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Resu l t s  a re  shown of an expe r imen t a l  and theo re t i ca l  study concerning  the hydrodynamics  
and heat  t r a n s f e r  involved in the bubbling of a gas through v i scous  and a nom a l ous - v i s c ous  
l iquids with p o w e r - l a w  rheo log iea l  c h a r a c t e r i s t i c s .  

In the p o l y m e r  indus t ry  it is  often n e c e s s a r y  to handle highly v i scous  l iquids with non-Newtonian 
t heo log i ca l  c h a r a c t e r i s t i c s .  The heat  t r a n s f e r  in such media  has  been s tudied to a l imi t ed  extent only, 
even though s e r i ous  p r o b l e m s  a re  encountered  he re  in a t t empts  to make it more  effect ive.  E a r l i e r  s tudies  
by s e v e r a l  au thors  [1-4, 10] have shown that the heat  t r a n s f e r  ra te  can be i n c r e a s e d  cons ide rab ly  by bub- 
bl ing a gas through the liquid. These  s tudies  were  made,  however ,  p r i m a r i l y  with Newtonian and non- 
Newtonian l iquids of low v i s cos i t y  (dynamic v i s c o s i t y  not above 0.5 N. s e c / m  2) [4]. 

Since dur ing po lymer i za t i on ,  solvent  ex t rac t ion ,  and s i m i l a r  p r o c e s s e s  it  is n e c e s s a r y  to supply or  
to ex t r ac t  huge quant i t ies  of heat ,  and s ince  a r e a c t o r  des ign with bu i l t - i n  ex t ra  su r f aces  is un re l i ab le  b e -  
cause  of the diff icul ty in mainta in ing  them clean,  hence it may  be worthwhile to explore  the f eas ib i l i t y  of 
heat  t r a n s f e r  to the wal l s  of a s m a l l - d i a m e t e r  bubble r e a c t o r .  

We p r e s e n t  he re  the r e s u l t s  of s tudies  concerning  the hydrodynamics  and the heat  t r a n s f e r  involved 
in bubbling va r ious  gases  through Newtonian and non-Newtonian l iquids with p o w e r - l a w  c h a r a c t e r i s t i c s :  

( d u t n  ' 
= k \dy  ] (1) 

where  the dynamic  v i s c o s i t y  was v a r i e d  within the t~ = 0.07-25 N- s e e / m  2 range and the effect ive Prand t l  
number  P re f  f v a r i e d  f rom 83 to 2.5 �9 105. 

In our expe r imen t  a i r  was bubbled through aqueous solut ions of sodium ca rboxymethy lee l lu lose  (Na- 
CMC) of va r ious  concen t ra t ions  (c = 7.5-13.5%) and ethylene was bubbled through benzene solut ions of po ly -  
ethylene.  Since polyethylene  d i s so lve s  in benzene at  e leva ted  t e m p e r a t u r e s  (150-160~ m o r e o v e r ,  the 
t e s t s  were  p e r f o r m e d  under  a p r e s s u r e  of app rox ima te ly  0.9 MN/m 2. 

In o r d e r  to gene ra l i ze  and p r e s e n t  the data in t e r m s  of d imens ion l e s s  r e l a t ions ,  we m e a s u r e d  the 
t heo log ica l  c h a r a c t e r i s t i c s  of the solut ions  with both a c a p i l l a r y  v i s c o m e t e r  and a Hepler  r h e o v i s c o m e t e r .  

Na-CMC solut ions follow a power  law acco rd ing  to (1). Polye thylene  solut ions in our  tes t  range of 
shea r ing  r a t e s  have s l ight ly  anomalous  c h a r a c t e r i s t i c s .  

The t he rmophys i ca l  p r o p e r t i e s  of Na-CMC solut ions were  de t e rmined  on the b a s i s  of data for  w a t e r ,  
and those of polyethylene  solut ions in benzene were  de t e r m i ne d  with the aid of a cy l ind r i ca l  a - k  c a l o r i m -  
e t e r .  Al l  data pe r t a in ing  to these solut ions a r e  given he re  next to the r e s pe c t i ve  graphs .  

