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A b s t r a c t  

A t h e o r e t i c a l  model o f  thormocapi l l a ry  bubble motion i n s i d e  a drop,  l o c a t e d  i n  a space 
l a b o r a t o r y ,  due t o  an a r b i t r a r y  axisymmetric temperature  d i s t r i b u t i o n  on t h e  d r o p  s u r f a c e  
is cons t ruc ted .  Typical  r e s u l t s  f o r  t h e  s t ream f u n c t i o n  and temperature  f i e l d s  a s  w e l l  a s  
t h e  migra t ion  v e l o c i t y  o f  t h e  bubble  a r e  o b t a i n e d  ! 7  t h e  a u a s i s t a t j c  l i m i t .  

/ j 
The motion o f  bubbles  i n  a r o t a t i n g  body of  l i q u i d  is s t u d i e d  exper imenta l ly ,  and an  

approximate t h e o r e t i c a l  model is developed. Comparison o f  t h e  exper imental  o b s e r v a t i o n s  o f  
t h e  bubble t r a j e c t o r i e s  and c e n t e r i n g  t imes  w i t h  t h e o r v L i c a l  p r e d i c t i o n s  l e n d s  q u a l i f i e d  
suppor t  t o  t h e  theory.  t;. 

I n t r o d u c t i o n  

With t h e  advent o f  t h e  Space S h u t t l e ,  o r b i t a l  p rocess ing  o f  mater i .a ls  o v e r  extended , I  

! ' 
per iods  o f  time w i l l  become r e a l i z a b l e  i n  t h e  n e a r  f u t u r e .  The n e a r  f r e e  f a l l  environment . - 
aboard o r b i t i n g  s p a c e c r a f t  is p a r t i c u l a r l y  a t t r a c t i v e  f o r  c o n t a i n e r l e s s  o p e r a t i o n .  For h 
i n s t a n c e ,  m a t e r i a l s  may be melted whi le  suspended, and cooled wi thou t  c o n t a c t i n u  a , .  

c o n t a i n e r .  I t  has  been suggested t h a t  c e r t a i n  hiyh technology g l a s s e s  which a r e  d i f f i c u l t  , . 

o r  impossible  t o  make on e a r t h  because o f  con ta ine~-wal l - induced  heterogeneous n u c l e a t i o n  ~. % 
can b e  made i n  a f r e e  f a l l  environment . l r2  Other  a p p l i c a t i o n s  f o r  c o n t a i n e r l e s s  p rocess inq  
i n c l u d e  t h e  measurement o f  phys ica l  p r o p e r t *  e s  o f  h i q h l y  react i .ve  mel t s ,  and t h e  prepa-  

1 '  r a t i o n  o f  u l t r a p u r e  m a t e r i a l s  which a r e  e a s i l y  contaminated by c o n t a i n e r s .  j .x 

I n  many of t h e  above a p p l i c a t i o n s ,  i t  is  l i k e l y  t h a t  g a s  bubbles  w i l l  be fcbrmed i n  t h e  
melts processed i n  space. For i n s t a n c e ,  i n  t h e  manufacture o f  q l a s s e s ,  bubbles  a r e  formed 
due t o  t h e  l i b e r a t i o n  o f  gaseous products  from chemical r e a c t i o n s .  The removal o f  such 
bubbles  is e s s e n t i a l  t o  t h e  p r e p a r a t i o n  o f  a u s e f u l  f i n a l  product .  A t  Clarkson,  wi th  finar.-  
c i a 1  suppor t  from NASA, exper iments  a r e  beinq designed f o r  f l i g h t  aboard N4SA r o c k e t s  and 
t h e  Space S h u t t l e  on t h e  s u b j e c t  o f  s u r f a c e  t e n s i o n  g r a d i e n t  d r i v e n  motion o f  q a s  bubbles  I :  
i n  g l a s s  melts a.rd model f l u i d s .  The exper iments  w i l l  l nvo lve  t h e  photographic  o b s e r v a t i o n ,  ' :  
under reduced g r a v i t y  c o n d i t i o n s ,  o f  t h e  motion o f ,  and t h e  i n t e r a c t i o n  a m n  bubbles  i n  a 3' l i q u i d  d rop  -*!~ich i s  spot-heated.  They a r e  descr ibed  i n  d e t a i l  elsewhere.3,  

