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Na t iona l  Aeronaut ics  and Space A d m i n i s t r a t i o n  
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ABSTRACT 

To s tudy  t h e r m o c a p i l l a r y  f lows i n  a two-dimensional t h i n  l i q u i d  l a y e r  

w i t h  hea t  f l u x e s  imposed on the f r e e  sur face  e x p e r i m e n t a l l y ,  a l ong  t r a y  

c o n f i g u r a t i o n  was employed t o  s imu la te  the  i n f i n i t e  l a y e r .  The su r face  

temperature d i s t r i b u t i o n  due to  t h e r m o c a p i l l a r y  convec t ion  for  d i f f e r e n t  flow 

regimes were measured and compared w i t h  t h e o r e t i c a l  p r e d i c t i o n s .  A s h o r t  t r a y  

c o n f i g u r a t i o n  was a l s o  employed t o  s tudy the  end w a l l  e f f e c t s  ( i n s u l a t i n g  or 

conduct ing) .  The r e s u l t s  show t h a t  f o r  a s t r o n g  c o n v e c t i v e  flow w i t h  an 

i n s u l a t i n g  w a l l  as the  boundary, the  sur face  temperature d i s t r i b u t i o n  became 

q u i t e  un i fo rm.  

reduced. 

the conduct ing  w a l l  because o f  the l a r g e  sur face  temperature g r a d i e n t  near the  

w a l l .  

Consequent ly,  the  thermocapi 1 l a r y  d r i v i n g  f o r c e  was g r e a t l y  

On the  o t h e r  hand, a s t rong  f l u i d  mot ion  always e x i s t e d  a d j a c e n t  t o  

INTRODUCTION 

The space environment can be very  b e n e f i c i a l  for  m a t e r i a l  p rocess ing  as 

bo th  the  g r a v i t a t i o n a l  body fo rces  and the  buoyancy convec t ion  a re  g r e a t l y  

reduced, so a re  the  sedimentat ion caused by such fo rces ,  and tu rbu lences  

generated by such convect ion.  Among the va r ious  a p p l i c a t i o n s  i n  m a t e r i a l  

p rocess ing ,  f l o a t - z o n e  c r y s t a l  growth o f fe rs  n o t  o n l y  a p romis ing  technique i n  

the p r a c t i c a l  sense b u t  a l s o  a cha l l eng ing  o p p o r t u n i t y  i n  understanding the 

t h e r m o c a p i l l a r y  f l o w  phenomena. 

*Na t iona l  Research Counci 1 - NASA Research Assoc ia te .  



There a re  b a s i c a l l y  two c o n f i g u r a t i o n s  considered i n  the  p a s t  s t u d  

One i s  t h a t  w i t h  f i x e d  end temperatures,  t h e  o t h e r ,  w i t h  imposed heat  f 

Most of the  s t u d i e s  have d e a l t  w i t h  t h e  former. For t h e  imposed-heat-f 

c o n f i g u r a t i o n ,  t h e r e  s t i l l  e x i s t s  c e r t a i n  b a s i c  and i m p o r t a n t  phenomena 

understood be fo re  f u r t h e r  s t u d i e s  can be p r o p e r l y  pursued. The su r face  

e s .  

ux. 

ux 

t o  be 

temperature d i s t r i b u t i o n  of t h e  t h i n  l i q u i d  l a y e r  as a r e s u l t  o f  the  c o u p l i n g  

between the  imposed heat  f l u x  and t h e  t h e r m o c a p i l l a r y  convec t i on  i n  a two- 

dimensional  t h i n  l i q u i d  l a y e r  i s  t h e  one o f  p a r t i c u l a r  i n t e r e s t  t o  us.  For a 

f i n i t e  c o n t a i n e r ,  which i s  more r e a l i s t i c  than t h e  i n f i n i t e  l a y e r ,  t h e  end 

w a l l  e f f e c t s  ( i n s u l a t i n g  or conduc t ing )  on t h e  flow s t r u c t u r e  a re  i m p o r t a n t .  

