
The remain ing  notation is s tandard.  Indices: c, counte rcur ren t ;  p, f o rward  cur ren t ;  o, initial  value; 
in, value at the ent rance;  out, value at the exit;  e, posi t ive  end of the column; i, negat ive end of the column. 
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F R E E  C O N V E C T I O N  O F  G A S  M I X T U R E  A B O V E  A 

F L A T  H O R I Z O N T A L  P L A T E  IN 

C O N S T A N T - V E L O C I T Y  F L O W  

A.  A.  P i r o z h e n k o  UDC 536.253 

The p rob lem of mixed  convection for  a mix tu re  of viscous  heat-conducting gases  above a ho r i -  
zontal  plate is solved by using the method of in tegra l  relat ions.  

w 1. In the p r e s en t  a r t i c l e  the flow of a mix tu re  of heat -conduct ing gases  pas t  a flat hor izontal  plate  
heated to a high t e m p e r a t u r e  is cons idered  under  the assumpt ion  that eve rywhere  in the flow region there  
ex is t s  the der iva t ive  a / ay  >> ~/3x. H one c a r r i e s  out the s ame  e s t ima te s  as in the boundary - l aye r  theory,  and 
bearing in mind that  the p r e s s u r e  is  a resul t ing force ,  that is ,  it is of the o rde r  of the fo rces  applied to the 
sys tem,  the following s y s t e m  of equations governing the p roposed  flow model  is  obtained: 

Opv~ + Opv~ = 0 ;  
Ox OV 

Ov~ Ov~ __ OP 0 Ov_~__~ 

OP 
O-- +pFv;  

Oy 

Oh Oh Oqy OP OP [ Ov~ ~2; 
Pv'-~-x -}-PRY Oy Oy § v~--~x + vY ~-y + ~ \ Oy / 

Oc~ OC~ _ 0 
P%--~-x + P %  0y Oy ]~y' a---- 1, 2 . . . . .  N - - l ,  

where  
N N N 

E E - ==1 ==' \ OT ]p-- C%, c=C&= Cp. 
0~= I 

(1.1) 

(1,2) 

(1.3) 

(1.4) 

(1.5) 

If in the or iginal  gas  mix tu re  the concentra t ion of one g a s  is much  higher than that of the other  gases ,  
then by using the independent diffusion approximat ion and by bearing in mind that the t e r m  governing the effect  
of the p r e s s u r e  diffusion is  smal l ,  one obtains for  the diffusion-flow vector  of the a -componen t  
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- F i g [  1. The dynamic  o(~) and the t h e r m a l  A(~) boundary  l a y e r s  
above a ho r i zon ta l  p la te  at  d i f fe ren t  incoming flow r a t e s ;  o(~), &(~ ), 
m ;  ~, m. 

and fo r  the hea t  f lux v e c t o r  

N 

4=  - ,vr + t, L. (1:7) 

To be able to c lo se  the s y s t e m  of equat ions  (1.1)-(1.7) one m u s t  add to  it the equat ion o~ the t h e r m o -  
dynamic  s ta te  of the ga s  mix tu re ,  which in the c a s e  of a m i x t u r e  of t h e r m a l l y  nondegene ra t e  g a s e s  is  g iven 
by 

N N 

M~ .= PRe~T" 

The l a t t e r  is now r ewr i t t en  in the f o r m  of a gene ra l  funct ion:  
p = p(P, T, ca), a = l, 2 . . . . .  N - - 1 .  (1.9) 

In this  c a s e  one has  
N - - !  

T,c~ ~ , P, o~ ~ = !  T,P,C~ 

N-- !  

( 1 . 1  o) 

where  

By in t roduc ing  the Dorodn i t syn  v a r i a b l e s  
y 

~ = x ' v I =  i' P-~--.dy, 

0 

one can r e w r i t e  the  o r ig ina l  s y s t e m  of equat ions  in the f o r m  

Ov x 
05 

OV x OV x v~ a~ + v y  a~l 

O~ aO - -  v| 
vx ~ -  + V v 0t"1 

OV~j 
�9 = O; 

V 

g t' ap o K av~ . p . ~ d y + v |  On On ' 
0 

N- - I  oI,[~ x 

(z.n) 

(1.12) 
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x( h~ 
ho ho . (c~e --Cao) 0rl J + v~ 0--~ ho - - 7  ~ =  Sea 