The Na-CMC solut ions  were  t e s ted  in an appa ra tus  cons i s t ing  of a v e r t i c a l  column, with an inside 
d i a m e t e r  0.13 m and height 3 m, hea ted  e l e c t r i c a l l y  by a coil  e lement .  In the middle  of this column Was 
in s t a l l ed  a core  0.03 m in d i a m e t e r .  In this  way, the c y l i n d r i c a l  gap between the outer  tube and the inner 
co re  was 0.05 m wide. 
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The u p p e r  p a r t  of the c o l u m n  was  p a s s e d  th rough  the b o t t o m  of a s e p a r a t o r  and the s e g m e n t  p r o -  
t r u d i n g  c o a x i a l l y  i n s i d e  the l a t t e r  was  c a p p e d  with  a d e f l e c t o r .  The  s e p a r a t o r  s e r v e d  to keep  s p l a s h e s  of 
a so lu t i on  away  f r o m  a i r  and  c o n d e n s e d  w a t e r  v a p o r .  F o r  th is  p u r p o s e ,  a co i l  in a j a c k e t  was  bu i l t  into i t  
t h rough  which  coo l ing  w a t e r  cou ld  be  pumpe d .  The  i n s ide  d i a m e t e r  of the s e p a r a t o r  was  0.4 m.  

T h r e e  windows  fo r  v i s u a l  i n s p e c t i o n  w e r e  p r o v i d e d  a t  d i f f e r e n t  he igh t s  in the s ide  wa l l  of the s e p a r a -  
t o r ,  m a k i n g  i t  p o s s i b l e  to o b s e r v e  the s o l u t i o n  l e v e l  in the a c c e l e r a t i n g  zone of the c y l i n d r i c a l  gap be tween  
the i n n e r  c o r e  and the o u t e r  she l l .  

The  t e s t  so lu t i on  was  c i r c u l a t e d  th rough  the c l o s e d  s y s t e m :  c o l u m n - s e p a r a t o r - p u m p - c o l u m n .  

The  a v e r a g e  gas  con ten t  in the co lumn  was  d e t e r m i n e d ,  wi th  a m e a n  e r r o r  of +5~ b y  m e a s u r i n g  the 
v o l u m e  ( level)  of the so lu t i on  in the  s e p a r a t o r  b e f o r e  and a f t e r  a i r  i n j ec t i on .  

The  h e a t  t r a n s f e r  was  s t u d i e d  in a c y l i n d r i c a l  t e s t  s e g m e n t  0.5 m long and p l a c e d  2 m above  the a i r  
in le t ,  w h e r e  the wa l l  t e m p e r a t u r e  was  m e a s u r e d  at  t h r e e  l o c a t i o n s ,  the t e m p e r a t u r e  of the so lu t ion  was  
m e a s u r e d  a t  the e n t r a n c e  to and a t  the ex i t  f r o m  tha t  t e s t  s e g m e n t ,  and w h e r e  a l s o  the e l e c t r i c  p o w e r  in 
the h e a t e r  co i l  a r o u n d  the tube was  m e a s u r e d .  

The  w a t e r  v a p o r  which  the a i r  c a r r i e d  away  f r o m  the u p p e r  p a r t  of the s e p a r a t o r  to the e x h a u s t  into 
the a t m o s p h e r e  was  c o n d e n s i n g  on the co i l  m o u n t e d  i n s i d e  the s e p a r a t o r  a s  we l l  a s  on the w a t e r - c o o l e d  
s e p a r a t o r  wa l l  and  f lowing b a c k  into the so lu t ion .  T h i s  e n s u r e d  a c o n s t a n t  c o n c e n t r a t i o n  of  the c i r c u l a t i n g  
so lu t ion ,  which  was  c h e c k e d  by  v i s c o s i t y  m e a s u r e m e n t s  on s a m p l e s .  

The  s o l u t i o n  f lowed th rough  the co lumn  a t  a c o n s t a n t  v e l o c i t y  of 0.025 m / s e e .  A c c o r d i n g  to c o n t r o l  
m e a s u r e m e n t s  of the g a s  con ten t  and the h e a t  t r a n s f e r ,  the f low v e l o c i t y  of a c i r c u l a t i n g  s o l u t i o n  wi th in  the 
0 -0 .037  m / s e c  r a n g e  should  have  a l m o s t  no e f fec t  on e i t h e r  the gas  con ten t  o r  the hea t  t r a n s f e r  i n s ide  the 
co lumn  and,  t h e r e f o r e ,  the cond i t i ons  in the  c o l u m n  could  be  c o n s i d e r e d  to c o r r e s p o n d  to a z e r o  m e a n  
v e l o c i t y  of  the l i qu id  p h a s e  - in a g r e e m e n t  a l s o  wi th  the r e s u l t s  in [10]. 