The p resen t  s tudy i s  aimed a t  unders tand ing  t h e  above mentioned f l o w  phenomena 

e x  pe r  i men t a l  1 y . 
Based on the  a n a l y s i s  done by L a i  and 

l e n g t h  and 9.5 cm i n  w i d t h  f i l l e d  w i t h  s i 1  

depth was used t o  s i m u l a t e  a two-dimension 

Chai C11, a l o n g  t r a y  w i t h  50 cm i n  

cone o i l  w i t h  0.5 cm t o  1.0 cm i n  

1 ,  i n f i n i t e  t h i n  l a y e r .  Heat f l u x e  

were generated by a h e a t i n g  element e x t e n d i n g  above t h e  c e n t e r  o f  t h e  c o n t a i n e r  

i n  t h e  w i d t h  d i r e c t i o n .  Flow p a t t e r n s  induced by the  imposed heat  f l u x e s  

th rough  t h e  t h e r m o c a p i l l a r y  e f f e c t  shou ld  be symmetric and p e r p e n d i c u l a r  t o  t h e  

h e a t i n g  element. The s i l i c o n e  o i l ,  t h e  l a y e r  depth,  and the  d i s t a n c e  between 

the  h e a t i n g  element and t h e  l i q u i d  s u r f a c e  were v a r i e d  to  cover a c e r t a i n  flow 

range w i t h  A2Ma between l o 2  and lo4,  where A = D/L, w i t h  D deno t ing  the  

l a y e r  depth and L, t he  r e f e r e n c e  l e n g t h  sca le  i n  t h e  flow d i r e c t i o n ,  i s  t he  

aspect  r a t i o  and Ma, the Marangoni number. The surface temperature 

d i s t r i b u t i o n  was then measured and compared w i t h  the  t h e o r e t i c a l  p r e d i c t i o n s  

111. 

I n  o rde r  t o  s tudy 

l e n g t h )  was employed. 

f o r  the  i n s u l a t i n g  wal 
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t he  end w a l l  e f f e c t s ,  a s h o r t  t r a y  

Copper was used for  the  conduc t ing  

. For ease o f  comparison o f  t h e  f 

(10 and 12 c m  i n  

w a l l ;  p l e x i g l a s s ,  

ow s t r u c t u r e s  w i t h  



and w i t h o u t  end w a l l  e f f e c t s ,  t h e  h e a t i n g  element was p u r p o s e f u l l y  i n s t a l l e d  

n o t  a t  t he  midplane o f  t h e  t r a y  p a r a l l e l  t o  t h e  minor a x i s .  The h e a t i n g  

element extended above t h e  t r a y  was p laced  2 cm from t h e  conduc t ing  (or t h e  

i n s u l a t i n g )  w a l l .  

t r a y  behaves l i k e  a two-dimensional l a y e r  w i t h o u t  end w a l l  e f f e c t s .  The s h o r t  

The l o n g  s i d e  ( w i t h  r e s p e c t  t o  the  h e a t i n g  element)  o f  the  

s ide  ( w i t h  r e s p e c t  to  t h e  h e a t i n g  e lement) ,  on t h e  o t h e r  hand, would 

demonstrate t h e  end w a l l  e f f e c t s  c l e a r l y .  Procedures f o r  conduc t ing  t h e  

exper iment w e r e  s i m i l a r  to  those w i t h  a l o n g  t r a y  c o n f i g u r a t i o n .  Flow 

s t r u c t u r e s  w e r e  observed and recorded.  The r e s u l t s  a re  d iscussed i n  S e c t i o n  V.  

