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ABSTRACT 

F lu id  behavior  i n  space d i f f e r s  markedly from t h a t  i n  a gravity-dominated environment. 
This  must be considered f o r  a l l  f l u i d  usage, whether f o r  v e h i c l e  opera t ions  o r  payload ex- 
periments. Numerous i n v e s t i g a t i o n s  have shown t h a t  t h e  behavior  of f l u i d s  i n  a  low-g env i r -  
onment i s  c o n t r o l l e d  p r imar i l y  by su r f ace  t ens ion  fo rces .  Ce r t a in  f l u i d  and system char-  
a c t e r i s t i c s  determine t h e  magnitude of t he se  fo rces  f o r  both a  f r e e  l i q u i d  su r f ace  and 
l i q u i d  i n  contac t  wi th  a  s o l i d .  These c h a r a c t e r i s t i c s ,  inc luding  su r f ace  t ens ion ,  wet ta -  
b i l i t y  o r  contac t  angle ,  system geometry, and t h e  r e l a t i o n s h i p s  governing t h e i r  i n t e r a c t i o n ,  
a r e  d iscussed .  Various a spec t s  of f l u i d  behavior  i n  a  low-g environment a r e  then presented. 
This  i nc ludes  t h e  formation of s t a t i c  i n t e r f a c e  shapes,  o s c i l l a t i o n  and r o t a t i o n  of  drops ,  
coa lescence ,  t h e  formation of foams, tendency f o r  c a v i t a t i o n ,  and d i f f u s i o n  i n  l i q u i d s  which 
were observed dur ing  t h e  Skylab f l u i d  mechanics sc ience  demonstrat ions.  Liquid r e o r i e n t a -  
t i o n  and c a p i l l a r y  pumping t o  e s t a b l i s h  equi l ibr ium conf igu ra t ions  f o r  va r ious  system geom- 
e t r i e s ,  observed dur ing  va r ious  f r e e - f a l l  (drop-tower) low-g t e s t s ,  a r e  a l s o  presented .  
Seve ra l  pass ive  low-g f l u i d  s t o r a g e  and t r a n s f e r  systems a r e  d iscussed .  These systems use  
s u r f a c e  t ens ion  f o r c e s  t o  c o n t r o l  t h e  l iqu id /vapor  i n t e r f a c e  and provide gas - f r ee  l i q u i d  
t r a n s f e r  and l i q u i d - f r e e  vapor vent ing .  

INTRODUCTION 

F lu id  behavior i n  space i s  c o n t r o l l e d  by su r f ace  t e n s i o n  f o r c e s  which a r e  g e n e r a l l y  
i n s i g n i f i c a n t  i n  a  g r a v i t y  dominated environment. Bas ic  phenomena such a s  buoyancy, s e t -  
l i n g ,  convect ion,  mixing and d i f f u s i o n  a r e  cons iderably  d i f f e r e n t  when g r a v i t y  i s  no t  p r e s -  
e n t .  The r e a c t i o n  r a t e s  f o r  many processes may be a l t e r e d .  These, and o the r  d i f f e r e n c e s  
i n  behavior ,  may o f f e r  advantages i n  conducting b i o l o g i c a l  experiments. For example, 
longer  res idence  t imes a r e  a v a i l a b l e  f o r  oxygen bubbles i n  c o n t a c t  wi th  immiscible sub- 
s t r a t e s ,  and s t r o n g  shear  f o r c e s  induced by a g i t a t i o n  i n  l i q u i d  media can be e l imina ted .  
The l ack  of s i g n i f i c a n t  buoyancy f o r c e s ,  on t h e  o the r  hand, may in t roduce  c e r t a i n  handl ing  
concerns such a s  t h e  s epa ra t ion  and c o n t r o l  of l i q u i d  and vapor.  An understanding o f  how 
su r f ace  t ens ion  c o n t r o l s  f l u i d  behavior  i n  low-g i s  thus  needed i n  planning any experiments  
where l i q u i d s  w i l l  be i n t e r a c t i n g  wi th  gases and su r f aces .  

A d i s cus s ion  of f l u i d  and system c h a r a c t e r i s t i c s  t h a t  determine t h e  magnitude of t h e  
su r f ace  t ens ion  fo rces  i s  presented  i n  t h i s  paper. Examples of su r f ace  t ens ion  dominated 
behavior  i l l u s t r a t i n g  some of t h e  b a s i c  phenomena a r e  a v a i l a b l e  from both drop tower and 
Skylab f l u i d  mechanics demonstrat ions.  The sepa ra t ion  of l i q u i d  and vapor by s u r f a c e  t en -  
s i o n  f o r c e s  t o  accomplish low-g s to rage  and t r a n s f e r  i s  presented a s  a  p r a c t i c a l  a p p l i c a t i o n  
of t h e  b a s i c  p r i n c i p l e s  t o  a ' r e a l  system. 

FLUID CHARACTERISTICS 

The shape of a  gas - l i qu id  i n t e r f a c e  i n  low-gravi ty ( g r a v i t y  fo rces  a r e  n e g l i g i b l e )  i s  
determined s o l e l y  by c a p i l l a r y  fo rces .  The Young-Laplace equa t ion  r e l a t e s  l i q u i d  su r f ace  
t ens ion  and t h e  cu rva tu re  of t h e  i n t e r f a c e  t o  t h e  p re s su re  d i f f e r e n t i a l  between t h e  gas and 
l i q u i d ,  

where t h e  s u b s c r i p t s  L and G r e f e r  t o  t h e  l i q u i d  and gas r e s p e c t i v e l y ,  g i s  t h e  s u r f a c e  



t ens ion ,  and R and R a r e  t h e  r a d i i  of cu rva tu re  of t h e  i n t e r f a c e .  The r a d i i  of curva- 
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t u r e  a r e  consiAered p o s i t i v e  when t h e i r  c e n t e r  of curva ture  i s  w i t h i n  t he  l i q u i d .  The sum 
of the  r ec ip roca l s  of t h e  r a d i i ,  (l /R1 + 1 / ~ ~ ) ,  i s  r e f e r r e d  t o  a s  t h e  cu rva tu re  of t h e  
in te r face1 ,  

Under s t a t i c  cond i t i ons ,  t h e  p re s su re  of t h e  gas i n  con tac t  wi th  t h e  l i q u i d  i s  un i -  
form over t he  e n t i r e  l i q u i d  su r f ace .  An equi l ibr ium i n t e r f a c e  w i l l  be e s t a b l i s h e d  when 
t h e  pressure  i n  t h e  l i q u i d  i s  a l s o  uniform and t h e  p re s su re  d i f f e r e n t i a l  def ined  by equa- 
t i o n  (1)  i s  a  cons tan t .  I f  t h e  p re s su re  d i f f e r e n c e  i s  cons t an t ,  then the  cu rva tu re  must 
a l s o  be uniform over t h e  e n t i r e  su r f ace .  

