c c e l e r a t i o n  l e v e l s  i n  o r b i t .  The thermocouples and l i q u i d  vapor 
sensor  shown were those which gave p rope l l an t  dynamics da ta  i n  o r b i t .  
Figure 2 shows the o v e r a l l  dimensions of the tank, d e f l e c t o r ,  and b a f f l e ,  
and a l s o  the loca t ion  of the t e l e v i s i o n  camera. The photographs i n  f i g -  
ure  7 show the po r t ion  of the tank viewed wi th  the  t e l e v i s i o n  and ind i -  
c a t e  t h a t  a l a r g e  p a r t  of the tank w a l l  w a s  blocked from view by the 
d e f l e c t o r  and b a f f l e .  The l i n e s  on the tank w a l l  were .61 m (24 i n )  
apa r t .  

Detai led desc r ip t ions  of the  ins t rumenta t ion  can be found i n  
re ference  6. A l l  da t a  were te lemetered t o  the ground. 

B. Resul ts  

The p rope l l an t  dynamics da t a  from the l i q u i d  hydrogen o r b i t a l  
experiment a r e  presented f o r  the boos t ,  i n j e c t i o n ,  and o r b i t  phases of 
the  vehic le  f l i g h t .  I n  gene ra l ,  amplitudes and frequencies  were measured 
f o r  the  s loshing l i q u i d  during boos t  and i n  o r b i t .  
t o  the a c c e l e r a t i o n  change a t  the second s t a g e  engine cu to f f  is presented 
based on v i s u a l  d a t a  from video  tape.  

The p rope l l an t  r e a c t i o n  



. 
1. Boost 

P rope l l an t  s lo sh ing  during boos t  must be minimized t o  keep 
con t ro l  d i s turbances  small and t o  prevent severe  u n s e t t l i n g  of the  pro- 
p e l l a n t  a t  engine cu to f f  (during t r a n s i t i o n  from the h igh  a c c e l e r a t i o n  
of boos t  t o  the  low a c c e l e r a t i o n  environment of o r b i t ) .  The S-IVB s t a g e  
has  a b a f f l e  i n s t a l l e d  t o  minimize t h i s  s lo sh ing  a t  the  end of S-IVB 
f irst  burn t o  e l imina te  o r  reduce the a g i t a t i o n  of l i q u i d  due t o  t r a n s i -  
t i o n  from high t o  low acce le ra t ion .  
u t i . l i z a t i o n  probe were used t o  determine the  s l o s h  amplitude a t  the 
probe and the  frequency. The loca t ion  of the maximum s l o s h  amplitude 
was  es t imated from the  t e l e v i s i o n  record and used wi th  the  assumption 
t h a t  t h e  s l o s h  wave was f i rs t  mode to  determine the  maximum amplitude 
a t  the  w a l l .  Since no a t t e n u a t i o n  f a c t o r  w a s  used and s i n c e  the  loca-  
t i o n  of maximum ampli tude was estimated, the  ampli tude d a t a  are approxi- 
mate. However, the v ideo  tape of the p r o p e l l a n t  during second s t a g e  
boos t  tends t o  confirm that the  amplitudes presented are c o r r e c t .  