MOTIVATIONS 

Two-dimensional, I n f i n i t e  Layer Exper iment 

I n  s t u d y i n g  t h e r m o c a p i l l a r y  f l o w s ,  accu ra te  i n f o r m a t i o n  on s u r f a c e  

temperature d i s t r i b u t i o n  i s  o f  g r e a t  importance s ince i t  determines t h e  d r i v i n g  

force.  I n  a t h i n  l i q u i d  l a y e r  w i t h  a nonuni form hea t  f l u x  imposed on t h e  f r e e  

su r face  t h e  s u r f a c e  temperature d i s t r i b u t i o n  i s  a r e s u l t  o f  t h e  c o u p l i n g  o f  the  

t h e r m o c a p i l l a r y  convec t i on  and t h e  imposed hea t  f l u x .  

p u b l i c a t i o n  C11, t h e  au tho rs  analyzed t h e  c o u p l i n g  e f f e c t s ,  made e s t i m a t e s  on 

I n  a p r e v i o u s  

the  c h a r a c t e r i s t i c  l e n g t h  and temperature scales by nondimensional  a n a l y s i s ,  

and n u m e r i c a l l y  c a l c u l a t e d  these c h a r a c t e r i s t i c  q u a n t i t i e s .  T h e i r  a n a l y s i s  

p r e d i c t e d  t h a t  

and 

where ATo and L a re  t h e  c h a r a c t e r i s t i c  temperature and l e n g t h  sca les  i n  

the f low d i r e c t i o n  when convec t i on  i s  i m p o r t a n t .  ATR and LR, on t h e  o t h e r  

3 



hand, a re  the  r e f e r e n c e  scales o b t a i n e d  from t h e  conduct ion-dominant s i t u a t i o n .  

A and Ma a re  the  aspect  r a t i o  and Marangoni number based on the  ATR and 

LR. 

p r e d i c t i o n s .  

The p resen t  s tudy i n t e n d s  t o  c o n f i r m  e x p e r i m e n t a l l y  these t h e o r e t i c a l  

F i n i t e  Layer Exper iment 

I n  a r e a l  s i t u a t i o n ,  t he  l i q u i d  l a y e r  i s  always c o n f i n e d  i n  a f i n i t e  

c o n t a i n e r .  The w a l l  e f f e c t  on t h e  flow s t r u c t u r e  then becomes impor tan t .  Wi th  

an i n s u l a t i n g  w a l l ,  t h e  s u r f a c e  temperature d i s t r i b u t i o n  should be q u i t e  

u n i f o r m  and the  thermocapi 1 l a r y  d r i v i n g  f o r c e ,  t h e r e f o r e ,  i s  g r e a t l y  reduced, 

when convec t i on  becomes i m p o r t a n t .  On t h e  o t h e r  hand, when a conduc t ing  w a l l  

i s  employed and mainta ined a t  t h e  ambient temperature,  a sharp su r face  

temperature v a r i a t i o n  e x i s t s .  

should r e s u l t  near the  conduc t ing  w a l l .  

As a r e s u l t ,  a s t r o n g  c e l l u l a r  f l u i d  motion 

EXPERIMENTAL APPARATUS 

Long- t ray exper iment  

The t h i n  l i q u i d  l a y e r  i s  con ta ined  i n  a s h a l l o w  t r a y  o f  dimensions 9.5 by 

50 by 1.2 cm. 

t h a t  temperature g r a d i e n t s  p r e s e n t  a t  t h e  s i d e w a l l s  were w e l l  o u t s i d e  o f  the  

r e g i o n  o f  i n t e r e s t .  

p e r m i t  o p t i c a l  access f o r  flow v i s u a l i z a t i o n .  

o f  copper o f  5 mm th i ckness .  

c o n d i t i o n  on t h e  lower su r face  o f  t h e  t r a y ,  t h e  copper bot tom i s  h e l d  i n  

c o n t a c t  w i t h  a r e c i r c u l a t i n g  water  b a t h  whose temperature i s  c o n t r o l l e d  t o  an 

accuracy o f  50.05 "C. 

d iameter Incone l  w i r e  hea te r  which i s  suspended above t h e  midplane o f  t h e  

t r a y ,  p a r a l l e l  w i t h  the  minor a x i s .  