N-~ Oc'~ ] (ha--h~) ho O0 ~_, (h,--h;v)(c~w-- 
• h 0)1 

Cflo) --~'-  

N - - I  [ oo co.>*:1 
X h~ &l ~=1 0~1 J "  

Oz 
ho 

kr~ 

(1.13) 

(1.14) 

In the above 

P r  = ~t'l't ; Sea.= - -  

~LLoo 

P~ 
(D x - :  ~ 

P 

p + 0q 

~t ; Le a = pCpDla ; K =  ~tp . 
pDl~ x ~| 

g 

-~x  dy + gv v - Kv~ )~; k on 
0 

Y 

, P(x) y) = P(x, O) -- j'pgdg, 
0 

and one se t s  a p p r o x i m a t e l y  P(x, O) = eonst ,  h 0 = const .  

To obtain a unique solut ion one has  to  add to the s y s t e m  of equa t ions  (1.11)-(1.14) a s y s t e m  of boundary  
condi t ions  which fo r  the f l ow-pas t  p r o b l e m s  is  g iven by 

~]--0; v ~ 0 ;  V v---0; ~ t % , ;  c a = c a ~ ,  a ~ l ,  2, . . . ,  N - - l ;  

r l = 8 ;  v~=Uo;  

rt = A; ~ ----- 0; 

r 1 = 6 % ;  c a = c a  o; a =  1, 2 . . . . .  N - - 1 .  " (1.15) 

2. One seeks  the solut ion of the s y s t e m  of equat ions  (1.11)-(1.14) t oge the r  with the boundary  condi t ions  
(1.15) by employ ing  the me thod  of i n t eg ra l  re la t ions .  By l imit ing our  c o n s i d e r a t i o n s  to the po lynomia l s  of 
the t h i rd  d e g r e e  and by r e g a r d i n g  Eqs .  (1.11)-(1.14) as  val id  up to the boundary ,  one obtains ,  with the use of 
(1.15), 

v~ = [1 - ( 1  -.-)31; o = o,,7(1 --~T)3; C~ = (1 "~a)3; 
Uo 

- -  - -  ; - -  ) = ~1 ; ~lr ~1 ~1~ TI (2.1) 
6 (D • (D 6~, 

and to f ind the unknown th ickness  of the boundary  l a y e r s  6, A, 6Cl, 8C2, . . . .  6CN_I one obtains  the fo l lowing 
s y s t e m  of o r d i n a r y  non l inea r  d i f fe ren t ia l  equat ions  of the f i r s t  o rde r :  

6 - - : d 6  X~ + X 2 - ;  (2.2) 
d~ X a 

dA Y1 + Y2 6 d6 
d~ 

A d~ = Ya ; (2.3) 

Y1-- 

d6 
d6% Z~I + Z~26 d-~- 

&~ d ~ - -  Z~ ; 
3v| y~,[ Kw ,r l (Yr,  Y%) ] 
Uo p ~  -- ~ ,  + fr2 (Ycr Yr) ; 

(2.4) 

1097 



~04 

0,02 

o 

o,o~ 

~ t t 

i 

Fig. 2. Dynamic O(~), thermal A(~), and concentration 
6SiC14, 6HC 1 boundary layers above the horizontal plate at 
flow rates U 0 = 1 m/sec;  a) no thermal diffusion; b) with 
thermal diffusion 6(0, A(~), 6HC1, 6SiC14, ~, m. 
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where  the s y m b o l <  > indicates  the mean  values  of the quanti t ies  and 

~(o), A(0), 6c,(0), ~c,(0) . . . .  ,~o~_~(0)=0. (2.5) 

The solution of the s y s t e m  of equations (2.2)-(2.5) can be obtained numer ica l ly  on an e lec t ronic  compute r  
by employing the s tandard  Rtmge--Kut ta  p rocedure .  In the neighborhood of the s ingular  point ~ = 0 the known 
solution [1] was adopted as  a solution for  the flow of a v iscous  i ncompres s ib l e  gas  mixture .  

3. The computat ions  of a flow pas t  a hor izonta l  p la te  were  c a r r i e d  out both in the case  of the flow of a 
s ing le -component  gas  and for  a mul t icomponent  gas  mix ture .  In the l a t t e r  case  one cons ide red  the flow of the 
gas  mix tu re  H2--SiCla--HC1 provided  that  the concentra t ion  of H2 was much  higher  than that  of the two r e m a i n -  
ing gases .  

