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c TECHNICAL MEMORANDUM X- 5 3 5 6 1 

AN ORBITAL FACILITY FOR LOW GRAVITY F’LUID MECMNICS EXPERIMENTS 

SUMMARY 

A r o t a t i n g ,  cable-connected space l abora to ry  f o r  conducting exten-  
s ive low g r a v i t y  f l u i d  mechanics experiments i s  descr ibed .  The advan- 
t ages  of the va r ious  types of e x i s t i n g  experimental  f a c i l i t i e s  are 
d iscussed  i n  terms of the  proposed f a c i l i t y .  E x i s t i n g  low-g s losh ing  
d a t a  are reviewed. The a d d i t i o n a l  information needed is ou t l ined ,  and 
a s e r i e s  of experiments f o r  ob ta in ing  t h i s  information is  .proposed. 

I. INTRODUCTION 

I n  the  p a s t ,  problems r e l a t i n g  t o  t h e  dynamics of l i q u i d  p r o p e l l a n t s  
i n  the  tanks of space v e h i c l e s  have occurred dur ing  the  boos t  phase  of 
f l i g h t  where body fo rces  caused by v e h i c l e  a c c e l e r a t i o n s  predominate. 
More r e c e n t l y ,  w i t h  the  in t roduc t ion  of l a r g e  upper s t a g e s  designed t o  
restart  a f t e r  a n  extended per iod  i n  d r b i t ,  i n t e r e s t  i n  l i q u i d  p r o p e l l a n t  
dynamics under low g has increased.  S ince  the  predominant f o r c e  d i s t u r b -  
ing  the  v e h i c l e  a t t i t u d e  is  expected t o  a r i s e  from p r o p e l l a n t  s l o s h i n g ,  
t he  s i z i n g  of the  a t t i t u d e  cont ro l  engines  and their  p r o p e l l a n t  supply  
cannot be done proper ly  wi thout  an accu ra t e  luw g s l o s h  model.. This is  
e s p e c i a l l y  t r u e  f o r  long dura t ion  mis s ions ,  s i n c e  e r r o r s  i n  p r o p e l l a n t  
consumption p red ic t ions  w i l l  tend t o  accumulate. For these  and o t h e r  
reasons ,  it i s  expected that the  dynamics of l i q u i d s  i n  the  l o w  g r a v i t y  
environment w i l l  have a n  important e f f e c t  on the  con t ro i  of t he  space 
v e h i c l e  during o r b i t a l  coas t ,  t r ansp lane ta ry  c o a s t ,  docking,and r e f u e l i n g  
maneuvers. 

11. AVAILABILITY OF INFORMATION 

The body of knowledge concerning any phys ica l  phenomenon is com- 
posed of experimental  observa t ions  and a n a l y t i c a l  formula t ions .  Ne i the r  
of t hese  parts is s u f f i c i e n t  a lone;  they  complement each o t h e r .  Experi-  
mental  d a t a  are necessary  i f  mathematical models are t o  be  formulated 
and v e r i f i e d ,  b u t  i f  a completely experimental  approach is taken,  the  
amount of t e s t i n g  involved soon becomes p r o h i b i t i v e .  



Low g r a v i t y  experiments i n  f l u i d  dynamics have been conducted us ing  