Considering a  g lobule  of l i q u i d  i n  low-gravi ty,  no t  i n  con tac t  w i th  any s u r f a c e ,  t h e  
requirement of uniform cu rva tu re  can only  be s a t i s f i e d  i f  both r a d i i  of cu rva tu re  a r e  
equal .  The g lobule  then  has  t h e  form of a  sphere,  wi th  t h e  r a d i i  of cu rva tu re  equal  t o  
i t s  rad ius .  Equ,ation (1) s i m p l i f i e s  to :  

where r i s  t h e  r ad ius  of  t h e  sphere.  The p re s su re  w i t h i n  t he  drop of l i q u i d  i s  g r e a t e r  
than t h a t  of  t h e  surrounding gas  by an amount t h a t  i s  d i r e c t l y  p ropor t i ona l  t o  t h e  s u r f a c e  
t e n s i o n  and inve r se ly  p ropor t i ona l  t o  t h e  r ad ius  of t h e  drop. The same holds  t r u e  f o r  a  
bubble surrounded by l i q u i d  except  t h a t  t h e  p re s su re  w i t h i n  t h e  gas i s  g r e a t e r  t han  t h a t  
i n  t h e  l i q u i d .  

When t h e  l i q u i d  i s  i n  con tac t  w i th  a  su r f ace ,  t he  de termina t ion  of t he  i n t e r f a c e  
becomes more complex. The cu rva tu re  of t h e  s u r f a c e  w i l l  s t i l l  be a  cons t an t ,  bu t  t h e  two 
r a d i i  of curva ture  w i l l  v a ry  over  t he  sur face .  The l i q u i d - t o - s o l i d  con tac t  angle  0 i s  a 
boundary cond i t i on  t h a t  must be s a t i s f i e d .  This  i s  t h e  angle  formed between t h e  l i q u i d  
and t h e  su r f ace ,  measured w i t h i n  t h e  l i q u i d .  

Va r i a t i ons  i n  0 due t o  temperature and i n  0 and 0 due t o  contaminat ion,  d i s so lved  
p r e s s u r a n t ,  and l i q u i d  p u r i t y  w i l l  a f f e c t  i n t e r f a c e  shape. The va lue  of contac t  angle  
p r imar i l y  depends on t h e  l i q u i d  su r f ace  t ens ion  and t h e  s o l i d  boundary su r f ace  energy. 
The l a t t e r  can be expressed a s  a  so-ca l led  " c r i t i c a l  su r f ace  tension."  I f  t h e  l i q u i d  s u r -  
f a c e  t ens ion  i s  l e s s  than  the  c r i t i c a l  va lue ,  t he  con tac t  ang le  i s  zero.  I f  t h e  su r f ace  
t ens ion  i s  a  g r e a t e r  than  t h e  c r i t i c a l  va lue ,  t h e  cos ine  of t h e  con tac t  angle  i s  a  l i n e a r  
propor t ion  t o  t h e  d i f f e r e n c e  between t h e  l i q u i d  and t h e  c r i t i c a l  su r f ace  tens ions .  Clean 
meta l  su r f aces  have h igh  c r i t i c a l  su r f ace  t ens ions  and most l i q u i d s  w i l l  completely wet 
them. Maintaining a  contaminant-free su r f ace  i s  d i f f i c u l t  t o  achieve i n  p r a c t i c e ,  however. 
Most monolayer contaminant f i l m s  (except  f luorocarbons)  have c r i t i c a l  su r f ace  t ens ions  
between 20 and 45  dynes/cm2y 3. This  i s  a l s o  t r u e  of p l a s t i c s .  Water, wi th  i t s  h igh  s u r -  
f a c e  t ens ion  of 72 dynes/cm, w i l l  have h igh  con tac t  angles  on these  su r f aces .  A c o n t a c t  
angle  of 33.5O is  shown i n  F igure  1. 

Very few l i q u i d s  (o the r  than  l i q u i d  metals)  have a  h igher  s u r f a c e  t ens ion  than water .  
S ince  water  has  such a  h igh  s u r f a c e  energy,  it i s  r e a d i l y  contaminated and a  cons iderable  
lowering of t h e  su r f ace  t ens ion  t akes  place4. Contaminants t h a t  lower t h e  su r f ace  t ens ion  
o f  a  l i q u i d  a r e  r e f e r r e d  t o  a s  su r f ace  a c t i v e  agents .  A small  amount of a  su r f ace  a c t i v e  
a g e n t ' w i l l  impose i t s  low s u r f a c e  t ens ion  on a  l i q u i d  of much h ighe r  su r f ace  tens ion .  A s  
t h e  concent ra t ion  of t h e  impuri ty i s  increased  t h e  su r f ace  t ens ion  of t h e  s o l u t i o n  dec reases  
u n t i l  i t  becomeg sa tu ra t ed .  Fur ther  add i t i on  of  t he  impuri ty does not cause any change i n  
s u r f a c e  tension'. For example, adding soap of t h e  type used on Skylab t o  water ,  i n  approx- 
imate ly  t h e  concen t r a t i ons  used i n  t h e  demonstrat ions,  reduced t h e  su r f ace  t ens ion  t o  
20 dynes/cm6. 



While t he  Young-Laplace equat ion  can d e f i n e  more than one i n t e r f a c e  f o r  any g iven  s e t  
o f  cond i t i ons ,  t h e  equat ion  f o r  su r f ace  energy de f ines  t h e  p re fe r r ed  con f igu ra t ion .  A 
s t a b l e  i n t e r f a c e  shape i s  achieved when t h e  s u r f a c e  energy i s  a minimum. I n  s imp l i f i ed  
f o r m ,  su r f ace  energy i s  def ined  by 

S . E .  = QLV (ALV - ASL COSS ) ( 3 )  

where A i s  a r ea  and LV denotes l iqu id-vapor  and SL denotes s o l i d  l i q u i d .  A c a p i l l a r y  a r e a  
can be def ined  a s  

Ac = Pt" - COS 8 

f o r  any given i n t e r f a c e .  Then su r f ace  energy can be f u r t h e r  s imp l i f i ed  t o  

S.E. = 
=LV *c (5) 

Again cons ider  a f r e e - f l o a t i n g  g lobule  of  l i q u i d .  The su r f ace  energy w i l l  be a mini-  
mum when t h e  c a p i l l a r y  a r ea ,  which i s  t h e  a r e a  of t h e  l iquid-vapor i n t e r f a c e  i n  t h i s  ca se ,  
i s  a minimum. This occurs  when t h e  g lobule  assumes a s p h e r i c a l  shape,  aga in  confirming 
t h e  s t a t i c  shape f o r  a l i q u i d  drop. 

The c a p i l l a r y  a r e a  i s  reduced when a l i q u i d  drop c o n t a c t s  a s o l i d  su r f ace .  Therefore ,  
con tac t  wi th  a su r f ace  is a p re fe r r ed  equi l ibr ium conf igu ra t ion  f o r  a l i q u i d  drop. This  
decrease  i n  su r f ace  energy accounts  f o r  t h e  adhesiveness of  a l i q u i d  on a sur face .  Energy 
must be added t o  remove a drop from a sur face .  