o f  t he  h e a t i n g  w i r e  t o  p r o v i d e  t h e  temperature d a t a  necessary t o  determine t h e  

The l a t e r a l  d imensions were chosen t o  be s u f f i c i e n t l y  l a r g e  so 

The s i d e w a l l s  a r e  f a b r i c a t e d  from a c r y l i c  p l a s t i c  to  

The bot tom o f  the  t r a y  i s  made 

I n  o r d e r  t o  impose t h e  f i x e d  temperature boundary 

The imposed hea t  f l u x  i s  s u p p l i e d  by a 0.063 i n .  

A thermocouple i s  a f f i x e d  t o  the su r face  

4 



heat  f l u x  d i s t r i b u t i o n .  A l l  thermocouples a re  re fe renced  t o  an e l e c t r o n i c  i c e  

p o i n t  ba th ,  and read  w i t h  a h i g h  impedance m i c r o v o l t m e t e r .  The s u r f a c e  

temperature d i s t r i b u t i o n  o f  t h e  l i q u i d  l a y e r  i s  measured u s i n g  a s i n g l e  

thermocouple w i t h  a t i p  d iamete r  o f  75 pm. 

s m a l l e r  than the  minimum thermal  boundary l a y e r  t h i c k n e s s  as c a l c u l a t e d .  

f l u i d  su r face  i s  scanned w i t h  a s i n g l e  thermocouple i n  o r d e r  t o  a v o i d  t h e  

i n t e r d e v i c e  v a r i a t i o n s  p r e s e n t  w i t h  m u l t i p l e  thermocouples. 

implemented w i t h  a programmable m i c r o p o s i t i o n e r  hav ing  a p o s i t i o n i n g  accuracy 

o f  21 pm. 

Th is  dimension was chosen t o  be 

The 

The scan i s  

The r e s u l t i n g  flow s t r u c t u r e  i s  observed by i l l u m i n a t i n g  a p lane  o f  

i n t e r e s t  w i t h i n  t h e  flow f i e l d  w i t h  a t h i n  sheet o f  l a s e r  l i g h t .  The flow i s  

seeded w i t h  3 pm a uminum o x i d e  p a r t i c l e s  a t  a d e n s i t y  o f  300 p g  pe r  l i t e r .  

L i g h t  s c a t t e r e d  by t h e  p a r t i c l e s  i s  reco rded  p h o t o g r a p h i c a l l y .  

c y l i n d r i c a l  lenses w i t h  f o c a l  l e n g t h s  i n  t h e  r a t i o  o f  1:25 a r e  used to  expand 

the  o u t p u t  beam o f  a 6 mw HeNe l a s e r ,  p r o v i d i n g  a l i g h t  sheet o f  dimensions 

0.7 by 18 mm ( l / e 2 ) .  Exposure t imes a re  c o n t r o l l e d  by an e lec t romechan ica l  

s h u t t e r  l o c a t e d  a t  t h e  common f o c a l  p lane  o f  t h e  c y l i n d r i c a l  l e n s  p a i r .  

A p a i r  o f  

The schematic diagram o f  t h e  exper imenta l  s e t  up i s  shown i n  f i g u r e  1 .  

S h o r t - t r a y  Experiment 

I n  o r d e r  t o  s tudy t h e  w a l l  e f f e c t s  ( conduc t ing  or i n s u l a t i n g )  on t h e  flow 

s t r u c t u r e ,  a s h o r t  t r a y  w i t h  dimensions 9 . 5  by 10 (or 12) by 1.2 cm was 

employed. 

i n s u l a t i n g  w a l l .  

w i t h o u t  w a l l  e f f e c t s ,  t he  h e a t i n g  element was i n t e n t i o n a l l y  p laced  c l o s e r  t o  

one o f  the  end w a l l s .  