A f o u r t h  technique,  cance l ing  the  g r a v i t y  f o r c e s  wi th  
t h r e e  techniques: very  small models under one "g"; f r e e - f a l l  f a c i l i t i e s ;  
and f l i g h t  tes ts .  
a magnetic f i e l d ,  has been proposed. 
t y p i c a l  ground-based f a c i l i t i e s  f o r  s imula t ing  low g r a v i t y  cond i t ions .  
Only three  drop towers a r e  l i s t e d  i n  t a b l e  1, b u t  t hese  a r e  r ep resen ta -  
t i v e  of the f a c i l i t i e s  i n  ope ra t ion  i n  t h i s  country.  The l a r g e s t  is the  
MSFC drop tower, which has  a f r e e - f a l l  per iod  of approximately 4 1 / 2  
seconds and acconunodates models w i t h  diameters  up t o  15 cm. The North 
American Aviat ion tower is r e p r e s e n t a t i v e  of most p r i v a t e l y  owned f a c i l -  
i t i e s  El], w h i l e  t he  Lewis double pass  drop tower r e p r e s e n t s  t h e  most 
s o p h i s t i c a t e d  concept y e t  t o  be developed. Drop towers have the  advan- 
tage  of being r e l a t i v e l y  inexpensive;  t h e i r  major disadvantage is t h e  
ve ry  s h o r t  tes t  t i m e  a f forded .  I f  drag is d is regarded ,  t h e  f r e e - f a l l  
time produced is given i n  terms of drop h e i g h t ,  h ,  and a c c e l e r a t i o n  due 
t o  g r a v i t y ,  go, by the  express ion  t = <h/go. From t h i s  r e l a t i o n s h i p ,  we 
can s e e  t h a t  ve ry  g r e a t  he igh t s  a r e  necessary  i f  more than a few seconds 
of f r e e  f a l l  a r e  t o  be produced. Another type of f r e e - f a l l  f a c i l i t y  uses 
a n  a i r c r a f t  f l y i n g  a pa rabo l i c  a r c .  Severa l  types of a i r c r a f t  have been 
used f o r  t h i s  purpose, the  l a r g e s t  being the  KC-135, which is capable  of 
approximately 32 seconds of f r e e - f a l l  time [ 2 ] .  This type of f a c i l i t y  i s  
s u b j e c t  t o  random dis turbances ,  making i t  d i f f i c u l t  t o  con t ro l  the  t e s t  
cond i t ions ,  From a study of f r e e - f a l l  f a c i l i t i e s  i n  gene ra l ,  i t , a p p e a r s  
t h a t  a t e s t  t i m e  of approximately 35 seconds i s  the  l i m i t ,  i f  t he  f a l l i n g  
body i s  not t o  exceed Mach number 1 .0 .  

Table 1 conta ins  a summary of 

Tes t s  using very  small models under one "g" (bench t e s t i n g )  have 
been made by s e v e r a l  i n v e s t i g a t o r s  ( see ,  f o r  example, References 3 and 4 ) .  
I n  these  t e s t s  the  tank s i z e  is s c a l e a  so that the  r a t i o  of c a p i l l a r y  
f o r c e s  t o  g r a v i t y  fo rces  i s  the  same f o r  t he  model and the  pro to type .  
While t h i s  procedure a f f o r d s  ve ry  long tes t  pe r iods ,  t h e r e  are c e r t a i n  
disadvantages a s soc ia t ed  wi th  very  small tanks .  There may be some l a r g e  
v iscous  e f f e c t s  p re sen t  i n  small tanks which would no t  be s i g n i f i c a n t  i n  
a much l a rge r  tank. I n  a d d i t i o n ,  several i n v e s t i g a t o r s  have experienced 
d i f f i c u l t i e s  w i t h  impur i t i e s  o r  f i lms  on the  w a l l s  of ve ry  small tanks 
which s i g n i f i c a n t l y  a l t e r e d  the  dynamic c h a r a c t e r i s t i c s  of the  f l u i d .  
S t i l l  another  technique f o r  t e s t i n g  a t  one "g" uses  a magnetic f i e l d  t o  
cancel  t he  g r a v i t y  fo rces .  This method has no t  y e t  been used f o r  any 
experiment involving f l u i d  dynamics , and some p o t e n t i a l  d i f f i c u l t i e s  a r e  
expected. In  summary, ground t e s t  f a c i l i t i e s  are no t  y e t  capable  of 
providing long t e s t  per iods  i n  tanks of reasonable  s i z e .  

A number of low g r a v i t y  experiments have been flown aboard sub- 
o r b i t a l  and o r b i t a l  space veh ic l e s .  Table 2 p re sen t s  a summary of 
these  da t a .  Severa l  of t hese  tes ts  involved f u l l  s i z e  v e h i c l e s  i n s t ead  
of models. This was t r u e  of Centaurs 4 and 8 [5] as w e l l  as AS-203 [6].  
Data from such t e s t s ,  whi le  u s e f u l ,  a r e  p r imar i ly  intended t o  v e r i f y  
des ign .  The experiments on board MA-7 and the  WASP f l i g h t  were more 

2 



4 

i -  

s c i e n t i f i c ,  b u t  were s t i l l  r a t h e r  unsophis t ica ted .  A l l  of t hese  f l i g h t  
t e s t s  had important shortcomings i n  the a r e a s  of ins t rumenta t ion  and 
d a t a  re t r ieval .  To d a t e ,  no r igo rous ly  c o n t r o l l e d ,  f u l l y  instrumented 
experiment o r  s e r i e s  of experiments has been conducted i n  e a r t h  o r b i t .  
A l l  of the t e s t s  have been designed t o  provide q u a l i t a t i v e  r a t h e r  than 
q u a n t i t a t i v e  r e s u l t s .  