The equ i l i b r ium i n t e r f a c e  con f igu ra t ion  i s  e s t a b l i s h e d  by t h e  mechanism of su r f ace -  
tens ion-dr iven  flow, termed c a p i l l a r y  pumping. Liquid w i l l  p r e f e r e n t i a l l y  o r i e n t  w i th in  
a con ta ine r  by c a p i l l a r y  pumping i f  t h e  system i s  i n  a low-g environment7. The geometry 
can be modif ied by compartmentation i n  one a r ea  of t h e  tank such t h a t  a lower c h a r a c t e r i s -  
t i c  dimension r e s u l t s .  This  reduced length  can be provided by a vane s t r u c t u r e  ( s u r f a c e  
t ens ion  dev ice ) .  The device can reduce the  p re s su re  of l i q u i d  ad jacent  t o  and w i t h i n  t h e  
device  t o  a va lue  lower than  t h e  p re s su re  of l i q u i d  loca ted  away from t h e  device.  The 
low-pressure region w i l l  be c r ea t ed  when t h e  device  causes t h e  curva ture  of t he  i n t e r f a c e  
about t h e  device  t o  be l a r g e  ( smal l  r ad ius  of curva ture)  i n  comparison t o  t h e  cu rva tu re  
of t he  l i q u i d  elsewhere i n  t h e  tank. The p re s su re  d i f f e r e n c e  w i l l  have an e f f e c t  on ly  i f  
t h e  two l i q u i d  volumes a r e  i n  communication. Under near-zero-g condi t ions ,  spreading of 
t h e  l i q u i d  a s  i t  wets t h e  tank wa l l s  w i l l  u sua l ly  b r ing  t h e  l i q u i d  i n t o  communication wi th  
t h e  su r f ace  t ens ion  device.  I f  t h i s  i s  not pos s ib l e ,  some s o r t  of communication channel 
must be provided. 

With a communication pa th  provided, l i q u i d  w i l l  be t r a n s f e r r e d ,  a s  shown i n  F igu re  2, 
u n t i l  t h e  curva ture  of  t h e  i n t e r f a c e  throughout t h e  tank  i s  t h e  same, i . e . ,  p r e s su re  i s  
uniform. The s u r f a c e  t ens ion  device  i s  designed s o  t h e  cu rva tu re  of t h e  i n t e r f a c e  remains 
h igh  u n t i l  t h e  device has  f i l l e d  w i th  l i q u i d .  I n  comparison, l i q u i d  i n  con tac t  w i th  only  
t h e  tank wa l l  ha s  a r e l a t i v e l y  low curvature.  

For a s p h e r i c a l  ga s - l i qu id  i n t e r f a c e  w i th  l i q u i d  i n  con tac t  wi th  a su r f ace ,  equat ion  
(2)  becomes 



This  pressure  d i f f e r e n t i a l  can be r e l a t e d  t o  a  dimension (o the r  than t h e  r ad ius  of curva-  
t u r e )  such a s  t h e  pore r ad ius  R and a second parameter,  t h e  l i q u i d - t o - s o l i d  con tac t  angle  
63. This i s  done by in t roduc ing  t h e  r e l a t i o n s h i p  between R ,  0, and r a s  shown i n  Figure 3 .  
Then 

A f i n a l  c r i t e r i o n  f o r  determining i n t e r f a c e  s t a b i l i t y  i s  t he  Bond number (Bo), a  
dimensionless  r a t i o  of  a c c e l e r a t i o n  f o r c e s  t o  c a p i l l a r y  f o r c e s  8 

where L i s  t h e  c h a r a c t e r i s t i c  system dimension. The l i q u i d l g a s  i n t e r f a c e  i s  s t a b l e  i n  a  
c y l i n d r i c a l  t ank  o r  c i r c u l a r  pore when B O G  0.84. The c r i t i c a l  Bo f o r  square  weave screen  
i s  0 . 4 5 ~ .  Surface  t ens ion  f o r c e s  become s i g n i f i c a n t ,  producing h igh ly  curved i n t e r f a c e s ,  
f o r  Bo i n  t h e  range of f i v e  o r  below. The i n t e r f a c e  i s  e s s e n t i a l l y  f l a t  f o r  Bo 2 509. 
Other  s c a l i n g  parameters ,  such a s  t h e  Weber, Froude, and Reynolds numbers, a r e  appl ied  
when l i q u i d  flow i s  involved8. 

LOW-G FLUID MECKANICS 

The above descr ibed  c h a r a c t e r i s t i c s  o f . f l u i d  behavior  i n  a  low-g environment have been 
demonstrated i n  space and i n  s imulated low-g environments on ea r th .  These experiments 
i l l u s t r a t e  t h e  b a s i c  phenomena of low-g f l u i d  mechanics. A number of f l u i d  mechanics 
s c i ence  demonstrat ions were performed on Skylab. While t he se  demonstrat ions d id  not  fo l low 
r igo rous  experimental  p r o t o c o l s ,  they d id  provide i n t e r e s t i n g  demonstrat ions of bas i c  phe- 
nomena, some of which had no t  been previous ly  observed6. 

Skylab Flu id  Mechanics Demonstrations 

The fol lowing a r e  examples of f l u i d  mechanics demonstrat ions performed aboard Skylab 
t o  i l l u s t r a t e  low-g f l u i d  behavior .  

S t a t i c  I n t e r f a c e  Shape.- Sur face  t ens ion  and c o n t a c t  angle  work toge the r ,  a s  d i scussed  
previous ly ,  t o  y i e l d  t h e  s t a t i c  shape of a  g a s l l i q u i d  i n t e r f a c e  i n  low-g. It was demon- 
s t r a t e d  t h a t  a  f r e e  f l o a t i n g  drop of water  assumes a  s p h e r i c a l  shape, a s  shown i n  Figure 4.  
Due t o  d i s tu rbances  induced i n  forming t h e  drop and t h e  r e l a t i v e  a c c e l e r a t i o n  of t h e  Sky- 
l a b  and t h e  drop,  a  completely s t a t i c  i n t e r f a c e  was d i f f i c u l t  t o  form. Before t h e  l i g h t l y  
damped o s c i l l a t i o n s  ceased,  t h e  drop impacted a  su r f ace .  

The a s t r o n a u t s  found t h a t  t he se  d i f f i c u l t i e s  could be overcome by p l ac ing  t h e  drop 
on a thread .  For t h e  drop s i z e s  used (30 t o  100 c c ) ,  t h e  thread  r e t a ined  and centered  t h e  
drop. An eva lua t ion  of t h e  d a t a  showed t h a t  t h e  t h r ead  had a s i g n i f i c a n t  e f f e c t  on t h e  
damping o f  t h e  drop o s c i l l a t i o n s  and caused a d i s t o r t i o n  of t h e  drop shape ( - 5% elonga-  
t i o n  along t h e  thread  ax i s )  6.  

When t h e  drop was i n  con tac t  wi th  a  l a r g e r  su r f ace  l i k e  a  s t raw,  t h e  s u r f a c e  i n f luence  
was s t ronge r  and t h e  equ i l i b r ium i n t e r f a c e  shape pos i t ioned  t h e  drop tangent  t o  su r f ace .  
On a l a r g e  f l a t  s u r f a c e ,  t h e  con tac t  angle  became a s i g n i f i c a n t  f a c t o r  i n  e s t a b l i s h i n g  t h e  
i n t e r f a c e  shape,  a s  i l l u s t r a t e d  i n  Figure 5. Water was t h e  l i q u i d  f o r  a l l  t he se  demonstra- 
t i o n s ,  g iv ing  con tac t  angles  ranging from 30 t o  90 degrees ,  depending on t h e  su r f ace  mate- 
r i a l .  A l i q u i d  wi th  a  lower su r f ace  t ens ion  would wet these  su r f aces  and g ive  somewhat 
d i f f e r e n t  i n t e r f a c e  shapes6.  



