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The effect  of the t e m p e r a t u r e  dependence of the cons is tency coefficient,  the t r a n s v e r s e  
cu rva tu re  of the solid, the p a r a m e t e r  of non-Newtonian behavior ,  and the concentrat ion 
fac tor  on heat and m a s s  t r an s f e r  and fr ic t ion in the f ree  convection of non l inea r ly -v i s -  
cous liquids around a x i s y m m e t r i c  solids is de te rmined .  

In the range of low shear  ve loc i t ies  rea l i zed  under conditions of f ree  convection, many fluid media 
exhibit cons iderable  anomal ies  of v i scos i ty  [1, 2]. P r o b l e m s  of f ree  convection in non-Newtonian and e s -  
pec ia l ly  non l inear ly -v i scous  liquids have the re fo re  become pa r t i cu l a r ly  p r e s s i n g  and are  of g rea t  in teres t  
in both theory and p rac t i ce .  Until recent ly  the analys is  of f r ee -convec t ion  p rob l ems  has been l imi ted  by 
the assumpt ion  of constant  physical  p r o p e r t i e s  of the medium, for  example,  in [3, 4]. However,  the tern- 
pe r a tu r e  drops  cha r ac t e r i s t i c  for  conditions of f ree  convection may be ve ry  cons iderab le .  Allowance for  
the t e m p e r a t u r e  dependence of the theological  c h a r a c t e r i s t i c s  ~s then essen t ia l .  This applies p r i m a r i l y  
to the cons is tency coefficient,  i . e . ,  an analog of v i scos i ty .  F r e e  convection may  be caused not only by a 
t e m p e r a t u r e  field gradient  but also by concentrat ion inhomogeneity.  It is the re fo re  in teres t ing  to consider  
the s imul taneous  influence of these f ac t o r s  on fr ic t ion and heat t r a n s f e r  during f ree  convection.  

The d imens ion less  equations of the spatial  boundary l aye r  for  the f ree  convection of a b inary  mix-  
ture of non l inear ly -v i scous  liquids around a x i s y m m e t r i c  solids take the following f o r m  in the asymptot ic  
approximat ion  for  a thin solid of revolution: 
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F i g .  1. C h a r a c t e r i s t i c s  of  hea t  t r a n s f e r  (a) and f r i c t i o n  at  the wal l  
(b) a s  func t ions  of the c u r v a t u r e  p a r a m e t e r  (n = 1): 1) b = 0; 2) 1; 
3) 2. Cont inuous  c u r v e  k = 0, b r o k e n  c u r v e  k = 1. 
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w h e r e  r is  d e t e r m i n e d  f r o m  the  con t inu i ty  equa t ion  
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and the r e q u i r e m e n t  that  the s y s t e m  of  equa t i ons  d e r i v e d  f r o m  (1)-(4) with due a l l owance  f o r  (6) should  be 
au tomode l ,  l e a d s  to the e q u a t i o n s  

n + l  n 

a = - -  1, 1 _ n ,~ U = Ix! 3~+~- r 0 = c Ix I 3,;+1 (7) 
y (~ -!- 2) 3n -~- 1 . . . .  

In o r d e r  to e l i m i n a t e  the  c o n s t a n t s  f r o m  the f ina l  s y s t e m  of  e q u a t i o n s  we m u s t  put  

a = c~v- ly '~ ,  b = c1-~vy  - v .  

The p r o b l e m  then r e d u c e s  to a s y s t e m  of n o n l i n e a r  d i f f e r e n t i a l  equa t i ons  
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with b o u n d a r y  cond i t i ons  

f = f ' = 0 ,  0 1 = 0 ~ = 1  fo r  ~1=0, 
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The l o c a l  h e a t -  and m a s s - t r a n s f e r  c o e f f i c i e n t s  and the c o e f f i c i e n t  of  f r i c t i o n  a r e  d e t e r m i n e d  f r o m  the 
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F i g .  2. C h a r a c t e r i s t i c s  of hea t  t r a n s f e r  (a) and f r i c t i o n  at the wall  
0a) a s  func t ions  of the  c u r v a t u r e  p a r a m e t e r  (n = 0.5): 1) b = 0; 2) 1; 
3) 2. Cont inuous  c u r v e  k = 0, b r o k e n  c u r v e  k = 1. 