F igure  1 summarizes the  d a t a  p re sen t ly  a v a i l a b l e  from f l i g h t  and 
ground-based experiments.  The dimensionless amplitude r a t i o ,  %/a, is  
a measure of the  magnitude of t he  s losh .  The Bond number, whic is the  
r a t i o  of g r a v i t y  t o  c a p i l l a r y  fo rces ,  i n d i c a t e s  the  degree of weight- 
l e s s n e s s  (low Bond number, low g r a v i t y ) .  Experimental d a t a  f o r  damping, 
f o r c e s ,  and f requencies  are  indica ted  by the shaded areas. Because the  
slosh ampli tude is a func t ion  of many v a r i a b l e s ,  i t  is d i f f i c u l t  t o  
e s t ima te  values f o r  f u t u r e  v e h i c l e s ,  For Bond number, however, some 
approximate numbers are a v a i l a b l e ,  The.S-IVB s t a g e  of the  Sa turn  V 
w i l l  ope ra t e  i n  the  Bond number range from 65 t o  100. A manned Mars 
v e h i c l e ,  w i t h  nuc lear  propuls ion,  would ope ra t e  i n  the  Bond number 
range from 50 t o  0.5. 
down t o  0.1. 

Smaller veh ic l e s  might have Bond numbers ranging 

Ana ly t i ca l  s o l u t i o n s  f o r  the l iqu id  n a t u r a l  f requencies  and mode 
shapes are a t  p re sen t  a v a i l a b l e  f o r  only a few s p e c i a l i z e d  cases ,  and 
s o l u t i o n s  f o r  t he  f o r c e s ,  moments, and damping have no t  y e t  been found 
f o r  any case. Table 3 shows the  a n a l y t i c a l  t o o l s  p r e s e n t l y  a v a i l a b l e  
f o r  dea l ing  wi th  low g s losh .  
concerned w i t h  f la t -bot tomed c y l i n d r i c a l  tanks , s i n c e  they r e p r e s e n t  a 
f a i r l y  simple geometr ic  conf igura t ion .  For a x i s m e t r i c  ( long i tud ina l )  
f r e e  o s c i l l a t i o n s ,  two independent i n v e s t i g a t o r s ,  Fung [ 4 ]  and Benedikt 
El], have obtained s o l u t i o n s  f o r  frequency and mode s h a p e .  I n  the  case  
of ant i -symmetr ic  s lo sh ing ,  S a t t e r l e e  [3 ]  has obtained s o l u t i o n s  f o r  
t he  n a t u r a l  frequency, b u t  n o t  t he  s u r f a c e  wave shape. For a x i s m e t r i c  
forced o s c i l l a t i o n s  , Fung has developed express ions  for the  frequency and 
mode shape. No s o l u t i o n s  o r  formulat ions inc luding  the  e f f e c t  of capi l -  
l a r i t y  have been developed f o r  the  nonl inear  o r  l a r g e  ampli tude case.  
So lu t ions  f o r  the f requencies ,  fo rces ,  moments, and damping m u s t  be  
obtained i f  a n  a c c u r a t e  dynamic model f o r  low g s l o s h  is t o  be der ived .  

A l l  t he  t h e o r e t i c a l  work t o  date  has been 

111. NEEDED EXPERIMENTAL DATA 

A s  d i scussed  i n  the  preceding s e c t i o n ,  a c e r t a i n  amount of exper i -  
mental  d a t a  is  r equ i r ed  t o  complement every t h e o r e t i c a l  a n a l y s i s .  
Experimental d a t a  a r e  necessary  t o  v e r i f y  the  s o l u t i o n s  t o  the  low g 
f l u i d  dynamics equat ions .  The e f f e c t s  of Bond number, Reynolds number, 
nondimensional wave ampli tude,  and b a f f l e  geometry on s l o s h  frequency,  
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induced fo rce ,  and damping r a t i o  must be determined f o r  t h r e e  b a s i c  
tank conf igura t ions :  
bottomed cy l inde r ,  and unbaff led sphere.  To o b t a i n  these  r e s u l t s  t e s t s  
should be conducted i n  tanks of t h ree  d i f f e r e n t  d iameters .  Since 
approximately 20 cyc les  should be allowed f o r  t he  decay of t r a n s i e n t s  
before  the a c t u a l  measurements a r e  taken and another  20 cyc les  a r e  
requi red  f o r  recording the  d a t a ,  a t o t a l  of 40 cycles  of forced  o s c i l -  
l a t i o n  would be requi red  f o r  each t e s t .  
should provide continuous , s i n u s o i d a l  motion and have provis ions  f o r  
changing both the  amplitudes and frequency of e x c i t a t i o n .  Instrumenta- 
t i o n  should be provided f o r  measuring t h e  f o r c e s  and moments exer ted  by 
the  s loshing l i q u i d  , s l o s h  amplitude,  d r iv ing  frequency,  and d r ih ing  
ampli tude.  I n  a d d i t i o n ,  v i s u a l  records i n  the  form of t e l e v i s i o n  o r  
motion p i c tu re s  should be taken. The v a r i a t i o n  i n  Bond number and 
Reynolds number should be obtained through the  v a r i a t i o n  i n  tank s i z e  
and imposed g r a v i t y  l e v e l .  The nondimensional wave ampli tude should be 
v a r i e d  by changing the  fo rc ing  amplitude and frequency. For determining 
the  e f f e c t  of b a f f l e  geometry, both b a f f l e  w i d t h  and depth should be 
va r i ed  . 