The  h e a t  t r a n s f e r  in b e n z e n e  s o l u t i o n s  of p o l y e t h y l e n e  was  s t ud i e d  in an a p p a r a t u s  c o n s i s t i n g  of  a 
t e s t  channe l ,  a s e p a r a t o r ,  and a p p u r t e n a n c e s .  

T h e  t e s t  s e g m e n t  c o m p r i s e d  a v e r t i c a l  co lumn ,  i n s i d e  d i a m e t e r  0.2 m and he igh t  3 m,  with a c o r e  
0.1 m in d i a m e t e r  m o u n t e d  i n s i d e .  Thus ,  the c y l i n d r i c a l  gap b e t w e e n  the i n n e r  c o r e  and the o u t e r  tube 
of  the co lumn  was  0.05 m wide .  Both  the  co lumn  and the c o r e  w e r e  h e a t e d  with  s t e a m  t r a p p e d  in s t e a m  
p o c k e t s  a f t e r  p a s s i n g  the s e p a r a t o r ;  the l a t t e r  s e r v i n g  to keep  away  d r o p l e t s  of c o n d e n s a t e  coming  f r o m  
the s t e a m  m a i n .  

The  p r e s s u r e  in th i s  s t e a m - h e a t i n g  s y s t e m  was  a u t o m a t i c a l l y  m a i n t a i n e d  c o n s t a n t  a t  the n e c e s s a r y  
l e v e l .  

The  o p e r a t i n g  p r e s s u r e  (~0.9 M N / m  2) in the t e s t  gap was  s t a b i l i z e d  by  m e a n s  of an a u t o m a t i c  reg-u- 
l a t i n g  s y s t e m .  

A p r e p a r e d  s o l u t i o n  of p o l y e t h y l e n e  in b e n z e n e  was  p o u r e d  into the l o w e r  p a r t  of the co lumn  s i m u l -  
t a n e o u s l y  wi th  e t h y l e n e  p r e h e a t e d  to the t e m p e r a t u r e  of  the s o l u t i o n  (t = 160~ The  so lu t i on  and the e t h y l -  
ene  w e r e  f lowing  u p w a r d  th rough  the c y l i n d r i c a l  gap.  At  th is  s t age  the e thy l ene  was  b e c o m i n g  s a t u r a t e d  
with  b e n z e n e  v a p o r .  

A c o n c e n t r a t e d  p o l y e t h y l e n e  so lu t i on  and e thy l ene  s a t u r a t e d  with  b e n z e n e  v a p o r  w e r e  p a s s i n g  to -  
g e t h e r  f r o m  the u p p e r  p a r t  of the e v a p o r a t o r  into the s e p a r a t o r .  

F r o m  the s e p a r a t o r ,  w h e r e  s p l a s h e s  of the p o l y e t h y l e n e  s o l u t i o n  w e r e  c l e a r e d  of e thy l ene  and b e n -  
zene  v a p o r ,  tha t  so lu t ion  was  p a s s i n g  to the c o n d e n s e r .  D e n s e  so lu t ion  f r o m  the s e p a r a t o r  was  con t inua l l y  
f u r t h e r  p r o c e s s e d .  

A long  the he igh t  of the c y l i n d r i c a l  gap w e r e  i n s t a l l e d  f ive  t h e r m o e o u p l e s  and a few connec t ing  t ubes ,  
fo r  m e a s u r i n g  the t e m p e r a t u r e  in s ide  th i s  channe l  and  fo r  d r a w i n g  s a m p l e s  of the so lu t i on  wi thout  d i s t o r t -  
ing the o p e r a t i n g  mode  of the a p p a r a t u s .  

The  t h e r m a l  f lux and the hea t  t r a n s f e r  c o e f f i c i e n t  w e r e  d e t e r m i n e d  by  m e a s u r i n g  the quan t i t y  of con -  
d e n s a t e  and the quan t i ty  of u n c o n d e n s e d  v a p o r .  Hea t  l o s s e s  w e r e  t a r e d  out by  h e a t i n g  the e m p t y  a p p a r a t u s .  