The a v e r a g e d  c o e f f i c i e n t s  r e s p e c t i v e l y  equa l  
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In o r d e r  to ob ta in  n u m e r i c a l  r e s u l t s  we m u s t  make  the f o r m  of the w(Ol) r e l a t i o n s h i p  qui te  s p e c i f i c .  
In the p r e s e n t  i nves t i ga t i on  we take  an exponen t i a l  t e m p e r a t u r e  de pe nde nc e  of the c o n s i s t e n c y  coe f f i c i en t  
(the R e y n o l d s  r e l a t i o n s h i p )  

~0 ((91) - exp (--L01) , (12) 

which i s  fu l ly  j u s t i f i e d  fo r  many  r e a l  s y s t e m s  [5]. In c e r t a i n  p a p e r s ,  such  as  [6, 7], the index of the e x -  
ponent  in Eq.  (12) i n c l u d e s  a f a c t o r  n. Th i s  does  not i n t roduce  any m a j o r  change into the c a l c u l a t i o n  s ince  
the r e s u l t s  of the p r e s e n t  a n a l y s i s  m a y  e a s i l y  be c o n v e r t e d  to th i s  k ind  of r e l a t i o n s h i p .  

The s y s t e m  of equa t ions  (8), with due a l l owance  fo r  Eq.  (12), was  s o l v e d  n u m e r i c a l l y  on the M i n s k -  
22 c o m p u t e r  by  the m o d i f i e d  Newton me thod  fo r  the c a s e  P r  1 = P r  2. Some of the r e s u l t s  of the c a l c u l a t i o n s  
a r e  p r e s e n t e d  in F i g s .  1 and 2. An i n c r e a s e  in the p a r a m e t e r  in Eq.  (12) l e a d s  to an i n t e n s i f i c a t i o n  of hea t  
t r a n s f e r  ( F i g s .  l a  and 2a). The e f f ec t ive  v i s c o s i t y  f a l l s ,  and th i s  l e a d s  to a fa l l  in the f r i c t i o n  c h a r a c t e r i s -  
t i c s  fo r  the c a s e  of a Newtonian  l iqu id  (F ig .  lb)  and to a r i s e  in t h e s e  c h a r a c t e r i s t i c s  as  b i n c r e a s e s  fo r  
n = 0.5 (F ig .  2b). Thus ,  a l l o w a n c e  f o r  the t e m p e r a t u r e  d e p e n d e n c e  of the c o n s i s t e n c y  coe f f i c i en t  l e a d s  to a 
q u a l i t a t i v e l y  new p i c t u r e  of the whole p r o c e s s .  

Changes  in the c u r v a t u r e  p a r a m e t e r  A and a l so  an i n c r e a s e  in the va lue  of K act  in q u a l i t a t i v e l y  
the s a m e  m a n n e r  for  al l  n; with i n c r e a s i n g  A o r  K both  the hea t  and m a s s  t r a n s f e r  and the f r i c t i o n  on the 
s u r f a c e  of the so l id  i n c r e a s e  ( F i g s .  1 and 2). When the t h i c k n e s s  of  the b o u n d a r y  l a y e r  is  much  s m a l l e r  
than the r a d i u s  of the so l id  of r e v o l u t i o n  ( 6 / r  0 << 1) the s p a t i a l l y  a x i s y m m e t r i c  p r o b l e m  is  r e d u c e d  to the 
s y s t e m  of equa t i ons  (8) ( case  A = 0) by  the in t roduc t ion  of the v a r i a b l e s  
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x = I ro (f~i) d Ixl. 

H e r e  the h e a t -  and m a s s - t r a n s f e r  c o e f f i c i e n t s  a re  r e s p e c t i v e l y  w r i t t e n  
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F i g .  3. C h a r a c t e r i s t i c s  of  hea t  t r a n s f e r  and f r i c t i o n  
at  the  wal l  as  f unc t i ons  of the p a r a m e t e r  of  n o n - N e w -  
ton ian  b e h a v i o r  (A = 0, k = 0): 1) b = 0; 2) 1; 3) 2. 
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r a cos  ~z, 
! a  3;., ~-1 t n 

In p a r t i c u l a r  c a s e s  we have:  