I 

Another t o p i c  t o  be addressed,  i n  o u r  f r e e  f a l l  exper iments ,  is t h e  c e n t e r i n g  o f  g a s  
bubbles  i n s i d e  a l i q u i d  drop. Such c e n t e r i n g  p lays  an important r o l e  i n  t h e  p rocess  
c u r r e n t l y  employed f o r  t h e  product ion of  uniform hollow q l a 3 s  s h e l l s  ( n i c r o b a l l o o n s )  used 
i n  i n e r t i a l  confinemant f u s i o n  research .  Typica l ly ,  a c o l l e c t i o n  o f  g e l  p a r t i c l e s  is 
dropped i n t o  a v e r t i c a i  t u b e  furnace.  The p a r t i c l e s  m e l t  and gas  bubbles  form. A t  some 
p o i n t ,  t h e s e  bubbles  c o a l e s c e  i ~ t o  a l a r g e  bubble which c e n t e r s  i t s e l f  i n s i d e  t h e  m l t e n  , T 

g l a s s  drop. A t  t h e  bottom o f  t h e  fu rnace ,  f a i r l y  uniform s h e l l s  a r e  ob ta ined .5  I n  view o f  
t h e  c o ~ d i t i o n s  o f  o p e r a t i o n  :I? t h e  product ion process ,  i t  i s  q u i t e  d i f f i c u l t  t o  i s o l a t e  a 
s i n g l e  p a r t i c l e ,  and fol low its time-temperature h i s t o r y  c a r c f a l l y .  Thus, t h e r e  is con- 
s i d e r a b l e  u n c e r t a i n t y  a t  t h i s  t ima concerning t h e  mechanisms which might be o p e r a t i v e  i n  ! .  

c e n t e r i n g  t h e  bubble  i n s i d e  t h e  molten l i q u i d  drop i n  t h e  furnace.  The s p h e r i c i t y  and w a l l -  , 
t h i c k n e s s  uniformity o f  t h e  hollow g l a s s  s h e l l s  o b t a i n e d  is c r u c i a l  t o  t h e  success  o f  t h e  
f u s i o n  process  wherein t h e  s h e l l s  a r e  f i l l e d  wi th  a Deuterium-Tritium mixture  and an  t 

implosion is achieved by irradiation w i t h  a l a s e r  p u l s e  o r  an ion  heam.6 
1 

. . 
I n  t h e  near  f r e e  f a l l  c o n d i t i o n s  aboard t h e  S h u t t l e ,  3 bubble  can  be in t roduced  i n t o  a t ~' : .' l i q u i d  d r o p  and v a r i o u s  c e n t e r i n g  mechanisms such a s  r o t a t i o n ,  o s c i l l a t i o n ,  expansron/ 

c o n t r a c t i o n ,  etc., which have been proposed t o  d a t e ,  can b e  s u i e d .  Yanipu la t ion  o f  t h e  
i 

d r o p  and bubble  system may be achieved w i n g  a c o u s t i c  i i e l d ~ .  kt I 

I - 
I n  t h i s  p r e s e n t a t i o n ,  some of  o u r  ground-based r e s e a r c h  on t h e  motion o f  bubbles  i n a i d e  

d rops  w i l l  be  descr ibed .  T h e o r e t i c a l  work h a s  beon performed on m'"' c a p i l l a r y  bubble  
4 < , ex 

migra t ion  i n s i d e  a d rop ,  and is be ing  r e p o r t e d  i n  t h e  l i t e r a t u r e .  More d e t s i l s  w i l l  b e  
g iven  i n  (11). Experimental work is under way on the behav ior  o f  bubbles  p l  e d  i n r i d e  a 
r o t a t i n g  l i q u i d  body. S o r  o f  t h i s  work is be inq  r e p o r t e d  i n  t h e  l i t e r a t u r e f g  and d e t a i l s  
nay be found i n  ( 1 3 ) .  