unbaff led f la t -bot tomed c y l i n d e r ,  b a f f l e d  f l a t -  

The d r i v i n g  mechanism used 

IV.  POSSIBLE SOURCES OF FUTURE EXPERDENTAL DATA 

Future p o s s i b i l i t i e s  f o r  ground t e s t i n g  a r e  not  very  promising. 
This i s  mainly because of the  very  s h o r t  times a v a i l a b l e  wi th  tanks of 
reasonable  s i z e ,  and s i n c e ,  f o r  a given t e s t ,  the  requi red  time v a r i e s  
w i th  the  model tank r a d i u s  t o  t h e  three-ha lves  power, l i t t l e  chance f o r  
improvement is poss ib l e .  Tes ts  i n  very  small tanks could be use fu l  i f  
enough da ta  were a v a i l a b l e  from l a r g e r  tanks t o  a c c u r a t e l y  a s s e s s  the  
v iscous  e f f e c t s .  

Orb i t a l  experimentat ion is more promising f o r  f u t u r e  work. This 
type of f a c i l i t y  can provide a v e r y  low l e v e l  of g r a v i t y  f o r  an extended 
period of time. I f  a r o t a t i o n a l  concept i s  used f o r  producing the  
a r t i f i c i a l  g r a v i t y  r equ i r ed ,  a n  e a s i l y  con t ro l l ed  uniform t e s t  environ- 
ment can be produced w i t h  a minimum expendi ture  of p rope l l an t .  I f  a man 
is included as an  observer and mechanic, t he  advantages of f l e x i b i l i t y  
and r e l i a b i l i t y  can be added. 
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V. PROPOSED EXPERIMENT 

The proposed low "g" t e s t  f a c i l i t y  w i l l  be made of a v a i l a b l e  
v e h i c l e  hardware i n  o r b i t ,  i n  p a r t i c u l a r ,  a spen t  S-IVB-IU-SLA. 

The des ign  of the r o t a t i n g  t e s t  f a c i l i t y  was  based on the fol low- 
ing  ground r u l e s :  one pe rcen t  maximum v a r i a t i o n  i n  g l e v e l  through- 
o u t  t h e  t e s t  f l u i d ;  .0025 g ' s  a t  a d i s t ance  of 150 f e e t  (45.7 meters )  
from experiment t o  the cen te r  of r o t a t i o n .  The g l e v e l  was chosen t o  
g i v e  a Bond number i n  t h e  middle of the  r eg ion  of g r e a t e s t  i n t e r e s t .  
The one percent  maximum v a r i a t i o n  i n  g l e v e l  w i th  a 1 - foo t  (.3048 m) 
tank  r e q u i r e s  the  experiment t o  be a t  l e a s t  100 f e e t  (30.48 m) from 
t h e  c e n t e r  of r o t a t i o n .  

To have the experimental package a t  a minimum d i s t a n c e  of 100 f e e t  
(30.48 m) and, a t  the  same time, be a b l e  t o  va ry  the a c c e l e r a t i o n  
environment a t  the  experiment l oca t ion ,  the  experimental  package is 
l o c a t e d  i n  the  SLA, which i n  tu rn  is connected by a long cable  t o  t h e  
S-IVB-IU combination. (The b a s i c  conf igu ra t ion  is given i n  f i g u r e  2.)  
The e n t i r e  system is g iven  a n  i n i t i a l  angu la r  momentum wi th  the SLA 
connected to the S-IVB-IU by . f i r i ng  the  APS engine on board the  S-IVB. 
The cab le  i s  then r e l eased  allowing the SLA w i t h  the  experiment i n s i d e  
t o  move o u t  t o  the proper loca t ion .  