Since  the f low p a t t e r n  of a g a s - l i q u i d  m i x t u r e  is  v e r y  c o m p l e x ,  we wi l l  f i r s t  p r e s e n t  the t e s t  da t a  
and then a r r i v e  a t  p o s s i b l e  s e m i e m p i r i c a l  g e n e r a l i z a t i o n s .  
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F i g .  1. Gas  con ten t  a s  a funct ion  of the 
r e f e r r e d  a i r  v e l o c i t y ,  when a i r  is  b u b -  
b l i n g  th rough  w a t e r  and aqueous  s o l u -  
t ions  of  N a - C M C  a t  v a r i o u s  c o n c e n t r a -  
t ions :  1) p u r e  w a t e r ;  2) 7.5% N a - C M C ;  

3) 1070; 4) 13.5% (tZeff = 0 .001-6 .0  N 
�9 s e c / m 2 ) ;  5) a c c o r d i n g  to f o r m u l a  (2). 
A i r  v e l o c i t y  w G ( m / s e c ) .  

i t s e l f  a p p e a r s  in the h e a t  t r a n s f e r  equa t ion  in 
the  fo l lowing  e m p i r i c a l  r e l a t i o n :  

3 (2) 

(curve 5 in Fig. 1) and this relation can, evidently, be extended also to higher pressures (0.5-1.0 MN/m2). 

Heat Transfer to the Wall. The resuILs of heat transfer tests are shown in Fig. 2a, b; ,for the Na- 
CMC solutions (a) and for the polyethylene solutions in benzene (b). 

According to Fig. 2a, b the heat transfer coefficient decreases as either the concentration or the 
viscosity increases. The absolute values of the heat transfer coefficient are, however, much higher than 
without bubbling. 

In the heal transfer tests with polyethylene solutions in benzene the concentration of polyethylene 
varied from 8-12~ at the entrance to 15-30% at the exit, because part of the benzene had evaporated along 
the way. Calculations and special tests (sampling the solution along the apparatus height) have shown that 
in this case the ooncentraLion of polyethylene in the solution varied in the apparatus as a linear function 
of the height: 

X 
c = c 0 + ~ - - ,  

l 

w i t h  c o deno t ing  the i n i t i a l  c o n c e n t r a t i o n ,  l deno t ing  the l eng th  of  the h e a t  t r a n s f e r  s e g m e n t ,  x deno t ing  
the c o o r d i n a t e ,  and  r b e i n g  a c o n s t a n t .  

Gas  Conten t .  The g a s  con ten t  i s  an i m p o r t a n t  o p e r a t -  
ing p a r a m e t e r ,  e s p e c i a l l y  in  the c a s e  of  r e a c t o r s  and  e v a p o -  
r a t o r s ,  when the dwel l  t i m e  of  a so lu t ion  in the a p p a r a t u s  
m u s t  be  known. The  gas  con ten t  in bubb le  a p p a r a t u s  has  
been  d e a l t  wi th  in s e v e r a l  r e f e r e n c e s  [5, 6, e tc . ] .  

No t e s t  da t a  a r e  a v a i l a b l e ,  h o w e v e r ,  f o r  l i qu ids  a s  
v i s c o u s  a s  t h o s e  in o u r  e x p e r i m e n t .  T h e r e  i s  a l s o  a l a c k  of 
i n f o r m a t i o n  about  m i x e d  f low of gas  and a h i g h - v i s c o s i t y  
l iqu id  t h rough  p i p e s  o r  c h a n n e l s .  

Our  da t a  in F ig .  1 i nd i ca t e  that  the gas  con ten t  is  a l m o s t  
i ndependen t  of the v i s c o s i t y  a s  the l a t t e r  v a r i e s  f r o m  0.001 
to 6.0 N .  s e c / m  2. 

Th i s  r e s u l t  does  not c o n t r a d i c t  the known p h y s i c a l  con -  
c e p t s  about  the s t r u c t u r e  of g a s - l i q u i d  s t r e a m s  in n a r r o w  
p i p e s  and c h a n n e l s ,  w h e r e  in a v i s c o u s  m e d i u m  the b u b b l e s  
u s u a l l y  buoy  to the s u r f a c e  in a b a l l i s t i c  mode  [5]. 