a x i s  d i r e c t i o n  was p laced  2 cm from the  conduc t ing  (or i n s u l a t i n g )  w a l l .  The 

l o n g  s ide  of the  t r a y  behaves l i k e  a two-dimensional l a y e r  w i t h  no s i g n i f i c a n t  

Copper was used for  t h e  conduc t ing  w a l l ;  p l e x i g l a s s  f o r  t h e  

For ease o f  comparison o f  t h e  f low s t r u c t u r e s  w i t h  and 

The h e a t i n g  element extended above t h e  t r a y  i n  t h e  m ino r  
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end w a l l  e f f e c t s .  The s h o r t  s i d e ,  on t h e  o t h e r  hand, w i l l  d i s p l a y  end w a l l  

e f f e c t s .  A l l  t he  o t h e r  apparatus a r e  t h e  same as those used i n  the  l o n g - t r a y  

exper iment.  

EXPERIMENTAL PROCEDURE 

As i n d i c a t e d  i n  a p r e v i o u s  paper C11, t h e  s a l i e n t  parameter d e s c r i b i n g  

t h e  t h e r m o c a p i l l a r y  f low phenomenon i n  a two-dimensional  t h i n  l i q u i d  l a y e r  i s  

(A2#,). 

lo2 t o  l o4 .  
the  heat  f l u x  s t r e n g t h ,  t he  d i s t a n c e  from t h e  h e a t i n g  element t o  t h e  f l u i d  

su r face ,  t he  depth o f  the  l i q u i d  l a y e r ,  and t h e  v i s c o s i t y  o f  t h e  s i l i c o n e  o i l  

were v a r i e d  or ad jus ted .  The exper imenta l  c o n d i t i o n s  under c o n s i d e r a t i o n  a re  

summarized b r i e f l y  below: 

I n  the  p resen t  s tudy,  t h e  va lue  o f  (A2Ma> v a r i e s  ove r  the  range o f  

I n  o r d e r  to  cover  t h e  e n t i r e  range, seve ra l  system parameters - 

( 1 )  Temperature o f  t h e  h e a t i n g  element:  200 t o  850 "C 

( 2 )  D is tance  from t h e  h e a t i n g  element t o  t h e  s u r f a c e  o f  t h e  l i q u i d  

l a y e r :  0.5 to  1.0 cm 

( 3 )  Depth o f  t h e  l i q u i d  l a y e r :  0.5 to  1.0 cm 

(4 )  V i s c o s i t y  o f  t h e  l i q u i d :  5 t o  50 c s t s  

For each c o n f i g u r a t i o n ,  t h e  system was a l l owed  t o  a t t a i n  thermal 

e q u i l i b r i u m  for a p e r i o d  o f  r o u g h l y  30 min.  

d i s t r i b u t i o n  was then measured, a l l o w i n g  t h e  thermocouple t o  r e s t  for  seve ra l  

minutes a t  each l o c a t i o n .  I n  t h e  mean t ime, the  l a s e r  was t u r n e d  on to 

f a c i l i t a t e  flow v i s u a l i z a t i o n .  

camera. 

The s u r f a c e  temperature 

The f low p a t t e r n  was a l s o  reco rded  by a movie 

RESULTS AND DISCUSSION 

Buoyancy Ef fect  

a 

Dynamic Bond number, i .e . ,  B0,d = '* DL(pATo) g i v e s  t h e  r e l a t i v e  

importance o f  t h e  byoyancy e f f e c t  to the t h e r m o c a p i l l a r y  e f f e c t .  The va lue  

b 



o f  Bo,d for  t h e  p r e s e n t  s tudy  i s  about 3 to  7 .  

i s  n o t  l e s s  than u n i t y ,  t h e  buoyancy e f f e c t  can s t i l l  be considered as a minor 

A l though  t h e  va lue  o f  Bo,d 

one as compared to  t h e  t h e r m o c a p i l l a r y  e f f e c t .  The reasons a re  as fol lows: 

