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USE OF G E N E R A L I Z E D  D I F F U S I O N  C O E F F I C I E N T S  

IN S O L V I N G  C O N J U G A T E  P R O B L E M S  

G. A. G l e b o v  UDC 536.24 

A numerical method is used to solve the conjugate problem of the heating of a graphite body 
in a high-temperature gas flow. 

Calculation of the heating and loss of thermoprotective material  when high-temperature gas (air, carbon 
dioxide, etc. ) flows past an eroding surface involves the solution of a system of differential boundary-layer 

equat ions  andthe  nonsteady heat-conduction equation for a solid. Consider the flow of a chemically reacting 
mixture in the vicinity of the forward cri t ical  point of a graphite body (Fig. 1). Steady laminar flow of thin 
mixture (consisting of v elements and N components) is described by the following system of differential equa- 
tions [11: the continuity equation for the mixture 

0 0 
o-~ (Vur) + Ty (t,vr) = O; (~) 

the momentum equation 

~U 
pu -~x + pv - -  

Ou= dp O (  Ou). 
ay + ' 

the diffusion equation for a chemical element 

p u ~ +  pv Oy + ay 
(~ = 1, 2 . . . . .  v -  1),  

where 

= o; (3)  

N N 

c-~ = "~ n,iM, cJMi; K~ == Z n'tM'Ki/M' ; 
i = l  ~ 1  

the equation of thermochemical  equilibrium for a reaction of the type 
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where 

the energy equation 

l 

At ~ ~ puAl, 
f = l  

l 

Kp,t = ]=1 (pM)~ 
C~ 

( i  = I, 2 . . . . .  N - - v ) ,  

I 
= cdMi; an= ~ ~u-- 1; 

/ = l  

OT OT 
pttCpejt - -  + pVCpej t 

Ox Oy Oy - -  -~y I~KL ; 

(a )  

(s) 

and the Stefan--Maxwell equation for  the diffusional mass  flows d is regarding t h e rm o -  and barodiffusion 

N Xl ] Oxi M ^' KI Ki .~ DU(I) 
= - -  xi Z Mi .D, j ( I )  Mi i+~ Oy p i~-~ 

( i  = 1, 2 . . . . .  N - - 0 .  

(6) 

Closure of the sys tem in equations (6) Is achieved using the equation for  the sum of vec tor  flows 

N 

i = l  

i f )  

the Dalton equation 

V 

"C=I 

the equation of s tate  

where 

p = p[~T/M, (9) 

M =  

and the heat-conduction equation for  the body 

( O T b _  0 •b �9 (11) 
Cb aT dy I Oyl ] 

The conjugate problem for  the heating of the ma te r i a l  is solved with the following init ial  and boundary 
conditions: 

when T = 0  T b =  To; 

y = 0  u = v = 0 ;  /~,w = 0; 

Oyl-]~ 

(12) 

(13) 
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as y-->-oo tt--",'Ue; T-'-',-Te, (14) 

as Yl ~ oo Tb :-+ To.  (15) 

If  s e v e r a l  e l ements  a r e  p r e s en t  (v = 3-5),  when the number  of mix tu re  components  may r each  20 or  
30, the s y s t e m  in equations (1) - ( l l )wi th  the initial  and boundary  condftions i n E q s .  (12)-(15) is v e r y  complex.  
In p r a c t i c e ,  va r ious  a s sumpt ions  and models  fo r  the diffusional  m a s s  flows a r e  ve ry  often used for  the 
compute r  rea l iza t ion  of such  complex  s y s t e m s  [2, 3]. 

The p r e sen t  work  employs  the method of genera l i zed  diffusion coefficients  [1], according to which 
the diffusional  m a s s  flows a r e  wri t ten in the explici t  f o r m  

Kt "~ - -  PDi c~c'~i- ~ (16) 
by 

where  the gene ra l i zed  diffusion coefficient  D 1 is  given by the express ion  

G 
D i - 

[~A~ 
N 

i=1 7=" 
N 

/'=1 

/r 

when 

(17) 

�9 and  w h e n  

0.2 < (MJMj) <~ 5; 

[ ~i | ~.o.2s. As = (;j 
Ai = (;i !, k ] . . . . .  

