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H E X A F L U O R I D E  IN T H E  S U P E R C R I T I C A L  R E G I O N  

E .  N.  D u b r o v i n a  a n d  V .  P .  S k r i p o v  

Exper imen ta l  data a r e  p re sen ted  on the heat  t r a n s f e r  coeff ic ient  of plat inum wire  with sul fur  
hexaf luor ide  in the s u p e r c r i t i c a l  r eg ion .  The heat  t r a n s f e r  coeff ic ient  i n c r e a s e s  by severa l fo ld  and 
p a s s e s  through a maximum on the i s o t h e r m s  nea r  the c r i t i c a l  i s o t h e r m  with a t e m p e r a t u r e  head of 0.5 ~ 

As is  well  known, nea r  the l iquid - vapor  c r i t i ca l  point heat  t r a n s f e r  takes  p lace  with sha rp ly  
va ry ing  p r o p e r t i e s  of the m a t t e r .  A l a r g e  number  of s tudies  (not c i ted  here)  have been made of the 
influence of the s i ngu l a r i t i e s  in the behavior  of the m a t t e r  on the heat  t r a n s f e r  in this  reg ion .  

In the following we examine  heat  exchange with sulfur  hexaf luor ide  in the s u p e r c r i t i c a ]  r eg ion .  In 
i t s  chemical  p r o p e r t i e s  SF~. is  c lose  to the i ne r t  gases  and has high e l e c t r i c  s t r eng th .  Accord ing  to [1] 
the c r i t i c a l  p a r a m e t e r s  of SF 6 a r e  t .  = 45.56 ~ C, p .  = 37.6 ba r .  

In the t e s t s  we used  the expe r imen ta l  setup d e s c r i b e d  in [2]. A 29-t~-diam. p la t inum f i lament  running 
along the axis  of v e r t i c a l l y  and hor izon ta l ly  pos i t ioned cy l indr i ca l  channels s e r v e s  as  the hea te r  and 
r e s i s t a n c e  t h e r m o m e t e r .  The chamber  f i l led  with SF 6 was p laced  in a t h e r m o s t a t  whose t e m p e r a t u r e  was 
mainta ined  to within • 0.01 ~ C. P r i o r  to f i l l ing,  the i m pur i t i e s  were  r e m o v e d  f rom the SF 6 using the 
f r eezeou t  technique.  

We inves t iga ted  the behavior  of the heat  t r a n s f e r  coeff ic ient  ~ as  a function of the p r e s s u r e  p for  the 
constant  t e m p e r a t u r e  head At = 0.5 ~ along the i s o t h e r m s .  

F i g u r e  1 shows the s ix  i s o t h e r m s  1, 2, 3, 4, 5, 6, c o r r e s p o n d i n g t o t h e t e m p e r a t u r e s 4 6 . 0 5 ,  47.20, 48.20, 
50.20, 54~ 60~ ~ C, obtained as a r e s u l t  of expe r imen t s  w i t h a h o r i z o n t a l  f i lament~ The s e r i e s  of i s o -  
t h e r m s  for  the v e r t i c a l  f i l ament  was r e c o r d e d  at  the t e m p e r a t u r e s  46.05, 48.20, 50.20, 54.00 and 60.00~ 

The dependence of the hea t  t r a n s f e r  coeff ic ient  ~ on the t e m p e r a t u r e  head along the i s o b a r s  is shown 
in F ig .  2, where  curves  1, 3, 5 a r e  expe r imen t s  with hor izonta l  f i l a m e n t s ,  curves  2, 4, 6 a r e  expe r imen t s  
with ve r t i c a l  f i laments ;  for  curves  3, 4 p = 40.5, t = 48.20~ for  curves  5, 6 p = 38.0 ba r ,  t = 46.05 ~ C. 

We see  f rom F ig .  1 that  the heat  t r a n s f e r  coeff ic ient  p a s s e s  through a max imum.  The m o r e  the 
chamber  t e m p e r a t u r e  exceeds  the c r i t i c a l  t e m p e r a t u r e ,  the lower  this  maximum is and the h igher  the 
p r e s s u r e s  at  which i t  is  obse rved .  On the 46.05 ~ C, i so the rm,  i .e . ,  0~ ~ above the c r i t i c a l  t e m p e r a t u r e ,  
the quanti ty ~ exceeds  by eight  t imes  the value which the hea t  t r a n s f e r  coeff ic ient  would have for  gradual  
and monotonic v a r i a t i o n  with the p r e s s u r e .  At a d is tance  of 15 ~ f rom the c r i t i c a l  t e m p e r a t u r e  the value 
of ~ in this compar i son  d i f fers  only by a f ac to r  of 1.5. 