The d a t a  from the  p r o p e l l a n t  

The s l o s h  amplitude a t  the probe and the  maximum amplitude 
a t  the w a l l  are presented i n  f i g u r e  3 with  the damping predic ted  f o r  the  
d e f l e c t o r  and b a f f l e .  (The damping values  a r e  from re fe rence  9.)  Fig- 
u re  3 shows a rap id  decrease  i n  s l o s h  ampli tude during the f i r s t  80 sec-  
onds of second s t a g e  boost ,  and minimum poin ts  i n  the  amplitude curves 
a t  about  143 seconds and 265 seconds. Figure 4 shows t h a t  the  l i q u i d  
s u r f a c e  was i n  con tac t  w i t h  t h e  curved po r t ion  of the  tank w a l l  f o r  
approximately the  f i r s t  80 seconds of second s t a g e  boos t ,  and the s u r -  
f a c e  was near  t he  d e f l e c t o r  and b a f f l e  when the  minimum amplitudes 
occurred.  During the  l as t  few seconds of second s t a g e  burn,  while  the  
l i q u i d  s u r f a c e  was below the  b a f f l e ,  a sha rp  inc rease  i n  s lo sh ing  
ampli tude occurred. To prevent  t h i s  amplitude bui ld-up,  the b a f f l e  
should be loca ted  so that the  l i q u i d  s u r f a c e  a t  cu to f f  is above and 
very  near  the  b a f f l e .  

The frequency during second s t a g e  boos t  increased from 
approximately .44 cycles  p e r  second t o  .70 cycles  per  second as shown 
i n  f i g u r e  5. 
experimental  va lues .  The second s t age  a c c e l e r a t i o n ,  shown i n  f i g u r e  6 ,  
w a s  used w i t h  high-g theory  ( r e f .  8 )  t o  c a l c u l a t e  t he  pred ic ted  n a t u r a l  
and coupled s l o s h  f requencies  of f igu re  5. These a c c e l e r a t i o n s  are the  
p r e f l i g h t  pred ic ted  va lues  and a r e  near ly  the same as the  a c c e l e r a t i o n s  
which ex i s t ed  i n  f l i g h t .  

The predic ted  frequencies  were i n  good agreement w i t h  these  

2. Engine Cutoff 

The k i n e t i c  energy i n  the s lo sh ing  p rope l l an t  a t  the end 
of boosted f l i g h t  is the  main source of energy f o r  the l i q u i d  dynamics 
a t  cu to f f .  As discussed  i n  re ference  9, t h i s  energy from boos t  s l o s h  



can r e s u l t  i n  l a r g e  amplitude s losh ing  o r  spraying of the  l i q u i d  when 
the  a c c e l e r a t i o n  is d r a s t i c a l l y  reduced, as a t  engine c u t o f f .  

In  the SA-203 f l i g h t  second s t a g e  engine cu to f f  occurred 
a t  about  435.5 seconds a f t e r  l i f t o f f .  
oxygen tank, begun .2 second a f t e r  c u t o f f ,  provided a n  a c c e l e r a t i o n  of 
approximately 2.0 x 
the  tank bottom. The sequence of photographs i n  f i g u r e  7 ,  taken from 
the v ideo  tape ,  shows p a r t  of the  p rope l l an t  dynamics a t  c u t o f f .  A t  
t = 422 seconds, the l i q u i d  s u r f a c e  appeared t o  be smooth and r i p p l e -  
f r e e  s o  t h a t  the bottom of the l i q u i d  hydrogen tank w a s  c l e a r l y  v i s i b l e .  
Shor t ly  a f t e r  c u t o f f ,  t = 442 seconds,  t he  l i q u i d  s u r f a c e  was covered 
wi th  small r i p p l e s .  A t  t = 474 seconds a geyser  of l i q u i d  was i n  view 
moving from l e f t  t o  r i g h t .  A t  t = 495 seconds the  l i q u i d  was  r e tu rn ing  
t o  the  tank bottom. The fol lowing observat ions were made from the  v ideo  

Propuls ive  ven t ing  of t he  l i q u i d  

go which tended t o  keep the  l i q u i d  hydrogen i n  

tape : 

(1 1 The l i q u i d  wetted the b a f f l e  two seconds a f t e r  
engine c u t o f f .  

( 3 )  

( 4 )  

The l i q u i d  s u r f a c e  moved f i r s t  t o  the  l e f t  of 
the  t e l e v i s i o n  view, then the geyser  (shown i n  
f i g u r e  7 a t  t = 474 seconds) came i n t o  view 
moving up and t o  the  r i g h t .  The geyser  appeared 
t o  be above the d e f l e c t o r  a t  2 3  seconds a f t e r  
cu tof f  . 

