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Resul t s  a r e  shown of an expe r imen ta l  study concerning the invers ion  p r o c e s s  in the l amina r  
sub laye r  of a turbulent  boundary layer .  F o r m u l a s  a r e  der ived  for  de te rmin ing  the d imen-  
s ion less  coeff ic ients  of heat  and m a s s  t r a n s f e r  within the invers ion  zone. 

At a heated ve r t i c a l  su r face  there  appea r  lift fo rces  GrTx  acting upward along that su r face .  During 
in jec t ion of a gas  heav ie r  than ca rbon  dioxide of the m a i n s t r e a m  there  appear  lift fo rces  G r m x  opposing 
those fo r ce s  due to heat ing the ve r t i c a l  su r f ace .  

eo I 

o,2 

~ o,~ /,s l,z ,r.r_ iLe.,, 

Fig. 1 

Shx 

0,0 " ~ 

o,o { '  
.0,2 

% 

/. 

Grmx . 
0,9 /,3 [7 a-~x [Le 

Fig. 2 

Fig.  1. Rat io NUx/NUx0 for  the invers ion  zone of convect ion 
in the l a m i n a r  sub layer  during inject ion of CO 2 into a tu rbu-  
lent boundary layer :  analyt ical  solution according to [3] (1), 
equat ion Nux/NUx0 = 0.0408 "y3-0.8928 3/2 + 1.4421 3/+ 0.2822 
(2), equation NUx/NUx0 = - 3 . 5 6 5  + 4.2554 -y-1.0323"y 2 (3). 
Dots r e p r e s e n t  t es t  data .  

Fig. 2. Ratio Shx/NU x for  the invers ion  zone of convect ion 
in the l am i na r  sub layer  (not accounting for  the Stefan current )  
dur ing inject ion of CO 2 into a turbulent  boundary layer :  ana ly t i -  
ca l  solution according  to [3] (1), e q u a t i o n  Shx /Nu  x = 2 .1615-  
2.1615 T (2), equation Sh x / N u  x = 2.2404 3,2_ 6.7004 T + 5.3514 (3). 
Dots  r e p r e s e n t  tes t  data.  
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Fig. 3. Determining the locations of zones 

along the surface, on the basis of the value 

of parameter IGrTx/GrmllLel/3 (solid 
lines represent test data, dashed lines re- 

present the analytical solution according to 

[3]): zone I before inversion of the laminar 

sublayer 0 < 7 < 0.525, zone II 0.525 < y 

< 0.965, zone Ill 7 ~ 0.965, zone IV 0.965 

<7 < 1.54, zone VI.54<7 < 2.04, zoneVI 

after inversion of the laminar sublayer. 

Depending on the r a t io  of the two lift fo rces ,  the 
resu l t ing  convect ive  ve loc i ty  in the l a m i n a r  s u b l a y e r  

may  be d i r e c t e d  upward (GrTx > Grmx ) or  downward 

(GrTx < Grmax) .  

Invers ion  of convect ive  flow in the l a m i n a r  sub-  
l a y e r  dur ing in jec t ion  of a heavy gas  into a turbulent  
boundary l a y e r  of a i r  is  a phenomenon re l a t ed  to a change 
in the d i r e c t i o n  of the convect ive ve loc i ty  in the l a m i n a r  
sub layer ,  to a buildup of the l a m i n a r  sub l aye r  th ickness ,  
and to a reduct ion  in the turbulence  with a g radua l  t r a n s -  
fo rma t ion  of the turbulent  boundary l a y e r  into a l amina r  
one. 

A study was made concerning the relation between 

the dimensionless coefficients of heat and mass transfer 

and the velocity of CO 2 injection. 

The basic parameters were varied over the follow- 

ing ranges: 

T~ ---- 1.08 -- 1.245; GrT~ = 8.36. 10 s -- 3.3 �9 I01~ 
T| 

IGr,~x[ ~ 1,82 �9 10 s -- 4.14 �9 I01~ 

Gr~x = -  2.88.101~ --3.152 �9 101~ 

v~0 = 0.0174 �9 10 -2 - -  0.432.10 -3 rn/sec; 

R%~ = 8,9 - -  396; L% = 0.81 - -  1.2. 

The phys i ca l  p a r a m e t e r s  of the b ina ry  mix tu re  were  e s t i m a t e d  on the b a s i s  of the L e n n a r d - J o h n s o n  
po ten t ia l  [1]. The su r face  t e m p e r a t u r e  and concen t ra t ion  were  r e g a r d e d  as the r e s p e c t i v e  r e f e r e n c e  quan- 
t i t i e s .  