C o n s i d e r i n g  tha t  a l s o  o t h e r  p h y s i c a l  p r o p e r t i e s  of  the 
l iqu id  have  l i t t l e  i n f luence  on the gas  con ten t  [5] and tha t  ~o 
a f r a c t i o n a l - p o w e r  t e r m ,  the t e s t  da t a  in F ig .  1 wi l l  f i t  into 
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F i g .  2. Hea t  t r a n s f e r  c o e f f i c i e n t  a s  a func t ion  of the r e f e r r e d  a i r  
v e l o c i t y  f o r  N a - C M C  s o l u t i o n s  (a) [1) n = 0.725, k = 0.235; 2) 
n =  0.725, k = 1.14; 3) n = 0.70, k =  1.85; 4) n = 0.57, k = 12] 
and a s  a func t ion  of  the m e a n  v i s c o s i t y  of p o l y e t h y l e n e  s o l u t i o n s  
in the c o l u m n  f o r  the r e f e r r e d  gas  (e thylene)  v e l o c i t i e s  (w G 

0.07 m / s e c )  (b). 
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The rheo t og i c a l  data  (v iscos i ty  of the po lye thy lene  solution) with the 8-30% range  of concen t r a t i on  

can be ca lcu la ted  by the fo rmula :  

= A exp kc (3) 

(based on the eva lua t ion  of  tes t  r e su l t s )  and f r o m  this,  a f t e r  a few s imple  t r a n s f o r m a t i o n s ,  we obtain for  
the m e a n  v i scos i ty :  

b~c - -  ~t 0 ~t 
In ~tc (4) 

~t0 

The data shown in F ig .  2b a r e  b a s e d  on the m e a n  v i s c o s i t y  (4) at  a mean  gas ve loc i ty  of  ~0 .07  m / s e e .  

In o r d e r  to gene ra l i z e  the heat  t r a n s f e r  data,  we will  b r i e f l y  r ev iew the s ta tus  of the p r o b l e m  and 
then p e r f o r m  an a p p r o x i m a t e  t he o re t i c a l  ana lys i s .  

A c c o r d i n g  to m a n y  publ ished s o u r c e s  [2, 7, 10, 11, e tc . ] ,  dur ing  bubbl ing in v e r t i c a l  channels  the 
r a t e  of  hea t  t r a n s f e r  f r o m  the wall  does  not depend on the channel  g e o m e t r y ,  at equal  r e f e r r e d  gas  v e lo c i -  
t ies ,  which m a k e s  it e a s i e r  to s imula te  a bubble appa ra tus .  

F o r  low-  and m e d i u m - v i s c o s i t y  l iquids ,  up to 0 .5-1 .0  N �9 s e c / m  2, the t heo re t i ca l  ana lys i s  in [3] and 
the expe r imen t a l  s tudies  in [4] have y ie lded  the fol lowing r e l a t ion  d e s c r i b i n g  the hea t  t r a n s f e r  coeff ic ient :  

( /TM 

This  equat ion m a y  be used  fo r  ca lcu la t ing  the hea t  t r a n s f e r  to non-Newton ian  l iquids,  if the va r i a t i on  of 
the dynamic  v i s c o s i t y  as  a funct ion of  the r e f e r r e d  gas ve loc i ty  is a l so  taken into account .  

The de r iva t ion  of (5) was  b a s e d  on a fuFty developed tu rbu lence ,  with the fol lowing re l a t ion  be tween 
the Nusse l t  n u m b e r  and the Reynolds  number :  

[t 10.14 Nu = ZRe=Pr~/3 ( ~ /  , (6) 

whe re  n = 0.67-0.70.  

This  r e l a t ion  is not appl icable  to h ighly  v i scous  l iquids ,  b e c a u s e  then 

Nu = Z Re ~ Pr l/a (~ , )0 . i4 .  (7) 
\ gw , 

At  the s a m e  t ime,  b e c a u s e  of  the complex  s t r e a m  pa t t e rn ,  it m a y  be advisab le  to apply he re  the con-  
eepts  deve loped  in [3, 7] and, namely ,  to d e t e r m i n e  the convec t ion  r a t e  on the bas i s  of e n e r g y  d iss ipa t ion .  

F o r  a v i s c ous  d i s s ipa t ion  of e n e r g y  we have f r o m  [8]: 

Avp 

where  the value of the cons tan t  A is 15-30 and l = 5(1-~p). 