Thermocapillary motion of  bubbles i n s i d e  drops 

A bubble placed i n s i d e  a drop  i n  t h e  absence o f  g r a v i t y  w i l l  m v e  i f  a non-uniform 
temperature f i e l d  is induced and maintained on the drop  sur face .  This  motion w i l l  be a 
d i r e c t  consequence of t h e  t angen t i a l  stresses a t  both t h e  drop su r f ace  and t h e  bubble- 
l i q u i d  i n t e r f ace  caused by t h e  v a r i a t i o n  o f  su r f ace  tens ion  with temperature. Such 
s t r e s s e s  w i l l  induce motion i n  t h e  l i q u i d  s h e l l  due t o  viscous t r a c t i o n ,  and cause t h e  
movement o f  t h e  bubble. I n  f a c t ,  a gas bubble placed i n  a quiescent  l i q u i d  body wi th  a non- 
uniform temperature f i e l d  w i l l  propel i t s e l f  toward t h e  warmer regions i n  t h e  l i q u i d  by 
causing motion of  t h e  l i q u i d  i n  its v i c i n i t  The problem o f  t h e  i s o l a t e d  bubble has  been 
exammned i n  t h e  past ,  and both t h f m r e t i c a l l i ;  15  and experimental14 16 r e s u l t s  are ava i l ab l e .  

I n  t he  present  problem, s eve ra l  v a r i a t i o n s  m y  be posed. When ;he prescribed temper- 
a t u r e  f i e l d  is a x i a l l y  syearetric ( a s  obtained perhaps by spot-heating t h e  drop) ,  and when 
the  bubble is located along this symmetry a x i s ,  t h e  ve loc i ty  and temperature f i e l d s  i n  t h e  
l i q u i d  s h e l l  w i l l  possess a x i a l  synunetry. Furthermore, w e  restrict a t t e n t i o n  t o  t' quas i -  
s t a t i c  l i m i t  wherein t h e  unsteady accumulation terms a s  wel l  as t h e  convective t r  rsport  
terms a r e  ignored i n  comparison t o  t h e  m l e c u l a r  t r anspo r t  terms i n  t h e  qoverninc, conser- 
va t ion  equations. I n  t h i s  case,  the equat ions o f  conservat ion of  momentum and energy a r e  
l i n e a r ,  and t h e  powerful p r inc ip l e  of  superposi t ion can be used to cons t ruc t  solutions.17-19 
The general  so lu t ions  presented i n  (18,191 mag be  spec i a l i zed  t o  t h e  boundary condi t ions  
appl icable  t o  our  problem i n  a s t ra ight forward ,  bu t  ted ious  manner. % t a i l s  a r e  presented 
el sewhere. 9 -1 1 

I n  view of  t h e  l i n e a r i t y  of  t h e  governing equat ions,  t h e  r e s u l t i n g  motion of t h e  bubble 
may be s tudied  conveniently by decomposing t h e  a r b i t r a r y  temperature f i e l d  i n t o  sphe r i ca l  
harmonics. The sca led  migration ve loc i ty  ( U )  o f  t h e  bubble has  been ca l cu l a t ed  a s  a 
f u n c t i o ~  o f  reduced bubble s i z e  K (Bubble radius/Drop rad ius)  and t h e  s ca l ed  d i s t ance  
between t h e  drop and bubble cen t e r s  D ( sca led  nsing drop rad ius)  f o r  t h e  f i r s t  t h r e e  
Legendre modes of  t h e  sur face  temperature f i e l d .  A s  expected, i n  a l l  t he se  ca se s ,  t h e  
bubble moves towards t h e  neares t  warm pole. For a P1-mode su r f ace  temperature f i e l d ,  f o r  a 
f ixed  K ,  t h e  ve loc i ty  of  t h e  bubble U increases  w i t h  decrease i n  D, and reaches a maximum 
when t h e  bubble reaches t h e  c e n t e r  o f  the  drop. For higher  modes, U f i r s t  increases  from 
i t s  value of zero a t  D = 0 f o r  increas ing  D,  b u t  u l t imate ly  decreases a s  t h e  bubble 
approaches t he  drop sur face .  For a l l  modes, fo r  f ixed 0 ,  t h e  ve loc i ty  o f  t h e  bubble 
increases  with K ,  f o r  a wide range of  values of K .  