.- Drops were o s c i l l a t e d  i n  t h e i r  b a s i c  f i r s t  and second modes. 
S u r f a c e  t e n s i o n  i s  t h e  r e s t o r i n g  f o r c e  t h a t  s u s t a i n s  t h e  o s c i l l a t i o n .  Opposi te  s i d e s  of 
t h e  d rop  were p u l l e d  by rods  t o  induce  o s c i l l a t i o n ,  A t h r e a d  was a g a i n  used t o  i n i t i a l l y  
s t a b i l i z e  t h e  drop. Measured o s c i l l a t i o n  f r e q u e n c i e s  were found t o  c o r r e l a t e  w e l l  w i t h  
theory .  Damping of t h e  o s c i l l a t i o n  was found t o  b e  a t  l e a s t  an  o r d e r  of magni tude g r e a t e r  
than  p r e d i c t e d  by theory  due  t o  t h e  p resence  of h i g h e r  modes of o s c i l l a t i n n  (a r e s u l t  of 
t h e  method of induc ing  o s c i l l a t i o n )  and t h e  damping e f f e c t  of t h e  th read6 .  

Coalescence.-  Coalescence depends upon t h e  i n t e r a c t i o n  of two l i q u i d  i n t e r f a c e s  when 
they meet.  Depending upon t h e  a n g l e  of i n c i d e n c e  and r e l a t i v e  v e l o c i t i e s ,  t h e  d r o p s  c a n  
bounce o f f  one a n o t h e r  o r  combine. Momentum e f f e c t s  can  cause  them t o  s e p a r a t e  a g a i n .  

Drops were impacted by h o l d i n g  one d r o p  s t a t i o n a r y  on a  t h r e a d  and maneuvering t h e  
second drop  on to  a  c o l l i s i o n  course .  Drops rang ing  from 1.8- t o  5.2-cm d i a m e t e r  cou ld  be 
observed a s  they coa lesced .  The drops  were c o l o r e d  d i f f e r e n t l y  s o  t h e  r a t e  of mix ing  
(found t o  b e  f a i r l y  slow) could b e  observed.  The c o a l e s c e n c e  observed i n  Skylab was con- 
s i s  t e n t  w i t h  a v a i l a b l e  theory6 .  

R o t a t i n g  Drop.- When a  l i q u i d  drop i s  r o t a t e d ,  c e n t r i f u g a l  and s u r f a c e  t e n s i o n  f o r c e s  
b a l a n c e  t o  produce t h e  r e s u l t i n g  i n t e r f a c e  shape. Th is  was t h e  most unique d e m o n s t r a t i o n  
performed on Skylab. Such a  t e s t  was n o t  p r e v i o u s l y  f e a s i b l e  because of t h e  l o n g  low-g 
per iod  r e q u i r e d  and t h e  need t o  manipu la te  t h e  d rop .  A v a i l a b l e  theory  p r e d i c t s  a  com- 
p l e t e l y  d i f f e r e n t  r e s u l t ,  b u t  does  h i n t  t h a t  o t h e r  r e s u l t s  may b e  p o s s i b l e .  

When r o t a t e d  a t  low r a t e s ,  t h e  d rop  h a s  a  watermelon shape. A t  h i g h e r  rates, i t  
p i n c h e s  o f f ,  assuming a  peanut  shape,  a s  shown i n  F i g u r e  6. I f  t h e  r a t e  i s  i n c r e a s e d  
f u r t h e r ,  an  e q u i l i b r i u m  shape cannot  be ach ieved  and t h e  d rop  d i v i d e s  i n t o  two drops6.  

Immiscible  L iqu ids . -  A d i s p e r s i o n  of two immiscible  l i q u i d s  can be formed i f  they a r e  
s t r o n g l y  mixed. I f  t h e  d e n s i t i e s  of t h e  two l i q u i d s  a r e  d i f f e r e n t ,  t h e  d i s p e r s i o n  w i l l  
q u i c k l y  s e p a r a t e  i n  one-g. When g r a v i t y  f o r c e s  a r e  s m a l l ,  t h e  mechanism f o r  s e p a r a t i o n  of 
a  d i s p e r s i o n  i s  very  d i f f e r e n t .  One l i q u i d  can  s e p a r a t e  from t h e  o t h e r  on ly  by c o a l e s c e n c e  
of t h e  f i n e l y  d i v i d e d  d r o p s .  I f  d r o p s  of one l i q u i d  do  come i n t o  c o n t a c t  and do c o a l e s c e ,  
s e p a r a t i o n  c a n  proceed a t  some slow r a t e .  

An exper iment  u s i n g  v a r i o u s  p r o p o r t i o n s  of o i l  and w a t e r  was performed t o  examine 
t h i s  phenomena. The two l i q u i d s  were s e p a r a t e d  c e n t r i f u g a l l y  and then  mixed by shak ing .  
They were observed f o r  a  p e r i o d  of 10 h o u r s  t o  s e e  i f  any s e p a r a t i o n  could b e  observed.  
Only a  " c e l l u l a r  s t r u c t u r e  t h a t  grew coarse"  cou ld  be observed6. On E a r t h ,  t h e  two l i q u i d s  
completely  s e p a r a t e  i n  l e s s  than  1 0  secondslO.  

I c e  Melt ing.-  Th is  demons t ra t ion  provided an  i n d i c a t i o n  of t h e  i n f l u e n c e  of a low-g 
environment on t h e  mechanisms of h e a t  t r a n s f e r 6 .  I n s t e a d  of d r a i n i n g  away a s  i t  d o e s  i n  
one-g, t h e  l i q u i d  surrounded t h e  i c e ,  a c t i n g  t o  i n s u l a t e  i t  from t h e  sur rounding  a i r .  I t  
took 190 minu tes  f o r  t h e  i c e  t o  completely  m e l t  t o  a  l i q u i d  drop i n  low-g. The i c e  mel ted  
i n  130 minu tes  i n  t h e  same exper iment  on earth1'. 

S i n c e  convec t ion  i s  thought  of a s  b e i n g  d r i v e n  by buoyant f o r c e s ,  conduc t ion  and rad-  
i a t i o n  h e a t  t r a n s f e r  a r e  u s u a l l y  presumed t o  be t h e  means o f  h e a t  t r a n s f e r  i n  low-g. While  
no t  e s t a b l i s h e d  from t h i s  exper iment ,  convec t ion  cou ld  s t i l l  be a  mechanism of h e a t  t r a n s -  
f e r  i n  low-g. Convect ion can be d r i v e n  by s u r f a c e  t e n s i o n  f o r c e s  (Marangoni f low) s i n c e  
g r a d i e n t s  i n  t empera ture  a long  an  i n t e r f a c e  a l s o  produce g r a d i e n t s  i n  s u r f a c e  t e n s i o n l 2 .  
Thermoacoustic e f f e c t s ,  mechanical  v i b r a t i o n s ,  e l e c t r i c  and magnet ic  f i e l d s ,  c o n c e n t r a t i o n  
g r a d i e n t s  and chemical  p o t e n t i a l s  a r e  a l s o  p o s s i b l e  mechanisms f o r  convec t ive  h e a t  t r a n s f e r  
i n  1 0 w - ~ l 3 .  



Cav i t a t i on . -  A bubble w i t h i n  a  l i q u i d  can o s c i l l a t e  i n  much t h e  same manner a s  a  
l i q u i d  drop o s c i l l a t e s .  Both hydrodynamic and s u r f a c e  t e n s i o n  f o r c e s  a c t  a t  t h e  s u r f a c e  
of t he  bubble. I f  t he  magnitude of t he  hydrodynamic f o r c e s  exceeds t he  su r f ace  t ens ion  
f o r c e s  a t  some p o i n t  on t h e  s u r f a c e ,  t he  bubble can become uns t ab l e  and c o l l a p s e  upon i t -  
s e l f .  Each time an uns t ab l e  drop co l l apse s  a  j e t  of l i q u i d  forms t h a t  shoots  a c r o s s  t h e  
bubble. 