F igure  3 shows experiment packages mounted on l i gh twe igh t  tubes 
i n s i d e  t h e  SLA. 
g r a v i t y  t o  minimize the  e f f e c t s  on the  experiment of any SLA r o l l  or  
wobble. 
on t h e  f o r c e s  occurr ing  during boost,  s i n c e  the f o r c e s  during the  
experiment would be small. 

The packages would be loca ted  near  t h e  SLA c e n t e r  of 

The s t r e n g t h  requirements f o r  the  mounting tubes would depend 

The performance of t h i s  f a c i l i t y  w a s  based on the  fol lowing 
parameters: 

Weight I n e r t i a  

s-IVB & I U  

SLA 

l b  - sec2  
854 f t  

l b  - sec2  
109.6 f t  

331,780 l b  f t - s e c 2  

11,522 l b  f t - s e c 2 .  
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The obta inable  a c c e l e r a t i o n  l e v e l  range is g iven  i n  f i g u r e  4 .  With 
a n  i n i t i a l  angular  v e l o c i t y  of .15 rad / sec ,  t he  a c c e l e r a t i o n  environment 
varies from .0068 g ' s  a t  a d i s t a n c e  from t h e  experiment t o  the c e n t e r  of 
r o t a t i o n  of 100 f e e t  (30.48 m) t o  .00036 g ' s  a t  a 300 f o o t  (91.44 m) 
d is  tance  , 

The cable t ens ion  v a r i a t i o n  under these  condi t ions  i s  g iven  i n  
f i g u r e  5. Based on the  information i n  t h i s  f i g u r e ,  it w a s  decided t h a t  
a .0625-inch (.1587 cm) diameter b lue  c e n t e r  s t e e l  h o i s t i n g  rope w i t h  
a breaking s t r e n g t h  of 360 l b  (1600 n)  could be used as the  cable .  
(The angular  v e l o c i t y  v a r i a t i o n  can be obta ined  from f i g u r e  6 . )  With 
a n  i n i t i a l  angu la r  v e l o c i t y  of .15 rad / sec ,  t he  f i n a l  v e l o c i t y  is 
.0063 r a d / s e c  a t  300 f e e t  (91 m). 

The primary advantages of t h i s  f a c i l i t y  over t he  d i r e c t  t h r u s t  type 
of o r b i t a l  low g t e s t  f a c i l i t y  (such as P r o j e c t  Thermo [ 7 ] )  a r e  t he  long 
tes t  time a t  a g i v e n , a c c e l e r a t i o n  l e v e l  and the  a b i l i t y  t o  va ry  a c c e l e r a -  
t i o n  l e v e l  over a wide range. Both of t hese  condi t ions  can be obta ined  
wi th  no expendi ture  of p r o p e l l a n t  once i n i t i a l  angu la r  momentum is 
g iven  the  system. The p r o p e l l a n t  requi red  t o  g ive  the  system a p re -  
s c r i b e d  i n i t i a l  angular  v e l o c i t y  is  g iven  i n  f i g u r e  7 .  For t h e  proposed 
tes t ,  an  i n i t i a l  angular  r a t e  of .15 r a d / s e c  can be obtained w i t h  approxi-  
mately 20 lb s  (9.072 kg) of APS p r o p e l l a n t  on board.  

The f l u i d  mechanics experiments a r e  designed t o  f u r n i s h  b a s i c  
s c i e n t i f i c  information dea l ing  w i t h  the  dynamics of l i q u i d s  under t h e  
in f luence  of weak g r a v i t a t i o n a l  f o r c e s ;  they  a r e  expected t o  c o n s t i t u t e  
a n  important c o n t r i b u t i o n  t o  the  technology r equ i r ed  f o r  f u t u r e  space 
a c t i v i t i e s .  The primary a r e a s  t o  be inves t iga t ed  dea l  w i t h  the  d e t e r -  
mina t ion  of (1) the  n a t u r a l  f requencies  and mode shapes,  (2) t he  f o r c e s  
and moments exer ted  on the  conta iner  by t h e  f l u i d ,  and (3) the  damping 
provided by va r ious  b a f f l e  conf igu ra t ions .  I n  these  areas t h i s  program 
is designed t o  v e r i f y  and extend e x i s t i n g  d a t a  from ground f a c i l i t i e s  
whi le  providing previous ly  unobtainable  r e s u l t s  on phenomena such as 
damping. The f l u i d  mechanics regimes p e r t i n e n t  t o  p r o p e l l a n t  o s c i l l a -  
t i o n  problems a r e  b e s t  descr ibed  i n  terms of two dimensionless  products ,  
Bond number and ampli tude r a t i o .  Figure 1 o u t l i n e s  the  area t o  be 
inves t iga t ed  i n  terms of these  parameters .  The v a r i a t i o n  i n  Bond number 
i s  s l i g h t l y  g r e a t e r  than  one o rde r  of magnitude and covers t he  range of 
p r i n c i p a l  i n t e r e s t  f o r  l a r g e  p r o p e l l a n t  tanks.  