3 .  Orbi t  

Knowledge of fo rces  and moments exer ted  on a n  o r b i t i n g  
v e h i c l e  by the  s lo sh ing  p r o p e l l a n t  is e s s e n t i a l  t o  the design of e f f i -  
c i e n t  a t t i t u d e  con t ro l  systems. P rope l l an t  s lo sh ing  frequency and a m p l i -  
tude a r e  important f a c t o r s  i n  determining these  fo rces  and moments. The 
a c c e l e r a t i o n ,  tank s i z e ,  and p rope l l an t  p rope r t i e s  a r e  among the  f a c t o r s  
which def ine  s l o s h  frequency. 

The upward movement of l i q u i d  stopped about  58 sec-  
onds a f t e r  cu to f f  and the l i q u i d  from the  geyser  
began t o  r e s e t t l e .  

A t  157 seconds a f t e r  c u t o f f ,  the  p r o p e l l a n t  w a s  
aga in  below the b a f f l e  and apparent ly  s e t t l e d  i n  
the  tank bottom. Magni f ica t ion  of the  s l o s h  
amplitude occurred as expected and was success-  
f u l l y  con t ro l l ed  by the  use of b a f f l e ,  d e f l e c t o r  
and oxygen v e n t  t h r u s t .  

4 



. 
Longitudinal a c c e l e r a t i o n  of the o r b i t i n g  S-IVB s t a g e  was  

provided p r imar i ly  by propuls ive vent ing of the  oxygen and hydrogen 
tanks.  A record of the  longi tudina l  a c c e l e r a t i o n  f o r  the  o r b i t i n g  
S-IVB is shown i n  f i g u r e  8. These a c c e l e r a t i o n s ,  taken from re fe rence  6 ,  
a r e  computed va lues  based on the vent nozzle  c h a r a c t e r i s t i c s  and the  pro- 
per t ies  of the  vapor being vented.  The a c c e l e r a t i o n  sp ike  near 
t = 6000 seconds i n  f i g u r e  8 was produced by a f u e l  l ead , - and  the  near 
zero a c c e l e r a t i o n  a t  11,000 seconds was achieved by c los ing  the vents .  

A t  the  end of each o r b i t ,  as the  v e h i c l e  was  passing Over 
the  United S t a t e s ,  a r e l a t i v e l y  la rge  a c c e l e r a t i o n  was  imposed on the 
v e h i c l e  f o r  a s h o r t  per iod of time. This r e s u l t e d  i n  the  s e r i e s  of 
sma l l e r  sp ikes  shown i n  f i g u r e  8. Because of the s h o r t e r  per iod assoc-  
i a t e d  w i t h  t h i s  h igher  acce le ra t ion ,  and the longer  recording times 
a f fo rded  by the  overlapping ground s t a t i o n s ,  most of the  s lo sh ing  
per iod  measurements were taken during these  sp ikes .  Poin ts  a t  which 
the  thermocouples and l iquid-vapor  sensors  ind ica ted  s l o s h  a r e  ind ica t ed  
by t h e  f i l l e d  symbols. 

The Bond number i s  a r a t i o  of body forces  t o  cohesive 
fo rces  and is used i n  de f in ing  low g r a v i t y  regimes. The Bond number 
v a r i a t i o n  wi th  f l i g h t  t i m e  is shown i n  f i g u r e  9. The tank r ad ius  was 
s e l e c t e d  f o r  the  c h a r a c t e r i s t i c  dimension. For the  l i q u i d  hydrogen, 
a kinematic  s u r f a c e  tens ion ,  alp, of approximately 26.76 cm3/sec2 was 
assumed. The r e s u l t i n g  f i g u r e  i s  s imilar  t o  f i g u r e  8 from which the  
a c c e l e r a t i o n  va lues  were taken. I n  gene ra l ,  the  Bond number was above 
100 f o r  most of the  f l i g h t ,  and a l l  measurements were made a t  Bond 
numbers g r e a t e r  than 300. 