This  phenomena was demonstrated on Skylab i n  t he  fo l lowing  manner. A bubble was 
formed i n s i d e  a  drop such t h a t  only a  t h i n  f i l m  separa ted  them a t  one a r e a  on t h e  su r f ace .  
When the  s u r f a c e  was touched w i th  a  p lunger ,  t h e  bubble rup tured .  While t he  source  of t he  
i n s t a b i l i t y  of t h e  bubble was no t  a  hydrodynamic f o r c e ,  t h e  r e s u l t i n g  c o l l a p s e  was t he  same 
a s  c a v i t a t i o n .  A j e t  of l i q u i d  sho t  ou t  of t h e  drop a t  t h e  p o i n t  t h e  bubble had been rup- 
t u r e d ,  a s  shown i n  F igure  7. As t h e  v e l o c i t y  of t h e  j e t  decreased ,  s u r f a c e  t ens ion  f o r c e s  
ac t ed  t o  r e t r a c t  p a r t  of t he  j e t  back i n t o  t he  drop ,  wh i l e  some of t h e  j e t  pinched o f f  
i n t o  a d d i t i o n a l  drops6.  

Drop Tower Tes t i ng  

Drop tower t e s t  f a c i l i t i e s  have been ex t ens ive ly  employed t o  i n v e s t i g a t e  some of t h e  
b a s i c  low-g f l u i d  behavior ,  Although l im i t ed  by r e l a t i v e l y  s h o r t  t e s t  t imes ,  on t h e  o r d e r  
of 2 t o  5  s e c ,  they do provide  a  q u i t e  accu ra t e ly  c o n t r o l l e d  a c c e l e r a t i o n  environment 
( a c c e l e r a t i o n  range between 10-5 and 10-I g)14. Examples of i n t e r f a c e  shapes w i t h i n  con- 
t a i n e r s  and l i q u i d  motion r e s u l t i n g  i n  r e o r i e n t a t i o n  w i t h i n  a  c o n t a i n e r  a r e  presen ted  
be low. 

Cap i l l a ry  Pumping and I n t e r f a c e  Shapes.- L iquids  a r e  u sua l l y  s t o r e d  i n  a  c o n t a i n e r  and 
t h e  shape assumed by t h e  l i qu id /vapo r  i n t e r f a c e  i s  important  t o  t h e  d r a i n i n g  o r  f i l l i n g  of 
t h e  con t a ine r  i n  low-g. The tank  shape and any i n t e r n a l  s t r u c t u r e s  i n f l uence  t h e  i n t e r f a c e  
shape. D i f f e r ences  i n  c a p i l l a r y  p r e s su re  w i l l  cause  l i q u i d  t o  be t r a n s f e r r e d  from a  r eg ion  
of low cu rva tu re  t o  a  reg ion  of h ighe r  cu rva tu re ,  a s  d i s cus sed  p rev ious ly .  This  c a p i l l a r y  
pumping e s t a b l i s h e s  t he  equ i l i b r i um i n t e r f a c e  shapes.  I n t e r f a c e  shapes and pumping r a t e s  
have been e s t a b l i s h e d  f o r  numerous geometries7. As an  example, o r i e n t a t i o n  of small  l i q u i d  
volumes by v a r i o u s  vane con f igu ra t i ons  i s  shown i n  F igure  8. O r i e n t a t i o n  of t he  l i q u i d  i n  
a  ba re  tank  i s  shown i n  t he  upper l e f t  hand corner .  Liquid p o s i t i o n i n g  wi th  each of t h e  
f i v e  d i f f e r e n t  vane dev i ce s ,  however, i s  such t h a t  ga s - f r ee  l i q u i d  could be suppl ied  t o  a n  
o u t l e t  l oca t ed  a t  t h e  6  o ' c l o c k  pos i t i on .  

Liquid Motion.- D i s tu rb ing  f o r c e s  a c f i n g  on a  con t a ine r  can cause  t he  l i q u i d  w i t h i n  
t o  r e o r i e n t .  A smal l  l a t e r a l  a c c e l e r a t i o n  component w i l l  make t h e  l i q u i d  flow a long  one 
s i d e  of t he  tank  a s  i t  r e o r i e n t s .  I n  a  tank wi th  a  smooth i n t e r i o r  wa l l  t h e  flow adheres  
t o  t he  tank w a l l  con t inu ing  p a s t  i t s  f i n a l  equ i l i b r i um p o s i t i o n .  A t y p i c a l  example i s  
shown i n  F igure  915. A s  t h e  l i q u i d  began t o  move, t h e  l i q u i d  i n t e r f a c e  remained r e l a t i v e l y  
f l a t  s o  t h e  motion appeared a s  a  r o t a t i o n  of t h e  i n t e r f a c e  about  i t s  c e n t e r .  Very l i t t l e  
sp l a sh ing  of t h e  l i q u i d  occurred du r ing  t he  r e o r i e n t a t i o n .  Once t h e  l e ad ing  edge of t he  
flow reached t h e  tank  dome, t h e  l i q u i d  i n t e r f a c e  began t o  a c q u i r e  some cu rva tu re .  The 
l i q u i d  overshot  i t s  f i n a l  equ i l i b r i um p o s i t i o n ,  cont inu ing  around the  tank and r e c i r c u l a t -  
i n g  some of t h e  l i q u i d .  B a f f l e s  o r  s u r f a c e  t ens ion  dev i ce  s t r u c t u r e  w i l l  breakup t h i s  
r e c i r c u l a t i o n  and speed t he  achievement of i t s  new s t a t i c  p o s i t i o n .  B a f f l e s  do induce 
tu rbulence  and produce gas  bubbles  w i th in  t h e  bu lk  l i q u i d  however. 

STORAGE AND TRANSFER 

Operat ion of pa s s ive  dev i ce s  f o r  t he  s t o r a g e  and t r a n s f e r  of l i q u i d  i n  low-g i l l u s -  
t r a t e s  a  p r a c t i c a l  a p p l i c a t i o n  of t he  prev ious ly  described, s u r f a c e  t ens ion  dominated, 
behavior .  Devices a r e  a v a i l a b l e  t o  handle  a  wide range of f l u i d s  such a s  a l c o h o l s ,  f r e o n s ,  
p r o p e l l a n t s  and cryogens16,17. Conf igura t ions  d i f f e r  because of va r i ed  f u n c t i o n a l  r equ i r e -  
ments;  however, t he  ope ra t i ona l  p r i n c i p l e  f o r  each system r e l i e s  on t he  r e l a t i v e l y  small  



pres su re  d i f f e r e n t i a l  t h a t  e x i s t s  ac ros s  any curved g a s l l i q u i d  i n t e r f a c e  due t o  intermolec-  
u l a r  f o r c e s .  Liquid s u r f a c e  tens ion  and u l l a g e  p re s su re  support  a r e  used t o  pas s ive ly  
provide near - ins tan taneous ,  ga s - f r ee  l i q u i d  expulsion on demand. 