Computat ions of the flow of a s ing le -component  gas  have shown that  for  sma l l  and mode ra t e  r a t e s  of the 
incoming flow U 0 < 1.5 m / s e c  the re  occurs  a c r i t i c a l  point in the flow l amina r  s ta te ,  the th ickness  of the 
boundary l a y e r s  (the dynamic and the t h e r m a l  one) behaving in an unstable manner .  The flow c r i s i s  a r i s e s  
the sooner ,  the lower  the incoming flow ra te  (Fig. 1). With higher  incoming flow r a t e s  (U 0 >- 5 m / s e c )  no 
c r i s i s  in the l a m i n a r  flow was obse rved  for  the plate lengths ( l~  1.5 m) under  considera t ion .  

To e l iminate  some  poss ib le  e r r o r s  due to the adopted n u m e r i c a l  in tegrat ion method s i m i l a r  va r i an t s  
were  a lso  computed  by employing the s tandard  Merson  procedure .  The r e su l t s  did not show any significant 
d ispar i ty .  

Of cou r se ,  such behavior  of the boundary l a y e r s  is  due to the in te rac t ion  of the forced  and the f r ee  
convect ive  motions.  The flow region cons i s t s  of th ree  zones: a zone c lose  to the beginning of the plate  where  
the fo rced  convection dominates ,  a dis tant  zone where  f r ee  convect ion dominates ,  and an in te rmedia te  zone 
where  the fo rced  and the f r ee  convect ions  a re  comparab l e  in strength.  The invest igat ion of s tabi l i ty  of a 
s i m i l a r  c l a s s  of f lows is  a complex  p rob lem and is  not cons idered  in the p r e sen t  ar t ic le .  One should only 
ment ion that  a l ready  in [2, 3] the feas ib i l i ty  of the ex is tence  of such unsteady flow s ta tes  was pointed out. 

The computa t ions  of the flow of a mul t icomponent  gas  mix tu re  above a hor izontal  p la te  have shown that 
in the region of m o d e r a t e  flow r a t e s  U 0 > 0.5 m / s e c  the exis tence of diffusion flows exe r t s  a s tabi l izing effect  
on the th ickness  of the boundary l aye r s  (Fig. 2a). 

The c a r r i e d - o u t  inves t igat ions  of the thermodif fus ion  effect  on the boundary l aye r s  show that as a resu l t  
of the t h e r m a l  diffusion being p r e s en t  t he re  is  a r econs t ruc t ion  of the boundary l a y e r s  (Fig. 2b), p r i m a r i l y  
by reducing the th ickness  of the t h e r m a l  boundary l aye r  which should resu l t ,  in turn,  in a h ighe r  heat  t r a n s f e r  
f rom plate  to gas.  

NOTATION 

x, y, or thogonal  Ca r t e s i an  coord ina tes ;  Vx, Vy, components  of the veloci ty  vec tor ;  v,  gas  mix tu re  den- 
sity; T, t e m p e r a t u r e ;  h, specif ic  enthalpy; c, m a s s  concentrat ion;  P, p r e s s u r e ;  ~ ,  dynamic viscosi ty  coef-  
ficient;  v, k inemat ic  v i scos i ty  coefficient;  D i s ,  diffusion coefficient;  kT~ , thermodif fus ion rat io;  ~ ,  t h e r m a l -  
conductivity coefficient;  Cp,  speci f ic  i soba r i c  heat  capaci ty;  g, f r e e - f a l l  acce lera t ion;  ~T, local i sobar  com-  
p r e s s i o n  coefficient;  0, th ickness  of dynamic boundary layer ;  ~,  th ickness  of t h e r m a l  boundary layer ;  occ~, 
th ickness  of concentra t ion  boundary l aye r  for  s - componen t ;  P r ,  Prandt l  number ;  Sca ,  Schmidt number ;  Le~, 
Lewis  number .  Indices:  O, flow p a r a m e t e r s  outside boundary layer ;  ~o, flow p a r a m e t e r s  at infinity; W, pa -  
r a m e t e r s  o n t h e p l a t e  sur face ;  ~, ~, p a r a m e t e r s  r e f e r r i n g  to c~-, f l -components .  
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