It is proposed that the  experiment c o n s i s t  of independent exper i -  
ment packages o r  modules, one f o r  each combination of tank shape,  
b a f f l e  conf igura t ion ,  and t e s t  l i q u i d .  This modular concept would a l low 
changes i n  the scope of t he  experiment by a d d i t i o n  o r  d e l e t i o n  of 
experiment packages. Data could be recorded f o r  a l l  experiment packages 
s imultaneously a t  each a c c e l e r a t i o n  l e v e l ;  t h i s  would r e s u l t  i n  a sav ing  
of experiment time as compared t o  a se t -up  r e q u i r i n g  conf igu ra t ion  changes. 
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A t y p i c a l  experiment package i s  shown i n  f i g u r e  8. It conta ins  a 
12-inch diameter tank and a 6-inch diameter tank mounted by means of 
load c e l l s  t o  a ca r r i age .  The ca r r i age  is d r iven  i n  a r e c i p r o c a t i n g  
motion on t h r e e  rails  by a small motor and yoke mechanism. 
methods of g e t t i n g  l i q u i d  o s c i l l a t i o n  a r e  shown i n  f i g u r e  9 . )  

(Other 

The camera is a l s o  mounted on the  c a r r i a g e  s o  that  i t  moves w i t h  
t h e  tanks.  Two mir ro r s  a r e  placed i n  such a way t h a t  the camera views 
bo th  t h e  f r o n t  and s i d e  of each tank. A t e l e v i s i o n  camera would be 
r equ i r ed  f o r  monitor ing the  experiment and a record of t he  experiment 
could be made on v ideo  tape.  
approximately 100 lbm. 

Each experiment package would weigh 

The tank shapes of primary i n t e r e s t  are c y l i n d r i c a l  and s p h e r i c a l  
as shown i n  f i g u r e s  10 and 11. Most-of t h e  t h e o r e t i c a l  work t o  d a t e  is 
f o r  t h e s e  b a s i c  conf igu ra t ions  and t h e  r e s u l t s  of t he  proposed exper i -  
ment would provide a check f o r  t h i s  t h e o r e t i c a l  work. The e f f e c t  of 
b a f f l e  wid th  could be inves t iga t ed  using a n  a d j u s t a b l e  iris b a f f l e  as 
p i c t u r e d  i n  f i g u r e  10. 

Ethyl  a l coho l  and o l i v e  o i l  a r e  proposed as t e s t  f l u i d s .  For a 
p a r t i c u l a r  tank s i z e  and a c c e l e r a t i o n  l e v e l ,  t he  d i f f e r e n c e  i n  Bond 
number f o r  these  l i q u i d s  is small ( f i g u r e  12 ) ,  b u t  t h e r e  is n e a r l y  a n  
o rde r  of magnitude d i f f e r e n c e  i n  Reynolds number ( f i g u r e  1 3 ) .  Tests  
us ing  these  l i q u i d s  a t  the  same Bond number could be used t o  determine 
the importance of Reynolds number i n  low g r a v i t y  f l u i d  dynamics. 

A number of i n t e r e s t i n g  and va luab le  experiments could be performed 
us ing  t h i s  f a c i l i t y .  Xcwever, there  a r e  s e v e r a l  o b j e c t i v e s  which may 
be considered most important .  These can be l i s t e d  as fol lows:  

(1) The e f f e c t  of Bond number and Reynolds number on s l o s h  
frequency, induced f o r c e  and damping f o r  an unbaff led 
cy1 ind r  i c a l  tank. 

(2)  The e f f e c t  of Bond number and Reynolds number on s l o s h  
frequency, induced f o r c e  and damping f o r  a b a f f l e d  
cy1 i n d r  ical  tank. 

I n  a d d i t i o n  t o  these  ob jec t ives ,  t h e r e  are s e v e r a l  o t h e r s  which 
might be termed h igh ly  d e s i r a b l e ,  These can be l i s t e d  as fol lows:  

(3) The e f f e c t  of amplitude upon s l o s h  frequency, induced 
f o r c e s ,  and damping i n  b a f f l e d  and unbaf f led  c y l i n d r i c a l  
tanks.  
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( 4 )  The e f f e c t  of b a f f l e  width and f l u i d  depth  upon damping 
i n  b a f f l e d  c y l i n d r i c a l  tanks.  