Imposing hea t  f l u x e s  on t h e  t o p  f ree  surface r e s u l t s  i n  h o r i z o n t a l  temperature 

g r a d i e n t s  and hence su r face - tens ion  d r i v e n  convec t i ons .  Th is  p rov ides  a 

t h e r m a l l y  s t a b i l i z i n g  e f f e c t  on t h e  f low f i e l d ,  which reduces the  flow mot ion 

due to  buoyancy. Furthermore, when c o n v e c t i o n  i s  s t r o n g ,  t he  temperature 

v a r i a t i o n  i n  the  depth d i r e c t i o n  due to  h e a t  t r a n s f e r  i s  c o n f i n e d  o n l y  w i t h i n  

t h e  thermal boundary t h i c k n e s s ,  which f u r t h e r  reduces t h e  buoyancy e f f e c t .  

Long- t ray Exper iment 

The su r face  temperature d i s t r i b u t i o n  i s  t h e  main concern i n  t h i s  

exper iment.  

1 . 3 ~ 1 0 3 ,  3.2x103, and 6 . 0 ~ 1 0 ~  a r e  shown i n  f i g u r e  2 .  

temperature d i s t r i b u t i o n ,  t h e  c h a r a c t e r i s t i c  temperature d i f f e r e n c e ,  ATo, 

A s  examples, t h e  surface temperature d i s t r i b u t i o n  f o r  (A2Ma) = 

From the s u r f a c e  

i . e . ,  t h e  d i f f e r e n c e  between t h e  s u r f a c e  temperature underneath t h e  h e a t i n g  

element and t h a t  a t  t h e  f a r  down stream, can be o b t a i n e d .  To e s t i m a t e  t h e  

c h a r a c t e r i s t i c  l e n g t h  s c a l e  L i n  t h e  flow d i r e c t i o n ,  a s t r a i g h t  l i n e  was 

drawn t o  i n t e r s e c t  w i t h  t h e  surface temperature p r o f i l e  i n  such a way t h a t  t h e  

shaded areas ,  a s  shown i n  f i g u r e  2, a re  equal .  P h y s i c a l l y ,  i t  means t h a t  t h e  

s u r f a c e  temperature i s  r e d i s t r i b u t e d  i n  a l i n e a r  way such t h a t  t h e  g l o b a l  

energy i s  conserved fo r  t h e  main p o r t i o n  where t h e  s u r f a c e  temperature v a r i e s  

a p p r e c i a b l y .  The i n t e r s e c t i o n  p o i n t  f a r t h e r  down stream then determines t h e  

c h a r a c t e r i s t i c  l e n g t h  s c a l e  L. 

p r e v i o u s  paper [ll 

A s  p r e d i c t e d  and n u m e r i c a l l y  c a l c u l a t e d  i n  a 

- -  AT0 (A2Ma)-1 / 4  

ATR 
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I t  can be seen from f i g u r e  3 t h a t  t h e  1/4-power v a r i a t i o n s  o f  

ATo/ATR w i t h  r e s p e c t  t o  (A2#,) as p r e d i c t e d  by t h e  nondimensional a n a l y s i s  a re  

L/LR and 

q u i t e  reasonable.  

The ma 

conduct ing)  

I n s u l a  

S h o r t - t r a y  Experiment 

n i n t e r e s t  i n  t h i s  exper iment  was t h e  wal 

on t h e  f low s t r u c t u r e .  Two extreme cases 

i n q  w a l l .  - A s e r i e s  o f  d a t a  s e t  (A2Ma = 

e f f e c t  ( i n s u l t a t i n g  or 

were i n v e s t i g a t e d :  