F o r  the v e r t i c a l  w i re  the dependence of ~ on the p r e s s u r e  and t e m p e r a t u r e  is the s a m e  as for  the 
hor izonta l  wi re ,  but the co r re spond ing  max imal  values  a r e  about 20% lower .  The maximal  values  of the 
heat  t r a n s f e r  coeff ic ient  for  the hor izonta l  and ve r t i ca l  f i l aments  a r e  p r e s e n t e d  in Table 1. 

In the coord ina tes  p - t  the l ine of ~ maxima  co r r e sponds  to continuation pas t  the c r i t i c a l  point of 
the l i q u i d - v a p o r  coex is tence  curve [3]. A maximum of the heat  t r a n s f e r  coeff ic ient  can a lso  be obse rved  
with i s o b a r i c  va r i a t ion  of the s ta te  of the m a t e r i a l .  The expe r imen t s  were  made with v a r i a b l e  t e m p e r a t u r e  
head along the i s o b a r s .  The dependence of ~ on At was de t e rmined  for  constant  p r e s s u r e .  It was found 
that  the choice of the p r e s s u r e  has a s ignif icant  effect  in this  case .  Thus,  for  the p r e s s u r e  p*, c o r r e s p o n d -  
ing to the maximum of ~ on the curve ~ (p) for  a given chamber  t empera tu re ,  the heat  t r a n s f e r  coeff ic ient  
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d e c r e a s e s  s h a r p l y  with i n c r e a s e  of At (curves  1 and 2 in  Fig .  2). If 
the p r e s s u r e  exceeds  p* s l ight ly  t he r e  is  a m a r k e d  m a x i m u m  on 
the c~ (At) cu rve  (curves  3 and  4 in  F ig .  2). F o r  a l ow e r  p r e s s u r e  
p < p*, ~ v a r i e s  only s l igh t ly  with i n e r e a s e  of At (curves  5 and 6 
in  F ig .  2). The c r i t i c a l  dependence  for  f r ee  convect ion ,  as is known, 
has  the f o r m  N = C(R) n .  Here  N is  the N u s s e l t  n u m b e r ,  R is the 
Ray le igh  n u m b e r ,  G is the G r a sho f  n u m b e r ,  P is  the P r a nd t l  n u m b e r ,  
C and n a r e  e m p i r i c a l  coef f ic ien ts  

]7 ~ -  G P  ~ -  g~13p~cvh! 

We see  f r o m  this  r e l a t i o n  that  the hea t  t r a n s f e r  coef f ic ien t  is 
p r o p o r t i o n a l  to the spec i f i c  hea t  and the t h e r m a l  expans ion  coef f ic ien t  
ft. It  is the e x t r e m a l  b e h a v i o r  of Cp and fi for  s u p e r c r i t i c a l  t r a n s i -  
t ions  which causes  the i n c r e a s e  of the f r ee  convec t ive  hea t  t r a n s f e r .  
S t rong  t u r b u l e n t  convec t ion  n e a r  the c r i t i c a l  point  was  o b s e r v e d  in  
the SF 6 v i s u a l l y  and was  photographed .  The convec t ive  flux p a t t e r n s  
a r e  s i m i l a r  to the photographs  ob ta ined  in  [4]. 

The m a r k e d  d e c r e a s e  of ~ on the i s o b a r s  (curves  1, 2, in  F ig .  
2) is  a r e s u l t  of the fac t  that  with i n c r e a s e  of At t he r e  is  an  i n c r e a s e  
of the def in ing  t e m p e r a t u r e  to which  the va lues  of fl and Cp a r e  to be 
r e f e r r e d .  At th is  t e m p e r a t u r e  they a r e  a l r e a d y  on the de scend ing  
b r a n c h  of the i s o b a r  [5]. 

F o r  the c r i t e r i a l  a n a l y s i s  of the e x p e r i m e n t a l  r e s u l t s  on heat  
t r a n s f e r  in  SF G n e a r  the c r i t i c a l  poin t  it  is  n e c e s s a r y  to have i n f o r -  
m a t i o n  on the t h e r m o p h y s i c a l  p r o p e r t i e s .  Since such  data a r e  not  
ye t  ava i I ab le ,  the c a l c u l a t i on  us ing  s i m i l a r i t y  t heo ry  was  conducted 
only  fa r  f r o m  the c r i t i c a l  poin t .  We a l so  e x a m i n e d  the condi t ions  
u n d e r  which  convec t ion  a r i s e s  in  SF 6 in the g iven se tup .  