Figure 10  shows the  output  of a thermocouple and a l i q u i d  
vapor sensor  a t  a p a r t i c u l a r  loca t ion .  These curves a r e  t y p i c a l  of 
those used t o  determine the  s loshing per iods .  

The s l o s h  per iods measured during o r b i t a l  coas t  a r e  pre-  
sen ted  i n  f i g u r e  11 as a func t ion  of l ong i tud ina l  a c c e l e r a t i o n ,  a /go.  
For comparison, a t h e o r e t i c a l  na tura l  per iod and a t h e o r e t i c a l  coupled 
per iod a r e  shown. The n a t u r a l  period w a s  ca l cu la t ed  using the  l i n e a r  
p o t e n t i a l  theory developed i n  re ference  8 f o r  tanks of a r b i t r a r y  s h a p e ,  
and does no t  inc lude  the e f f e c t s  of s u r f a c e  tens ion ,  contac t  ang le ,  
o r  v i s c o s i t y .  Since f o r  the Bond numbers under cons ide ra t ion ,  t h i s  
theory  g ives  e s s e n t i a l l y  the same frequencies  as the theory of S a t t e r l e e  
and Reynolds (ref. 2), which does inc lude  s u r f a c e  t ens ion  and con tac t  
ang le ,  it w a s  thought t o  be more accura te  f o r  t h i s  tank s h a p e .  The 
va lues  f o r  coupled per iod were obtained from a f l i g h t  s imula t ion  which 
included the  con t ro l  system, the r i g i d  body dynamics of the  v e h i c l e ,  
and a spring-mass s l o s h  model, This s l o s h  model was a l s o  based on the  
l i n e a r  p o t e n t i a l  theory of re ference  8 .  A more d e t a i l e d  d i scuss ion  of 
t h i s  a n a l y s i s ,  including the equations used and some t y p i c a l  r e su l t s ,  
can be found i n  r e fe rence  9.  
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Together, f i g u r e s  8 and 11 seem t o  i n d i c a t e  t h a t  the  
s l o s h  frequency is  s t r o n g l y  inf luenced by the  time r a t e  of change of 
l ong i tud ina l  acce le ra t ion .  
l i t t l e  s c a t t e r  and match very  c l o s e l y  the t h e o r e t i c a l  n a t u r a l  per iod.  
On the  other  hand, da t a  f o r  d ( a / g o ) / d t  P 0, showed much more s c a t t e r  
and ind ica ted  per iods s u b s t a n t i a l l y  s h o r t e r  than e i t h e r  of the  predic-  
t i o n s .  The usual  procedure f o r  s l o s h  c a l c u l a t i o n s ,  i n  gene ra l ,  has 
been t o  ignore the  e f f e c t  of d ( a / g o ) / d t  and, as ind ica t ed  i n  f i g u r e  5,  
t h i s  has  proved t o  be adequate f o r  the high-g case.  Since,  under low-g 
condi t ions ,  the f l u i d  r e a c t s  more s lowly,  the  frequency cannot change 
qu ick ly  enough t o  compensate f o r  a r a p i d l y  changing long i tud ina l  
acce le ra t ion .  
ca l cu la t ions  , t h i s  e f f e c t  should be included. The good agreement 
between experiment and theory a t  a /go  = 8.0 x 
t o  v e r i f y  the  importance of Bond number i n  de f in ing  "high-g" condi t ions  
wi th  regard t o  l i q u i d  s lo sh ing .  The "high-g" theory of r e fe rence  9 
( i . e .  , theory neglec t ing  s u r f a c e  tens ion  and con tac t  angle  e f f e c t s )  
gave good p red ic t ions  of s lo sh ing  per iod a t  these  high Bond numbers 
even a t  t h i s  very low a c c e l e r a t i o n  l e v e l .  