I n  genera l  the  su r f ace  tens ion  devices  a r e  d iv ided  i n t o  two ca t ego r i e s :  devices  t h a t  
use fine-mesh screen  f o r  l i q u i d  o r i e n t a t i o n  and c o n t r o l  and those t h a t  use shee t  o r  vane- 
type s t r u c t u r e s .  The c h a r a c t e r i s t i c  dimension, pore s i z e ,  i s  t he  s i g n i f i c a n t  parameter 
t h a t  d i f f e r e n t i a t e s  between the  two ca t ego r i e s .  The vane devices  wi th  l a r g e r  c h a r a c t e r i s -  
t i c  pore dimensions ope ra t e  only i n  low a c c e l e r a t i o n  environments on the  o rde r  of 1 0 " ~  g 
o r  l e s s ,  depending on the  s i z e  of t he  tank o r  con ta ine r .  Fine-mesh screen  dev ices ,  by 
v i r t u e  o f  very small  pore  s i z e s  and small  r a d i i  of cu rva tu re ,  can provide  r e t e n t i o n  and 
c o n t r o l  of l a r g e  l i q u i d  masses over  a  wide range of spacec ra f t  a cce l e r a t i ons .  The s m a l l  
c a p i l l a r y  p re s su re  d i f f e r e n c e s  t h a t  e x i s t s  a t  t h e  screen  pores must balance o r  exceed the  
sum of o t h e r  p re s su re  d i f f e r e n c e s  tending t o  breakdown the  pass ive ly-cont ro l led  l i q u i d l g a s  
i n t e r f a c e .  Premature i n t e r f a c e  breakdown reduces t he  quan t i t y  of gas- f ree  l i q u i d  t h a t  can 
be expel led  from the  tank. During s to rage  wi th  no l i q u i d  outflow the  c a p i l l a r y  p r e s s u r e  
d i f f e r e n c e  must exceed t h e  h y d r o s t a t i c  head supported by t h e  screen.  Addi t iona l  l o s s e s  
which must a l s o  be balanced by t h e  c a p i l l a r y  p re s su re  d i f f e r e n c e  a r e  introduced wi th  a  
flowing system. 

For a p p l i c a t i o n s  r e q u i r i n g  a screen  system, t h e r e  a r e  two ca t ego r i e s  of devices :  
t o t a l  communication systems and p a r t i a l  r e t e n t i o n  o r  t r a p  systems18. Trap dev ices  a r e  
screen  r e s e r v o i r s  which p o s i t i o n  only a  small  percentage of t h e  t o t a l  l i q u i d  load  over  
t h e  o u t l e t .  To ta l  communication devices  a r e  composed of s c r een  l i n e r s  o r  i n d i v i d u a l  
l i q u i d  supply channels  which a r e  i n  continuous communication wi th  t h e  bulk l i q u i d .  An 
example of  a t o t a l  communication channel dev ice  i s  shown i n  Figure 10. I f  t h e  tank i s  
l a r g e ,  on the  o rde r  of 3  f e e t  and g r e a t e r ,  o r  t h e  a c c e l e r a t i o n  i s  r e l a t i v e l y  l a r g e ,  t h e  
tank can be compartmented so  t h a t  t he  h y d r o s t a t i c  head t o  which any segment of t h e  dev ice  
i s  exposed i s  reduced. A schematic of such a  device  i s  shown i n  Figure 11. 

An example of a  dev ice  which uses  vanes t o  o r i e n t  p rope l l an t s  f o r  gas - f r ee  l i q u i d  
expuls ion  i n  a  v e r  low-g environment i s  provided by Mart in Mar ie t ta  Viking 1975 O r b i t e r  

1 9  p r o p e l l a n t  tankage . The su r f ace  t ens ion  p r o p e l l a n t  management device  (PMD) o r i e n t s  t h e  
l i q u i d  over  t h e  tank o u t l e t  so  t h a t  a  bubble- f ree  supply of p rope l l an t  i s  a v a i l a b l e  t o  t he  
rocket  engines.  Ullage c o n t r o l  i s  provided by t h e  PMD f o r  l i q u i d - f r e e  gas ven t ing  of  t h e  
tank dur ing  a l l  maneuvers of t h e  v e h i c l e  fo l lowing  sepa ra t ion  from t h e  Centaur  upper s t a g e .  
During spacec ra f t  c r u i s e  and immediately before  engine burns,  t h e  PMD o r i e n t s  t h e  propel-  
l a n t  symmetrical ly about t he  tank c e n t e r l i n e  t o  enhance spacec ra f t  po in t ing  accuracy du r ing  
engine f i r i n g s .  

A schematic of t h e  p rope l l an t  management dev ice  i s  shown i n  Figure 12. The primary 
elements of t h e  PMD were the  vane assembly, t h e  communication channel assembly, and t h e  
mounting cap assembly. 'Ihe vane assembly, shown i n  F igure  13, cons i s t ed  of a hol low 
c e n t r a l  tube o r  s tandpipe  t o  which twelve 6A1-4V t i t an ium shee t  vanes were a t t ached .  A 
communication channel  was pos i t ioned  a long  the  wa l l  t o  provide f o r  t h e  c a p i l l a r y  pumping 
of the  p r o p e l l a n t s  from t h e  top  t o  t he  bottom of t he  tank dur ing  low-g. Cleaning of t h e  
PMD and t h e  i n s i d e  of t h e  tank was important t o  a s s u r e  near-zero con tac t  ang le s  between 
t h e  p r o p e l l a n t s  and m e t a l l i c  su r f aces .  

The e f f i c i e n t  t r a n s f e r  of l i q u i d  from one tank  t o  ano the r  i n  a  we igh t l e s s  environment 
i s  p r imar i l y  dependent on the  i n i t i a l  l i qu id lvapor  i n t e r f a c e  shapes and t h e i r  l o c a t i o n s  i n  
both t he  supply and r ece ive r  con ta ine r s ,  and t h e  f l owra t e  of t h e  t r a n s f e r .  ~ i q u i d l v a p o r  
s epa ra t ion  and c o n t r o l  i s  requi red  i n  t h e  supply con ta ine r  t o  accomplish gas- f ree  l i q u i d  
flow from t h e  con ta ine r .  Severa l  k inds  of devices  a r e  a v a i l a b l e  f o r  accomplishing expul- 
s i o n  from t h e  supply con ta ine r  inc luding  t h e  previous ly  d iscussed  pas s ive  s u r f a c e  t ens ion  
dev ices ,  p o s i t i v e  expuls ion  devices  such as b ladders  and meta l  diaphragms, and bellows. 



The p a r t i c u l a r  d e v i c e  s e l e c t e d  depends upon f a c t o r s  such a s  f l u i d  c o m p a t i b i l i t y ,  c y c l e  
l i f e ,  e x p u l s i o n  e f f i c i e n c y ,  c o s t .  e t c .  

P r e s s u r e  c o n t r o l  i n  t h e  r e c e i v e r  t ank  d u r i n g  f i l l i n g  i s  a key d e s i g n  c o n s i d e r a t i o n .  
When smal l  q u a n t i t i e s  of l i q u i d  and s m a l l  c o n t a i n e r s  a r e  b e i n g  u s e d ,  e v a c u a t i n g  t h e  con-  
t a i n e r  t o  a c h i e v e  t r a n s f e r  i s  a  r a t h e r  s imple  approach.  On a  l a r g e r  s c a l e ,  s t r u c t u r a l  
c o n s i d e r a t i o n s  a n d / o r  v a p o r i z a t i o n  of  t h e  l i q u i d  u s u a l l y  r u l e  o u t  t h i s  method of  t r a n s f e r .  
For  a  h i g h  v a p o r  p r e s s u r e  f l u i d  o r  a  cryogen t h e  r e c e i v e r  c o n t a i n e r  must be ven ted  d u r i n g  
t h e  t r a n s f e r ,  and t h e  l o c a t i o n  of t h e  gas  must be  c a r e f u l l y  c o n t r o l l e d .  