A typ i ca l  set of  r e s u l t s  f o r  t h e  isotherms and s t reaml ines  induced by a PI-mode su r f ace  
temperature f i e l d  is presented i n  f i gu re  1. Here, due t o  t h e  symmetry o f  t h e  f l u i d  flow, 
a bubble placed anywhere on t h e  symmetry a x i s  w i l l  move toward t h e  warm pole  a lona  t h e  
symmetry ax is .  However, f o r  t he  P2 and higher  modes of  t h e  su r f ace  temperature f i e l d ,  a 
bubble located a t  t he  cen t e r  of t h e  drop w i l l  not  move. Any displacement of  t h e  bubble 
from t h e  drop cen te r  w i l l  r e s u l t  i n  t h e  motion o f  t h e  bubble t o  t h e  nea re s t  warm pole (not  
shown). Detai led r e s u l t s  on t h e  m t i o n  of  t h e  bubble a r e  given elsew--11 

W e  a l s o  might note here  t h a t  a simple approximation can be cons t ruc ted  f o r  t h e  bubble 
ve loc i ty  f o r  r e l a t i v e l y  small bubble s i z c .  This  approximation, presented i n  (9,101 involves 
t h e  ca l cu l a t i on  of  t h e  streaming ve loc i ty  of  the  f l u i d  i n  t h e  drop a t  t h e  l oca t ion  of  t h e  
bubble cen t e r  i n  t he  absence of t he  bubble using r e s u l t s  a v a i l a b l e  i n  t h e  l i t e r a t u r e . 2 0  
Then, t h e  thennocapil lary migration ve loc i ty  of  an i s o l a t e d  bubble i n  a quiescent  l i q u i d  
subjected t o  t h e  temperature gradien t  e x i s t i n g  i n  t h e  drop  a t  t h e  l oca t ion  o f  t h e  bubble 
cen t e r  (but  i n  t h e  absence of  t h e  bubble) is computed from (14).  The two a r e  added t o  g ive  
t h e  des i red  approximation. A s  shown i n  (9,13) t h i s  approximation is q u i t e  good f o r  r e l a t i v e  
bubble r a d i i  o f  up t o  a t e n t h  of t h e  drop rad ius ,  and f o r  even l a r g e r  values when t h e  bubble 
is  c l c s e  t o  t he  cente,r o f  t he  drop. 

Bubble motion i n  a r o t a t i n g  l i q u i d  

A gas bubble i n  a r o t a t i n g  l i q u i d  hody w i l l  experience buoyancy toward t h e  a x i s  of  
ro t a t i on  due t o  t h e  radia.' a cce l e r a t i on  f i e l d  q u i t e  analogous t o  upward buoyancy due t o  
e a r t h ' s  gravity.21'24 Rela t ive ly  small bubbles, introduced i n t o  highly viscous l i q u i d s  
r o t a t i n g  a t  small angular  v e l o c i t i e s ,  w i l l  migrate p r inc ipa l ly  i n  t h e  r a d i a l  d i r e c t i o n  when 
viewed i n  a reference frame r o t a t i n g  with t h e  l i q u i d .  C o r i o l i s  de f l ec t i on  under these  con- 
d i t i o n s  w i l l  be a small secondary e f f e c t .  

I n  an e f f o r t  t o  i nves t iqa t e  t h i s  bubble center ing  mechanism, w e  have performed experi-  
ments using a spher ica l  th in-wal led  g l a s s  s h e l l  approximately 70 nun irr diameter.  The s h e l l  
is  f i l l e d  with a Dow-Corning DC-200 s e r i e s  s i l i c o n e  o i l  through a hole  on t h e  su r f ace  of  the 
sphere, leaving a small a i r  bubble 6 2  mm diameter) i n  t h e  l i q u i d ,  and sea l ed  using a p i ece  
of gum-tape. The bubble is i n i t i a l l y  loca ted  a t  t he  h ighes t  po in t  i n  t h e  l i a u i d ,  a pos i t i on  
d i c t a t e d  by gravi ty .  The s h e l l  is then ro t a t ed  about a ho r i zon ta l  a x i s  with t h e  a i d  o f  a 
D.C. motor. The bubble s p i r a l s  i n  toward the  r o t a t i o n  a x i s  on t h e  equa to r i a l  plane o f  t h e  