The e x p e r i m e n t s  were  p e r f o r m e d  with a model  IZK-454 i n t e r f e r o m e t e r  opera t ing  in the s i n g l e - b e a m  
mode.  The t e m p e r a t u r e  f ie lds  were  m e a s u r e d  with a movable  thermocouple  [2]. 

The ra t ios  NUx/NUx0 andl " Sh x/Nu~_ have been plot ted r e s pe c t i ve l y  in F igs .  1 and 2 as  functions of the 

p a r a m e t e r  I G r m x / G r T x l L e  s /3=,7. 
The d i m e n s i o n l e s s  coeff ic ient  of m a s s  t r a n s f e r  Sh x does  not account for  the Stefan c u r r e n t  but r e -  

p r e s e n t s  the change in the diffusion c u r r e n t  of the ac t ive  component  in the mix tu re .  

During inject ion of a heavy gas into a turbulent  boundary l a y e r  of a i r  there  e m e r g e s i x  d i f fe ren t  
zones  with d i f ferent  heat  and m a s s  t r a n s f e r  t r e nds .  In zones  I and VI (before and a f t e r  invers ion)  the d i -  
m e n s i o n l e s s  coeff ic ients  of heat  and m a s s  t r a n s f e r  can be a c c u r a t e l y  enough d e t e r m i n e d  f rom the solut ion 
in [3]. An ana ly t i ca l  solut ion for  the i nve r s ion  zone in the l a m i n a r  s u b l a y e r  does not r e f l ec t  the t rue  c h a r -  
a c t e r  of the i nve r s ion  phenomena.  Our e x p e r i m e n t s  have made it pos s ib l e  to d e s c r i b e  the p r o c e s s e s  of 
heat  and m a s s  t r a n s f e r  within the inve r s ion  zone and to de r ive  ca lcu la t ion  f o r m u l a s .  

Invers ion  in the l a m i n a r  s u b l a y e r  begins  when T = 0.525. The ana ly t i ca l ly  e s t a b l i s h e d  i n v e r s i o n  
th resho ld  c o r r e s p o n d s  to 7 = 0.500. 

As T i n c r e a s e s  f rom 0.525 to 0.965, the l a m i n a r  sub l aye r  of a turbulent  boundary l a y e r  b r e a k s  down 
fas t  and this r e su l t s  in a h igher  ra te  of heat  t r a n s f e r  but a lower  ra te  of diffusive m a s s  t r a n s f e r  due to a 
lower  concen t ra t ion  g r ad i en t .  

At -y ~, 0.965 the l a m i n a r  sub l aye r  has been  comple te ly  b roken  down and the hea t  t r a n s f e r  r a t e  b e -  
comes  max imum,  but i t s  value he re  is  below Nux0 because  of l e s s  tu rbu l i za t ion  of the boundary l a y e r  at a 
h ighe r  in jec t ion  ra te  of heavy gas .  

The change of the Sh x / N u  x r a t i o  f rom i ts  min imum to i ts  max imum value ind ica tes  a v o r t i c a l  change 
in the concen t ra t ion  p ro f i l e .  
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T A B L E  1 

~ Io<v<o,s~5 o,525,;v<o,~s 
t 
Analyti- 
calsolu- 
tion ac- 

Nux cording 
to [ 3] 
Analyti- 
cal solu- 

Shx tionac- 
cording 
~o [ 3] 

.Note 
parameter Z 

for determining 

for determining 

Z o n e  

I'll I IV v 

V~0,965 0,965<'~<|,S4 1,54<y<2,04 

Nux N ~  N ~ x o  = 0'0408ya - -  0,89287 ~ q- - -  --  0,565 -~- 

-{- 1,4421y -[-0,2822 [-[- 4,2554y - -  1,0323y ~ 

Shx Shx 
= Nux --  2,2404y 2 - -  6,70047 + 

= 2,1615 --  - -  -}- 5,3514 
--2,16157 

VI 

y>2,04 

Analytical 
solution ac- 
cording to,[ 3] 

Ana lytic,~ 1 
solution ac- 
cording to [3] 

The analytical solution according to [3] is valid for the following ranges of 

Nux 0 Nux----~ --  < ? < 0.525, 

Shx 
- - 0  < ?  <0.525; 

1 

1.54 < ? < I' tl~r (Tw - -  T| 
1 

~., - T  
2.04<'? < ffr(Tw--T| Le I 

At  3" > 0.965 a l a m i n a r  s u b l a y e r  b e g i n s  to f o r m  and bu i ld  up with  a d o w n w a r d  c o n v e c t i v e  v e l o c i t y  a long  
the  s u r f a c e .  