1. S p h e r e  c o s  a I = s in,  r 0 = s in  x .  

2. Cone c o s  a 1 = cons t ,  r 0 = x  s in  a 1. 

3. Spa t i a l  c r i t i c a l  po in t  cos  a 1 = x ,  r 0 = x .  

4. V e r t i c a l  c y l i n d e r  c o s  a I = 1, r 0 = 1. 

The  s y s t e m  of e q u a t i o n s  (8) ( ca se  A = 0) a l s o  c o n s t i t u t e s  the r e d u c e d  f o r m  of p r o b l e m s  of the f r e e  
c o n v e c t i o n  of a b i n a r y  m i x t u r e  of  n o n - N e w t o n i a n  l i q u i d  a r o u n d  f i a t  so l id s ,  in p a r t i c u l a r  f r e e  c onve c t i on  
a r o u n d  1) a v e r t i c a l  p la te ,  2) a h o r i z o n t a l  c y l i n d e r ,  3) a p l ane  c r i t i c a l  point ,  4) a wedge .  In th i s  c a s e  we 
m u s t  i n t roduce  the new c o o r d i n a t e s  p r o p o s e d  in [3], r e p l a c i n g  x by Ixl in t h e s e .  

The  r e s u l t s  of our  n u m e r i c a l  c a l c u l a t i o n s  of the p r o b l e m  of f r e e  convec t ion  a r o u n d  t h e s e  e igh t  t y p e s  
of so l id  a r e . s h o w n  in F i g .  3. We note  that ,  w h e r e a s  the h e a t - t r a n s f e r  coe f f i c i en t  i n c r e a s e s  m o n o t i c a l l y  with 
i n c r e a s i n g  v a l u e s  of  the p a r a m e t e r  b fo r  the n v a l u e s  s tud ied ,  the  f r i c t i o n  c h a r a c t e r i s t i c s  i n c r e a s e  with 
r i s i n g  b fo r  e x t r e m e l y  p s e u d o p l a s t i c  l i q u i d s  (n < 0.75) and d i m i n i s h  as  the  p s e u d o p l a s t i c i t y  b e c o m e s  w e a k e r  

(n > 0.75).  

N O T A T I O N  

n 

x = T '  y = L ~ , r = L .Or~(,<-~) pqs~+~ , d i m e n s i o n l e s s  c o o r d i n a t e s ;  x ' ,  y ' ,  d i m e n s i o n a l  

c o o r d i n a t e s ;  L, c h a r a c t e r i s t i c  s i z e ;  | = -To--7~ ~ d i m e n s i o n l e s s  t e m p e r a t u r e ;  02 = c o _ c  ~ , d i m e n s i o n l e s s  

c o n c e n t r a t i o n ;  T0, Co, a b s o l u t e  t e m p e r a t u r e  and c o n c e n t r a t i o n  a t  the  wa l l ;  Too, Cr162 a b s o l u t e  t e m p e r a t u r e  
2 l - - n  3 ( n - - l )  2 I - - n  . 3 { n - - i )  

( 7 )  ' :"  : ~ 'i~+o~,+o _ _  l+n Lt+n [L~g (To--  T~)] 2(n+i) Pr~ [L~g (C o -  C~)] 2in+l) } and  c o n e e n t r a t i o n  a s  y ~ ;  Pr~ = pcp �9 ~ ' ~, , ' = T \ 7 /  

m o d i f i e d  P r a n d t l  n u m b e r s ;  Gr  I = P ~'Ln+~[~g (To-- T~)] ='n p~kn+~[~Jg (Co--C~)] ~-a k 2 , Gr~-- k ~ , m o d i f i e d  G r a s h o f  n u m b e r s ;  

X, t h e r m a l  conduc t iv i ty ;  fl, v o l u m e  e x p a n s i o n  coe f f i c i en t ;  g, g r a v i t a t i o n  a c c e l e r a t i o n ;  k, c o n s i s t e n c y  
coe f f i c i en t ;  n, p a r a m e t e r  of  n o n - N e w t o n i a n  b e h a v i o r ;  g~, m o d i f i e d  s t r e a m  funct ion;  w~@l), func t ion  
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representing the temperature dependence of the consistency; r0, radius of the solid of revolution; 
7, f (~), automodel variables; A, curvature parameter;  Nul, 2, cf, local Nusselt  numbers and co- 

efficient of friction; Nul, 2, c f  averaged Nussett numbers and coefficient of friction; ~1, angle between the 
normal to the contour of the solid and the direction of gravity. 
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