An example of e v a c u a t i n g  one c o n t a i n e r  t o  a c h i e v e  t r a n s f e r  i n  a  low-g environment was 
demons t ra ted  d u r i n g  t h e  Skylab m i s s i o n s 6 .  A  sample  of  blood was drawn i n  a  l a r g e  s y r i n g e  
and t r a n s f e r r e d  t o  a n  evacua ted  b o t t l e .  The p r e s s u r e  w i t h i n  t h e  b o t t l e  was s e l e c t e d  s o  
t h a t  t h e  a d d i t i o n  o f  a  g i v e n  volume o f  blood reduced t h e  p r e s s u r e  d i f f e r e n t i a l  between t h e  
s y r i n g e  and b o t t l e  t o  ze ro .  

The n e e d l e  of t h e  s y r i n g e  was i n s e r t e d  i n t o  t h e  b o t t l e ,  p i e r c i n g  a diaphragm. I t  
extended p a r t  way i n t o  t h e  b o t t l e .  Blood immediate ly  began t o  t r a n s f e r  from t h e  s y r i n g e  
t o  t h e  b o t t l e ,  s i n c e  t h e  b o t t l e  was a t  a  p r e s s u r e  somewhat below ambient .  A s  t h e  f low of  
l i q u i d  began,  a d r o p  could be observed forming a t  t h e  t i p  of t h e  s y r i n g e .  No t u r b u l e n c e  
o r  g e y s e r i n g  of  t h e  blood was observed.  The d r o p  con t inued  t o  expand u n t i l  i t  c o n t a c t e d  
t h e  w a l l  of  t h e  b o t t l e .  A t  t h i s  p o i n t  t h e r e  was a  volume o f  l i q u i d ,  l o c a t e d  n e a r  one end 
of  t h e  b o t t l e ,  d i v i d i n g  t h e  g a s  i n t o  two s e p a r a t e  volumes. The i n t e r f a c e  on each s i d e  o f  
t h e  l i q u i d  volume moved toward t h e  ends  of  t h e  b o t t l e  compress ing t h e  two gas  volumes a s  
t h e  t r a n s f e r  con t inued .  The volume of  gas  n e a r  t h e  diaphragm of t h e  b o t t l e  was t h e  s m a l l e r  
o f  t h e  two. Each volume was a t  t h e  same p r e s s u r e  w i t h  t h e  l i q u i d  a c t i n g  as a  p i s t o n  be- 
tween them. Some p r e s s u r e  was a p p l i e d  t o  t h e  p l u n g e r  o f  t h e  s y r i n g e  t o  a c h i e v e  complete  
t r a n s f e r  o f  t h e  l i q u i d .  

The t r a n s f e r  of l i q u i d  from one t a n k  t o  a  second ven ted  t a n k  i n  a w e i g h t l e s s  env i ron-  
ment was demons t ra ted  by t h e  crew of Apol lo  1 4 ~ ~ .  Two s u r f a c e - t e n s i o n  b a f f l e  d e s i g n s  were  
i n c o r p o r a t e d  i n  s e p a r a t e  t a n k s  of a  scale-model  l i q u i d - t r a n s f e r  system w i t h  each t a n k  
b e i n g  used a l t e r n a t i v e l y  as t h e  supply and r e c i e v e r  t ank .  A s k e t c h  of  t h e  t a n k s  i s  p r e -  
s e n t e d  i n  F i g u r e  14. One t a n k  c o n t a i n e d  a s t a n d p i p e - l i n e r  b a f f l e  s t r u c t u r e .  c o n s i s t i n g  o f  a  
p e r f o r a t e d  s t a n d p i p e  l o c a t e d  over  t h e  d r a i n l f i l l  p o r t  and a w a l l - l i n e r  spaced a f i x e d  d i s -  
t a n c e  away from t h e  t a n k  w a l l .  The second t a n k  c o n t a i n e d  a curved-web b a f f l e  s t r u c t u r e  
c o n s i s t i n g  of  t h r e e  c i r c u l a r  p e r f o r a t e d  p l a t e s  n e s t e d  around a s m a l l  f e e d e r  c a p i l l a r y  s e c -  
t i o n .  The curved  web b a f f l e s  are a r r a n g e d  o f f - c e n t e r  such t h a t  t h e  c r o s s - s e c t i o n a l  a r e a  
between b a f f l e s  i n c r e a s e s  g r a d u a l l y  from t h e  f e e d e r  s e c t i o n  towards  t h e  o p p o s i t e  end of 
t h e  t ank .  T h i s  arrangement  t e n d s  t o  r e t a i n  t h e  bu lk  l i q u i d  a d j a c e n t  t o  t h e  f e e d e r .  

T e s t i n g  was performed t o  d e t e r m i n e  t h e  a b i l i t y  t o  a c h i e v e  g a s - f r e e  o u t f l o w  from t h e  
supp ly  t a n k  and o r d e r l y  i n f l o w  i n t o  t h e  r e c e i v e r  t a n k  w i t h  g a s  l o c a t e d  a t  t h e  t ank  v e n t  
and l i q u i d  a t  t h e  f i l l  p o r t .  Gas - f ree  l i q u i d  was t r a n s f e r r e d  t o  and from e i t h e r  b a f f l e d  
t a n k  t o  w i t h i n  2  p e r c e n t  of  t h e  l i q u i d  a v a i l a b l e  f o r  t r a n s f e r  and t h e  r e c e i v e r  t a n k  v e n t  
remained i n  c o n t a c t  w i t h  gas .  T r a n s f e r  between u n b a f f l e d  t a n k s  was inc luded  f o r  compari-  
son and gas  i n g e s t i o n  o c c u r r e d  when l e s s  t h a n  12  p e r c e n t  o f  t h e  supp ly  t a n k  volume had been 
d e l i v e r e d .  A t  t h e  t e r m i n a t i o n  of t r a n s f e r  l i q u i d  had i n g e s t e d  i n t o  t h e  r e c e i v e r  t a n k  v e n t .  

CONCLUDING REMARKS 

The p a r a m e t e r s  t h a t  govern f l u i d  behav ior  i n  a w e i g h t l e s s  environment  have been p a r -  
t i a l l y  c h a r a c t e r i z e d  and v e r i f i e d  by ground and o r b i t a l  t e s t i n g .  Because t h e  environment ,  
geometry,  and f l u i d s  of i n t e r e s t  i n f l u e n c e  t h i s  b e h a v i o r  and a l s o  d i f f e r  from system t o  
sys tem,  each  new a p p l i c a t i o n  must be e v a l u a t e d  t o  a s s u r e  t h a t  t h e  d e s i r e d  performance i s  
a c h i e v e d .  E a r l y  assessment  of f l u i d  behav ior  and c o n t r o l  f o r  each exper iment  i s  r e q u i r e d .  
One-g bench a n d / o r  d r o p  tower t e s t i n g  can  p r o v i d e  v e r i f i c a t i o n  p r i o r  t o  o r b i t a t  o p e r a t i o n .  