Data taken f o r  d (a /go ) /d t  = 0 e x h i b i t  very  

The da ta  presented here  seem t o  show t h a t  f o r  low-g 

i n  f i g u r e  11 tends 

The a x i a l  d i s t ances  between thermocouple and mean l i q u i d  
l e v e l  ( f igu re  1 2 )  f o r  the  thermocouples which gave period d a t a  va r i ed  
from about .076 (3 i n )  t o  .56 m (22in) .  There w a s  no t ,  however, su f -  
f i c i e n t  data  to  determine e i t h e r  the  amplitude o r  d i r e c t i o n  of the  
s lo sh ing  motion. From the t e l e v i s i o n  record of the  o r b i t a l  f l i g h t ,  
some motions of the l i q u i d  were d i s c e r n i b l e  b u t ,  because the l i q u i d  a t  
the  tank w a l l  w a s  not  i n  view, i t  w a s  impossible t o  determine amplitudes 
o r  v e r i f y  the  per iod da ta .  

CONCLUSIONS 

For the boost  phase of f l i g h t ,  the  amplitude of the  s lo sh ing  
l i q u i d  decreased from approximately .25 m (10 i n )  a t  the  beginning of 
S-IVB s t age  boos t  t o  a minimum of about  .038 m (1.5 i n )  as the l i q u i d  
l e v e l  moved p a s t  the  a n t i - s l o s h  b a f f l e .  The frequency during the  S-IVB 
s t a g e  engine burn increased from approximately .44 cycles  per  second t o  
.70 cycles  p e r  second and showed good agreement wi th  pred ic ted  va lues .  

During o r b i t a l  coas t ,  per iods of the l i q u i d  hydrogen o s c i l l a t i o n  
were measured through a range of a c c e l e r a t i o n s  from 8.0 x 10'' t o  
4.4 go. Period da ta  ta.ken while  the a c c e l e r a t i o n  w a s  varying 
wi th  time d id  not  agree  wi th  e i t h e r  the pred ic ted  n a t u r a l  o r  coupled 
per iods .  
acce le ra t ion ,  and the  300 second t o  330 second s l o s h  per iods measured 
a t  this  a c c e l e r a t i o n  were c lose  t o  the pred ic ted  va lue  of 315 seconds. 

g0 

Nearly s t eady- s t a t e  condi t ions  ex i s t ed  f o r  the 8.0 x l o m 5  
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The good agreement between experiment and "high-g" theory ( i . e . ,  theory 
neg lec t ing  su r face  tens ion  and contact  ang le  e f f e c t s )  a t  t h i s  very  l o w  
a c c e l e r a t i o n  tends t o  v e r i f y  the  importance of Bond number i n  de f in ing  
"high-g" condi t ions wi th  regard t o  l i qu id  s lo sh ing .  

For v e r i f i c a t i o n  of theory including the  e f f e c t s  of s u r f a c e  t ens ion  
and con tac t  angle ,  experiments i n  low g r a v i t y  and a t  low Bond number 
(.l < Bo < 100) a r e  required.  Experience gained i n  the  p re sen t  i n v e s t i -  
g a t i o n  would make i t  poss ib l e  t o  loca te  the  ins t rumenta t ion  i n  such a 
way that accura t e  measurements of amplitude and i n t e r f a c e  shape could 
be obtained i n  a d d i t i o n  t o  the  frequency da ta .  I f  experimental  v e r i f i c a -  
t i o n  of  the  low g r a v i t y  a n a l y t i c a l  too ls  could be achieved, accu ra t e  
p red ic t ions  of the i n t e r a c t i o n  of the v e h i c l e  con t ro l  system - w i t h  pro- 
p e l l a n t  dynamics would be poss ib l e  f o r  a l l  phases of f u t u r e  v e h i c l e  
f l i g h t s .  
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