(5) The e f f e c t  of Bond number and Reynolds number on s l o s h  
frequency, induced f o r c e ,  and damping i n  b a f f l e d  and 
unbaff led s p h e r i c a l  tanks.  

This does no t  exhaust  a l l  the  poss ib l e  experiments,  b u t  t he  informat ion  
thus obtained is  expected t o  c o n s t i t u t e  a n  important  c o n t r i b u t i o n  t o  
the  technology requi red  f o r  f u t u r e  space a c t i v i t i e s .  For the  purpose of 
d i scuss ion  consider  ob jec t ives  1 and 2. Two modules using e t h y l  a l c o h o l ,  
one ba f f l ed  and one unbaf f led ,  and two modules us ing  o l i v e  o i l ,  one 
b a f f l e d  and one unbaffled,would be r equ i r ed  t o  meet t hese  o b j e c t i v e s .  
The t o t a l  weight f o r  t h i s  system would be approximately 400 pounds. The 
c u r r e n t  t e s t  p l an  c a l l s  f o r  simultaneous t e s t s  i n  a l l  four  modules. 

Table 4 shows the  proposed t e s t  program. Tes ts  w i l l  be conducted 
a t  seven s p e c i f i c  g/go l e v e l s  y i e ld ing  a Bond number range from 55 t o  
.67. Table 5 presents  a n  in-depth look a t  one p a r t i c u l a r  t e s t  and t h e  
runs requi red .  Seven runs w i l l  be  made t o  a c c u r a t e l y  f i x  the  n a t u r a l  
frequency. The frequency increment between these , a s  w e l l  as the  f o r c i n g  
amplitude,were picked using the pre l iminary  r e s u l t s  obtained by Southwest 
Research I n s t i t u t e .  The time requi red  per  r u n  is  based on a t o t a l  of 
40 cycles  of which approximately 20 w i l l  be  r equ i r ed  t o  e s t a b l i s h  s t eady  
s t a t e  condi t ions .  Objec t ives  3 and 4 could be accomplished using t h e  
same t e s t  modules,if  des i r ed .  Objec t ive  5 would probably r e q u i r e  two 
a d d i t i o n a l  modules. 

Object ives  1 through 5 l i s t e d  above could be accomplished using 6 
modules similar t o  the  one shown i n  f i g u r e  8. This would g ive  a t o t a l  
of 1 2  tanks and approximately 600 lbm; t h e r e f o r e ,  t he  modules could 
probably be launched and t e s t ed  on one f l i g h t .  Astronauts  could s e t  up 
the  experiment,  r e t r i e v e  f i l m  packages, and monitor  the  experiment;  bu t  
t hese  se rv ices  would not  be e s s e n t i a l  s i n c e  the  experiment could prob- 
a b l y  be run au tomat i ca l ly .  I f  a s t r o n a u t s  were p re sen t  they  would 
observe,  using t e l e v i s i o n ,  from the  command module a t  some d i s t a n c e  
from the  spinning S-IVB-SLA while  the experiment w a s  i n  progress .  
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VI. CONCLUSIONS 

From the  experiment as ou t l ined  in  t h i s  s tudy ,  va luab le  experimental  
d a t a  can be obtained i n  the  area of cable-compartment-counterweight 
dynamics. Such d a t a  would inc lude  information i n  wobbling, cab le  dynamics, 
cab le  deployment techniques,  damping devices ,  and e f f e c t s  of g r a v i t y  gra-  
d i e n t .  
a three-dimensional  model f o r  a manned r o t a t i n g  space s t a t i o n .  F igure  1 
shows t h e  range of d a t a  t o  be produced by the  experiment compared t o  the  
e x i s t i n g  d a t a .  
t he  gaps i n  c u r r e n t  d a t a  and t o  e s t a b l i s h  the  c o r r e c t  procedures f o r  
s c a l i n g  f u t u r e  t e s t s  i n  bo th  f l i g h t  and ground f a c i l i t i e s .  