.Ox102, 1 . 3 ~ 1 0 3 ,  3 . 2 ~ 1 0 3  

and 6 . 0 ~ 1 0 3 )  were c o l l e c t e d  w i t h  an i n s u l a t i n g  p l e x i g l a s s  end w a l l  s e r v i n g  as 

the boundary. The f low s t r u c t u r e s  a r e  shown i n  f i g u r e  4. For A2Ma - l o 2  t h e  

f low s t r u c t u r e  near t h e  h e a t i n g  element seems t o  be q u a l i t a t i v e l y  symmetric 

w i t h  r e s p e c t  t o  t h e  h e a t i n g  element.  

s t ronger ,  t h e  flow i n  t h e  l o n g  s i d e  begins t o  p e n e t r a t e  o n t o  the  s h o r t  s i d e  

r e g i o n  and t h e  flow p a t t e r n  i n  t h e  s h o r t  s i d e  begins t o  d i s t o r t .  

104, t he  smal 

f i n a l l y ,  o n l y  a u n i - c e l l  f low p a t t e r n  generated by t h e  thermocapi 1 l a r y  f o r c e  

on t h e  l o n g  s de e x i s t e d .  T h i s  t r a n s i t i o n  from two l o c a l l y  symmetric ( w i t h  

r e s p e c t  t o  t h e  h e a t i n g  element)  c e l l u l a r  flow p a t t e r n  to  a u n i c e l l  flow 

p a t t e r n  demonstrate t h e  decrease o f  t h e  t h e r m o c a p i l l a r y  d r i v i n g  f o r c e  due t o  

i n s u l a t i n g  w i l l  e f f e c t  when c o n v e c t i o n  became impor tan t .  

For A2Ma - l o 3  when convec t i on  becomes 

For A2Ma - 
c e l l u l a r  flow mot ion  on t h e  s h o r t  s i d e  a lmost  d isappears;  

Conduct ing w a l l .  - The exper imen ta l  s e t  up i n  t h i s  s tudy  was t h e  same as 

t h a t  used fo r  t h e  i n s u l a t i n g - w a l l  exper iment  except a copper end w a l l  i n s t e a d  

o f  t h e  p l e x i g l a s s  end w a l l  was used as t h e  boundary. The temperature o f  t h e  

conduct ing w a l l  was ma in ta ined  a t  t h e  ambient temperature which was a l s o  the  

temperature of the  bot tom boundary. The same s e r i e s  of da ta  s e t s  as t h a t  i n  

the  i n s u l a t i n g - w a l l  case was c o l l e c t e d  i n  t h e  present  s i t u a t i o n .  Some r e s u l t s  

a re  shown i n  f i g u r e  4 .  For A2Ma - l o 2  t h e  flow s t r u c t u r e  near the  h e a t i n g  
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element is also qualitatively symmetric with respect to the heating element, 

similar to that for the insulating-wall situation. When convection became 

important, a strong surface temperature variation existed only near the 

conducting wall, which resulted in a strong thermocapillary driving force in 

that small region. 

It can be seen from figure 4 as convection grew stronger, the cellular 

flow motion on the short side became smaller and stronger but never 

disappeared. This strong flow motion on the short side demonstrated that there 

existed a sharp surface temperature gradient and, consequently, a strong 

thermocapillary driving force near the conducting wall, as discussed in 

Section 11. 

CONCLUSIONS 

The experimental study of the thermocapillary flow phenomenon in a two- 

dimensional thin liquid layer with heat imposed on the free surface was 

conducted herein with the aid of a long-tray and a short-tray configurations. 

The following conclusions are drawn from the present study. 

1 .  The 114- power variations of L/LR and ATo/ATR with (A2Ma), i.e., 

L/LR - (A2Ma)114 and AToIATR - (A*Ma)-lI4, as predicted by the authors in a 

previous paper were confirmed by the experimental results. 

2 .  For a strong convection flow with an insulating wall as the boundary, 

the surface temperature distribution becomes quite uniform on the short side. 

Consequently, the thermocapillary force for the small cellular flow motion is 

much reduced. 

3. With a conducting end wall as the boundary, a strong cellular flow 

motion always exists near the wall because of the strong surface temperature 

variation in that small region. 
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