On the o the r  hand, fo r  the e n e r g y  d i ss ipa t ion  in a g a s - l i q u i d  s t r e a m  one can a lso  wr i te  

= ~%(1-- qD) ?L' (O) 
Thus, 

u c = 5  ( ~~176 g.)i/'~ (10) 
, Av 

Inse r t i ng  this e x p r e s s i o n  into (7) and le t t ing the value of  coef f ic ien t  Z be the s a m e  as  fo r  the f ront  
s egmen t  of  a p la te  [9] o r  pipe in a longi tudinal  s t r e a m ,  we obtain  

~8 =o.aa  [82(I - r {WGeI'/2]I/2 prV3, (Ii) 
T t T t  3 

and, a f t e r  s imple  t r a n s f o r m a t i o n s ,  

T - A k j - -  . ( 1 2 )  
kaw! 
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Fig. 3: Universal  relation for determining the 
heat t r ans fe r  coefficient.  The symbols c o r r e -  
spond to those inFig.  2a,b.  Tes t  points 6 taken 
f rom [10]. A = (o~ /k ) (a2 /g ) l /3 (~w/p)~  B 
= ( a / V e f f ) [ w G / g v e f f ) l / 3 ] 3 / 4 [ 1 - ( w ~ / g S ) l / 4 ] 3 / 2 .  

F r o m  express ion  (1) we can easi ly obtain 

and, after  a few t ransformat ions ,  

Considering also (9), we finally have 

A s imi lar  relation was derived in [7] for fully 
developed turbulence. 

A compar ison  with the test  data (Fig.3; 1,6) indi- 
cates a close agreement  with expression (12), even in 
the case of low-viscosi ty  liquids. 

In o rde r  to general ize the heat t ransfer  data over  
both Newtonian and non-Newtonian liquids, we rewri te  
express ion (12) as 

[ . 
effJ \~t w ] 

and find how the dynamic viscosi ty  is related to the 
operat ing pa rame te r s .  It is worthwhile here  to define 
this relat ion also in t e rms  of energy dissipation. For  
this we rewri te  expression (8) as 

e = A - - .  (14) 
I~eff 

~eff = k~/n TJ--i/n' (15) 

2 n--I 

(16) 

n - - l  

&~i GVL (1--rp) ~-  (17) 
Vef f=  _ _  p 

The final vers ion of the test  data is shown in Fig. 3, according to which Eq. (13) tentatively used for 
calculating the dynamic viscosi ty  (17) applies to Newtonian as well as to non-Newtonian liquids. 

In Fig. 3 are  also shown the test  data f rom [10] evaluated in t e rms  of Eq. (13), which those authors 
had obtained in their  tests  with air  bubbling at r e f e r r e d  veloci t ies  w G = 0.1-1.0 m / s e c  through aqueous 
solutions of 71% glycer in  through pipes 0.032 m in diameter .  It is evident f rom Fig. 3 that these data a re  
closely approxi~nated by Eq. (13). 

It is to be noted that the p resence  of the (1-~) 1/2 t e rm in Eq. (13) explains why the heat t ransfer  
ra te  a lmost  ceases  to increase  at a r e f e r r ed  gas velocity within 0.2-0.4 m / s e c .  

Finally,  with express ion (2) and the test  data taken into account, the express ion for determining the 
heat t ransfer  coefficient becomes  

- -  = 0.155 I - -  (-~a~ 1/3 (18) 
J b' ff/ u% .' " 

Theoret ical ly ,  constant Z t = 0.14-0.17 and constant A = 15-30.  

As a resul t  of an experimental  and theoret ical  study of the hydrodynamics  and the heat t ransfer ,  
based on theological ,  thermophysical ,  and thermodynamic data, we have thus established the relat ions 
descr ibing the heat t r ans fe r  p roces s  which occurs  when gas is bubbling through viscous and anomalous-  
v iscous  liquids with the Prandt l  number Pre f  f = 83 to 25-104. 

N O T A T I O N  

w G is the r e f e r r e d  velocity of gas,  m / s e e ;  
u c is the convection rate,  m / s e c ;  
I- is the shearing s t r e s s ,  N/m2; 
5 is the width of the cyl indrical  gap between the inner and outer tube, m; 
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O~ 

n,k 

~eff  
a 

p 

k 
g 

P 
Z , A  

is the heat transfer coefficient, W/m 2. ~ 
is the gas content; 
are the rheologieal constants; 
is the dynamic viscosity, N. sec/m2; 
is the thermal diffusivity, m2/sec; 
is the kinematic viscosity, m2/sec; 
is the thermal conductivity, W/m-~ 
is the acceleration of gravity, m/sec2; 
is the density of liquid, kg/m3; 

are constants. 

Subscripts 

0 denotes the channel entrance; 
K denotes the channel exit; 
L denotes the liquid; 
G denotes the gas (air); 
w denotes the wall. 
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