This information could be appl ied  d i r e c t l y  i n  the  gene ra t ion  of 

The s l o s h  d a t a  obtained are  designed t o  f i l l  i n  some of 

The primary advantage of t he  proposed f a c i l i t y  over convent ional  
f a c i l i t i e s  is t h a t  w i th  a r e l a t i v e l y  small expendi ture  of p r o p e l l a n t ,  
a cons ide rab le  amount of d a t a  can be obta ined  on bo th  cable-compartment- 
counterweight  dynamics and l o w  g s l o s h  phenomena. For example, wi th  
20 pounds (9.072 kg)  of APS p rope l l an t ,  a continuous a c c e l e r a t i o n  
spectrum can be obta ined  from 0.068 g ' s  t o  ,00033 g ' s .  Since v e r y  
l i t t l e  a d d i t i o n a l  p r o p e l l a n t  would be r equ i r ed  t o  main ta in  the  r o t a t i o n  
ra te ,  t h e  experimenter can, as time permi ts ,  f i l l  i n  gaps o r  re - run  tests 
i n  which ques t ionab le  d a t a  were taken, thus a l lowing  the  i n v e s t i g a t o r  t o  
make some pre l iminary  ana lyses  before  completely abandoning the  f a c i l i t y .  

Also, t h e  proposed f a c i l i t y  makes maximum use of a v a i l a b l e  hard- 
ware. Thus, i t  would r e p r e s e n t  a small investment ,  e s p e c i a l l y  con- 
s i d e r i n g  the  q u a n t i t y  of d a t a  obta inable .  
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TABLE 1 

STATE OF THE A R T  EXPERIMENTAL 
(GROUND TEST) 

;REE FALL 
:AWL I TI ES 

A. 
DROPTOWERS 

MSFC 

N.A.A. 

LEWIS 

B. 
AIRCRAFT 

KC- 135 

3ENCH TESTING 

SOUTHWEST 
RESEARCH 
INSTIT  UTE 

OTHER 

ELECTROMAGNET1 
L E W I S  

EST-TIME 
,SECONDS) 

4 .6  

2. I 

(DOUBLE 

32 

Q) 

SEVERAL 
MINUTES 

(UNDER D 

MODEL-SIZE 
(CENTIMETERS) 

15 

2.5 

PASS PROPOSE 

I .9 

2 - 3  INCHES 

f E L O P Y E N T I  

DATA 

VISUAL 

VISUAL 

I 

VISUAL 

VISUAL 
FORCE 

a 
lEAS IR YE N f S  
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TABLE 3 
S T A T E  OF THE A R T  T H E O R E T I C A L  

;YLI NDRICAL TANKS 
1. FREE 

OSC I L L A T l  ONS 

AXlSY MMETRIC 
(i) LINEAR 

(ii) NON-LINEAR 

0. 

b. 
ANTI SYMMETRIC 
(i) LINEAR 

(ii) NON- L INEAR 

2, F O R C E D  
OSCILLATIONS 
a 

AXlSY MMETRIC 
(i) LINEAR 

(ii) NON-LINEAR 

b. 

(i) LINEAR 

ANTI SY MMETRN 

(ii) NON-LlNEAR 

iPHER I CAL TANKS 

1 2  

:REQUENCIES and 
AODE SHAPES 

UNG-BE NE DlKT 
( SOL UTI  ONS) 

SATTE R LE E 
(SOLUTIONS) 

FUNG 
(SOLUTIONS) 

BENEDIKT 
(FORMULATED) 

FORCES and 
MOMENTS 

DAMPING 

B E N E D I K T  
(FORMULATE D 1 

B E N E D I K T  
(FORMULATED) 

B E N E  D lKT  
(FORMULATED) 

BENEDIKT 
(FORMULATED) 



c 

TEST 

I 

2 

3 

4 

5 

6 

7 

.0068 

.0050 

.0030 

,0020 

.0010 

.0005 

.00037 

TABLE 4 

TEST PROGRAM 

TIME MIN. 

33 

37 

47 

58 

79 

I07 

121 

BOND NUMBER 
M A X .  

55 

39 

27 

16 

8 

4 

3 

MI N. 

12 

9 

5.2 

3 .5 

1.7 

.90 

.67 

TOTAL: 8 HRS. 
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TABLE 5 
FORCED SLOSHING 

M O D U L E  I 

TANK I UNBAFFLED CYLINDER 15 CM. (6 IN.) RAD. 

FLUID ETHYL ALCOHOL 

RUN 

1 

2 

3 

4 

5 

6 

7 

FORCING FREQUENCY -CPS(FORCING AMPLITUDE 

. I O 0  

. I 2 0  

.I30 

.I43 (NATURAL) 

.I50 

.I60 

. I80  

.I8 CM. ( .0072'  IN.) 

DURATION 
0 

140 

33 MIN. 
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