REFERENCES 

1. H. M. P r incen ,  "The Equil ibr ium Shape of I n t e r f a c e s ,  Drops, and Bubbles,' '  Sur face  and 
Col lo id  Science,  Vol. 2 ,  E.  Ma t i j ev i c ,  E d i t o r ,  John Wiley & Sons, New York, 1969. 

2. H.  W .  Fox and W .  A.  Zisman, Journa l  of Col lo id  Sciences,  Vol. 5 ,  1950, p. 514. 

3. E.  G. Sha f r in  and W. A. Zisman, "Upper Limits  t o  t he  Contact Angles of Liquids  on 
S o l i d s , "  Contact  Angle, W e t t a b i l i t y  and Adhesion, Advances i n  Chemistry S e r i e s  43,  
American Chemical Socie ty ,  Washington, D. C . ,  1965, pp. 145-157. 

4. Walter  Drost-Hansen, "Aqueous In t e r f aces . "  P a r t s  I and I1 i n  Chemistry and Phys ics  
of I n t e r f a c e s ,  American Chemical Socie ty ,  Washington, D. C . ,  1965. 

5. J .  J. Bikerman, Surface  Chemistry, Theory and App l i ca t ions ,  Academic P re s s ,  I n c . ,  
New York, 1958. 

6. J. R. Tegar t  and J. R. Butz, "Analysis of Skylab F lu id  Mechanics Science Demonstra- 
t i o n s , "  MCR-75-151-1, Martin Mar i e t t a  Corporat ion,  Denver, Colorado, May 1975. 

7. J .  R. Tegar t  and D. A. Fe s t e r ,  "Space S t o r a b l e  P rope l l an t  Acquis i t ion  System," 
J.  Spacec ra f t ,  Vol. 12, No. 9, September 1975, pp. 544-551. 

8. H. L. Paynter  and T. R. Barksdale,  " C r i t e r i a  f o r  Pass ive  P rope l l an t  Cont ro l  Schemes. 
J .  Spacec ra f t ,  Vol. 7, No. 6 ,  June 1970, pp. 702-706. 

9. L. J .  Hast ings and R. Rutherford,  "Low Gravity Liquid-Vapor I n t e r f a c e  Shapes i n  
Axisymmetric Conta iners  and a Computer So lu t ion , "  NASA TMX-53790, George C. Marsha l l  
Space F l i g h t  Center ,  Hun t sv i l l e ,  Alabama, October 7, 1968. 

10. L. Lacy and H. O t to ,  "The S t a b i l i t y  of Liquid Dispersions i n  Low-Gravity," A I A A  Paper 
No. 74-1242, AIAAIAGU Conference on S c i e n t i f i c  Experiments of Skylab, H u n t s v i l l e ,  
Alabama, November 1974. 

11. G. H. Ot to  and L. L. Lacy, "Observations of t h e  ~ i q u i d l ~ o l i d  I n t e r f a c e  i n  Low-Gravity 
Melting," AIAA Paper No. 74-1243, AIAAIAGU Conference on S c i e n t i f i c  Experiments of 
Skylab, Hun t sv i l l e ,  Alabama, November 1974. 

12. J. L. McGrew, e t  a l . ,  "The E f f e c t  of Temperature Induced Surface Tension Gradients  on 
Bubble Mechanics , I 1  Applied Science Research, Vol. 29, June 1974, pp 195-210. 

13. F. T. Dodge, e t  a l . ,  "Fluid Physics ,  Thermodynamics, and Heat Transfer  Experiments i n  
Space: F i n a l  Report of t h e  Overstudy Cormnittee," NASA CR-134742, Southwest Research 
I n s t i t u t e ,  San Antonio, Texas, January 1975. 

14. H. L. Paynter ,  "The Mart in Company's Low-g Experimental F a c i l i t y , "  Proceedings of t he  
Symposium on Flu id  Mechanics and Heat T rans fe r  Under Low Gravity,  United S t a t e s  A i r  
Force Of f i ce  of S c i e n t i f i c  Research and Lockheed Mis s i l e s  and Space Company, June 
1965, pp. 15-1 t o  15-17. 

15. J .  R. Tegar t ,  "Propel lan t  Reor ien ta t ion  wi th  Of f - a x i s  Acce lera t ions ,"  AIAA Paper No. 
75-1195, Presented a t  t h e  AIAA/SAE 11th Propuls ion  Conference, Anaheim, C a l i f o r n i a ,  
September 29-October 1, 1975. 



16. D. A. F e s t e r ,  e t  a l . ,  " A c q u i s i t i o n / E x p u l s i o n  System f o r  E a r t h  O r b i t a l  P r o p u l s i o n  
System S t u d y ,  F i n a l  Repor t ,  Volume V - E a r t h  S t o r a b l e  Design,"  MCR-73-97 (Vol. V),  
M a r t i n  M a r i e t t a  C o r p o r a t i o n ,  Denver,  Colorado,  October  1973. 

17. G. R. Page,  e t  a l . ,  " k c q u i s i t i o n / E x p u l s i o n  System f o r  E a r t h  O r b i t a l  P r o p u l s i o n  System 
S tudy ,  F i n a l  Repor t ,  Volume I11 - Cryogenic  T e s t s , "  MCR-73-97 (Vol. 1 1 1 ) ,  Mar t in  
M a r i e t t a  C o r p o r a t i o n ,  Denver,  Colorado,  October  1973. 

18. D. A. F e s t e r ,  R. N. E b e r h a r d t ,  and J .  R. T e g a r t ,  "Space S h u t t l e  Reac t ion  C o n t r o l  Sub- 
system P r o p e l l a n t  A c q u i s i t i o n  Technology," AIAA Paper  No. 74-1106, P r e s e n t e d  a t  t h e  
AIAA/SAE 1 0 t h  P r o p u l s i o n  Conference,  San ~ i e ~ o ,  C a l i f o r n i a ,  October  21-22, 1974. 

19.  C .  D .  Brown, e t  a l . ,  "Viking O r b i t e r  1975 P r o p e l l a n t  Management Device ,"  SE 010-47-01, 
M a r t i n  M a r i e t t a  C o r p o r a t i o n ,  Denver,  Colorado,  May 1973. 

20. K. L. A b d a l l a ,  e t  a l . ,  "Liquid T r a n s f e r  Demonstra t ion on Board Apol lo  14  During Trans-  
e a r t h  Coas t , "  NASA TMX-2410, Lewis Research C e n t e r ,  C leve land ,  Ohio,  November 1971. 



ORIGBsra PAGE IS 
OF POOR QUALITY 

Figure 1.- 33.5' contact  angle of a drop on 
a contaminated surface.  

COMMUNICATION 

OUTLET 

Figure 2.- Capil lary pumping with a vane 
surface-tension device. 
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Figure 10.- Total communication screen Liquid Flow 
device. Annulus 

Figure 11.- Schematic of a compartmental- 
ized screen device. 

Figure 12.- Schematic of t h e  Viking 
o r b i t e r  1975 propel lant  management 
device. 

Figure 13.- Photograph of the  Viking 
orbiker 1975 vane s t ruc tu re .  



,--- Vent 

( a )  F i l l i n g  of standpipe. 

Direc t ion  of Flow 

(b )  Standpipe sect ion near ly  empty. 

Figure 14.- Apollo 14 f l u i d  t r ans fe r  with ba f f l ed  tanks ( r e f .  20). 