ISOTHERMS, P,-MODE 
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Figure l a .  Isotherms for  the eccent.ric bubble system f o r  a P1-mode temperature f i e l d  on 
the  drop surface ,  r = 0 . 2 5 ,  D = 0.3. 
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Figure l b .  Streamlines f o r  the  e c c e n t r i c  bubble system f o r  a PI-mde temperature field on 
t h e  drop surface ,  K = 0 . 2 5 ,  D = 0.3.  



s h e l l ,  and t h e  p r o c e s s  is r e c o r d e d  usinc, \ i g h  speed  mot ion  p i c t u r e  camera,  or a vide\, 
car tera  depend ing  o n  t h e  r o t a t i o n  rate o f  2 s p h e r e  f o r  t h e  e x p e r i m e n t a l  run. More d e t a i l s  
may be found i n  (12 ,13 ) .  

I n  F i g u r e  2, e x p e r i m e n t a l  d a t a  a r e  shown f o r  a t y p i c a l  run .  The r a d i a l  p o s i t i o n  o f  t h e  
bubb le ,  s c a l e d  by t h e  s h e l l  r a d i u s ,  and c o r r e c t e d  f o r  o p t i c a l  d i s p l a c e m e n t  e f f e c t s ,  is 
p l o t t e d  a y a i n s t  time, and t h e  m i g r a t i o n  of t h e  b u b b l e  to  t h e  r o t a t i o n  a x i s  may b e  s e e n  
c l e a r l y .  An approx ima te  t h e o r e t i c a l  d e s c r i p t i o n  o f  t h e  m i y r a t i o n  p r o c e s s  h a s  been 
deve loped l2 ,13  and t h e  p r e d i c t i o n  from t h e o r y  may b e  s e e n  to b e  i n  r e a s o n a b l e  acreement  
w i t h  t h e  d a t a  shown i n  F i a u r e  2 .  The e F f e c t s  of secondarv  f l o w s  d u r i n q  sp in -un  and g r a v i t y  
o n  t h e  bubb le  m i g r a t i o n  p r o c e s s  have  been d i s c u s s e d  e l sewhere .12  
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F i g i r e  2. Bubble m i g r a t i o n  towards  t h e  r o t a t i o n  a x i s  a s  a f u n c t i o n  o f  t i m e  (uppe r  s c a l e )  
and o f  c u m u l a t i v e  s p h e r e  r e v o l u t i o n s  ( l o w e r  s c a l e )  f o r  Run 3 .  

g o n c l u s  i o n s  

Sonie p o t e n t i a l  mechanisms f o r  t h e  m i g r a t i o n  o f  g a s  b u b b l e s  i n  l i q u i d  b o d i e s  under  
reducsd g r a v i t y  c o n d i t i o n s  have  been p r e s e n t e d  and d i s c u s s e d .  T h e o r e t i c a l  p r e d i c t i o n s t  
i n d i c a t ?  t h a t  t h e r m o c a p i l l a r y  m i q r a t i o n  my b e  used t o  move bubb le  t o  t h e  s u r f a c e  o f  a 
l i q u i d  ~ ' r o p ,  and e x p e r i m e n t a l  d a t a  s u g g e s t  t h a t  r o t a t i o n  of a d r o p  c o n t a i n i n g  b u b b l e s  is 
a u s e f u l  mechanism f o r  moving b u b b l e s  t o  t h e  c e n t e r  o f  a d rop .  Both o f  t h e  above mecha- 
n isms,  b e i n g  ~ n d e p e n d c n t  o f  q r a v i t y ,  mav be  e f f e c t i v e l y  used t o  manage ? a s  b u b b l e s  i n  s p a c e  
p r c z e s s i n q .  
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