In the p r e s e n t  case  the p r o c e s s  in  ques t ion  can be c o n s i d e r e d  
as  heat  t r a n s f e r  in  the gap be tween  coaxial  c y l i n d e r s .  T h e r e f o r e  we 
take as the g o v e r n i n g  d i m e n s i o n  I the channe l  r a d i u s ,  equal  to 2 cm.  
F o r  the c y l i n d e r  d i a m e t e r  r a t i o  D/d = 1380 the c r i t e r i a l  a n a l y s i s  can 

be p e r f o r m e d i n t h i s  f a sh ion  only for  low p r e s s u r e s .  F o r  p r e s s u r e s  of 1 b a r  and l ow e r  SF 6 can be c o n s i d e r e d  
an  ideal  gas .  To ca lcu la te  the p r o p e r t i e s  we can use  the equa t ions  which a r e  va l id  for  an  ideal  gas .  We 
took the a r i t h m e t i c  a v e r a g e  t e m p e r a t u r e  a c r o s s  the gap as the def in ing  t e m p e r a t u r e .  The t h e r m a l  conduc-  
t iv i ty  is  ca l cu l a t ed  f r o m  the f o r m u l a  for  s p h e r i c a l ,  n o n p o l a r  m o l e c u l e s  u s i n g  the L e n n a r d -  Jones  po ten t ia l  [6] 

MO T = 19 ;9 ~t)(~.~). (T*) ~ ~ -  ~- cm, sec" ~ 

To d e t e r m i n e  the convec t ion  coef f ic ien t  ~ , ,  equal  to ~eff/X, i t  is n e c e s s a r y  to f ind the e f fec t ive  
t h e r m a l  conduc t iv i ty  ?~eff. In the case  in  which al l  the hea t  in  the gap be tween  the c y l i n d e r s  is  t r a n s f e r r e d  
only by t h e r m a l  conduct ion ,  we have for  the hea t  flux 
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T A B L E  2 
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2nL~&t 
Q =  ln(D/d)  " 

By a n a l o g y  w i t h  t h i s  e x p r e s s i o n ,  f o r  t h e  c o n v e c t i o n  c a s e  w e  h a v e  

2~L)~eHAt 
Q e =  In (D/d~ 

C o n s e q u e n t l y ,  ~ f f =  X Q e / Q .  T h e  h e a t  t l u x  Q e  a n d  t h e  t e m p e r a t u r e  h e a d  At a r e  d e t e r m i n e d  f r o m  

e x p e r i m e n t s ,  t h e  o t h e r  q u a n t i t i e s  w i l l  b e  p a r a m e t e r s  of  t h e  s e t u p .  

T h e  e x p e r i m e n t a l  v a l u e s  of  t h e  c o n v e c t i o n  c o e f f i c i e n t s ,  a n d  a l s o  t h e  v a l u e s  of  t h e  R a y l e i g h  n u m b e r  

R in  SF 6 a t  a t m o s p h e r i c  a n d  l o w e r  p r e s s u r e s  a n d  t = 26 ~ C a r e  s h o w n  i n  T a b l e  2 .  S e v e r a l  c o n c l n s i o n s  c a n  

b e  d r a w n  f r o m  t h e  t a b u l a t e d  r e s u l t s .  F o r  t h e  g i v e n  s e t u p  p a r a m e t e r s ,  c o n v e c t i o n  i n  SF  6 e x i s t s  to  a p r e s -  

s u r e  of  30 m m  Hg,  C o n v e c t i o n  b e g i n s  to  b e c o m e  n o t i c e a b l e  f o r  R a y l e i g h  n u m b e r s  R -> 1000 ,  w h i c h  i s  

i n  a g r e e m e n t  w i t h  t h e  e s t i m a t e s  of  t h i s  q u a n t i t y  b y  o t h e r  a u t h o r s  [7, 8] .  

F o r  t h e  s a m e  p r e s s u r e  a n d  t e m p e r a t u r e  h e a d  t he  c o n v e c t i o n  c o e f f i c i e n t  f o r  t h e  v e r t i c a l  f i l a m e n t  

i s  l o w e r  t h a n  f o r  t h e  h o r i z o n t a l  f i l a m e n t .  T h e  c u r v e s  of  l o g  e .  ( log R) o b t a i n e d  do n o t  a g r e e  w i t h  t h e  

M i k h e e v - K r a u s s o l d  c u r v e ,  l y i n g  c o n s i d e r a b l y  b e l o w  t h e  l a t t e r .  A s i m i l a r  r e s u l t  h a s  b e e n  o b t a i n e d  in  

o t h e r  s t u d i e s  [9] a n d  a l s o  b y  R .  V ,  S h i n g a r e v  i n  h i s  c a n d i d a t e  d i s s e r t a t i o n .  
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