T h e  bu i ldup  of  th i s  l a m i n a r  s u b l a y e r  wi th in  the  r a n g e  0.965 < T < 1.540 has  an i n c r e a s i n g  e f f e c t  on the  
m a s s  t r a n s f e r ,  a s  i t  r e s u l t s  in  a g r e a t e r  i n c r e a s e  in the  r e s i s t a n c e  to  h e a t  and m a s s  t r a n s f e r  t han  in  the  
c o n v e c t i v e  v e l o c i t y  wi th in  th i s  s u b l a y e r .  A c c o r d i n g l y ,  the  d i m e n s i o n l e s s  c o e f f i c i e n t s  of h e a t  and m a s s  
t r a n s f e r  d e c r e a s e  a s  the  p a r a m e t e r  3" i n c r e a s e s  o v e r  that  i n t e r v a l .  

A s  3' i n c r e a s e s  f u r t h e r  f r o m  1.54 to 2.04, the p r o c e s s e s  of h e a t  and m a s s  t r a n s f e r  b e c o m e  m o r e  
s t r o n g l y  a f f e c t e d  by the i n c r e a s e  in  the c o n v e c t i v e  v e l o c i t y  than  by the bu i ldup  of th i s  l a m i n a r  s u b l a y e r .  

T h e  i n v e r s i o n  of  c o n v e c t i v e  f low wi th in  the l a m i n a r  s u b l a y e r  i s  c o m p l e t e  when 3" = 2.04. The  a n a l y t i -  
c a l l y  e s t a b l i s h e d  end of the i n v e r s i o n  p r o c e s s  c o r r e s p o n d s  to  T = 2.2. 

A s  3" i n c r e a s e s  s t i l l  f u r t h e r ,  the  f low in  the b o u n d a r y  l a y e r  a t  a p o r o u s  s u r f a c e  b e c o m e s  l a m i n a r .  
At  the  o u t e r  edge  of the now l a m i n a r  b o u n d a r y  l a y e r  t h e r e  p e r i o d i c a l l y  a p p e a r  u n d u l a r  p e r t u r b a t i o n s  p r o p -  
a g a t i n g  u p w a r d  and in  o p p o s i t i o n  to the  c o n v e c t i v e  v e l o c i t y  in th i s  l a y e r .  T h e s e  p e r t u r b a t i o n s  w e a k e n  a s  
3 / i n c r e a s e s .  

T h e  zone  con ta in ing  the sought  s u r f a c e  c o o r d i n a t e  and,  t h e r e f o r e ,  the f o r m u l a s  f o r  c a l c u l a t i n g  the 
l o c a l  d i m e n s i o n l e s s  c o e f f i c i e n t s  of h e a t  and m a s s  t r a n s f e r  a r e  a l l  found f r o m  the g r a p h s  in  F i g .  3. 

T h e  f o r m u l a s  fo r  c a l c u l a t i n g  the  l oca l  d i m e n s i o n l e s s  c o e f f i c i e n t s  of hea t  and m a s s  t r a n s f e r ,  d e p e n d -  
i ng  on the  zone  w h e r e  the s u r f a c e  c o o r d i n a t e  i s  l o c a t e d ,  a r e  g i v e n  in  T a b l e  1. 

N O T A T I O N  

T i s  the  t e m p e r a t u r e ;  
v i s  the  i n j e c t i o n  v e l o c i t y ;  

fiT i s  the t h e r m a l  v o l u m e  e x p a n s i v i t y ;  
x i s  the l o c a l  s p a c e  c o o r d i n a t e ;  

/3 m = [ (M2/MI) - - I ] / [1  + ( (M2/M~)- - I )m I i s  the c o n c e n t r a t i o n a l  v o l u m e  e x p a n s i v i t y ;  
Nu x = a x / ~  i s  the  l o c a l  N u s s e l t  n u m b e r  (convec t ion) ;  
Sh x = ClmX/D i s  the  l o c a l  S h e r w o o d  n u m b e r ;  
Le  = P r / S c  i s  the  L e w i s  n u m b e r ;  
G r T x  = g f l T ( T s - T ~ x 3 / v 2  i s  the G r a s h o f  n u m b e r  r e f e r r e d  to t e m p e r a t u r e ;  
G r m x  = g f l m ( m i s - m l ~ o ) x ~ / v  2 i s  the G r a s h o f  n u m b e r  r e f e r r e d  to c o n c e n t r a t i o n .  

S u b s c r i p t s  

x r e f e r s  to l o c a l  v a l u e ;  
s r e f e r s  to v a l u e  a t  the s u r f a c e ;  
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refers to value beyond the boundary layer; 
refers to value at an impermeable surface. 
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