( M J M j )  > 5 

(18) 

T h e  m i x t u r e  p a r a m e t e r  G i s  

G = 2.38.10 -7 T " ~ a / p .  (19) 

PI 
Ul F i g .  1 .  High - t empe ra tu r e  gas  flow in 

vicini ty  of fo rward  c r i t i ca l  point of body. 
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T A B L E  1, C o m p a r i s o n  of Resu l t s  f o r  Dif fus ional  F low Ob-  
ta ined by A c c u r a t e  and Approx ima te  Methods 

T (~ 2 - 1 0  + 4 . 1 0  s 6 . 1 0  s 

(K'N,) acc 0,926.10-' 0,468"10 -8 

(K-N~) app 

(Ko,) acc 
(K-O,) app 

(R'No) app 

(KH,,} app 

0,90.10- 9 

0,109.10 -8 

0,108.10 -8 

~0,177.10 -s 

--0,178.10- s 

+0,794.10-18 

~0,798.10-10 

--0,823.10 - J5 

(KN) app 

/ ~ o )  ace 
(~'0) app "-0, 174" 10-9 

i~' . )  ~ - o . 1 4 8 . 1 o - ,  

(KH) app 

--0,824.10 -la 

--0,174.10-9 

--0,149.10 -9 

0,387.10_7 

0,460.10 -8 0,394. I0 -7 

0A08"I0-~ ] 0'726" 10-1~ 

0,107. I0 -'~ 0,726.10 -18 

0,438.10 -s 0,12.10 -s 

0,438.10 -8 

0,394.10 -s 

0,396.10 -8 

--0,691.10 -9 

--0,692.10 : ;  

--0,163.10 -~ 

--0,163-10 -7 

--0,681-10 -s 

--0,687.10- 8 

0,12.10-8 

0,414.10 ;10 

0,414.10 -1~ 

--0,465.10 -) 

--0,472.10 -~ 

0,409.10 - s  

0 , 4 1 0 . 1 0  - e  

0,241 �9 10 -s 

0,242.10 -8 

[ - - a  

2 

- ~  ~ ~ , . . . _ . ~  . . . .  , - - 

Fig .  2. Dis t r ibu t ion  of m i x t u r e - c o m p o n e n t  m a s s  concen -  
t r a t i o n s  a c r o s s  the boundary  l aye r :  1) CN2~ 2) CH; 3) eHz; 4) 
co~; 5 ) c o ;  6) cNO; 7) CN; a) a c c u r a t e  solut ion;  b) a p p r o x i -  
ma te  solut ion.  

The heat ing of a g r aph i t e  s p h e r e  i s  ca lcu la ted  o v e r  a wide r ange  of the ex te rna l  f low p a r a m e t e r s :  
Te = (5-8) '103~ Pe = 1-100 b a r .  The ex t e rna l  f low is a m ix tu r e  of a i r  and hydrogen  (~N = 0.537; ~O = 
0.163; ~H = 0.3), and the mu l t i componen t  gas  mix tu re  cons i s t s  of seven  components  {N2; 02; NO; H2; N; 
O; H) d i f fe r ing  in m o l e c u l a r  weight  by an o r d e r  of magni tude .  N u m e r i c a l  ca lcu la t ions  a r e  c a r r i e d  out 
us ing  the a c c u r a t e  s y s t e m  in E q s .  (1)-(11) with the ini t ia l  and boundary  condit ions in Eqs .  (12)-(15) and 
by the a p p r o x i m a t e  method using g e n e r a l i z e d  diffusion coef f i c ien t s ,  as  in Eqs .  (16)-(19). 

Table  1 g ives  r e s u l t s  f o r  the n o r m a l i z e d  di f fus ional  f low Ki = Ki/(0T/~Y) obtained f r o m  Eqs .  (6) and 
(16) for  p = 1 b a r .  

It is  evident  f r o m  Table  1 that  the g e n e r a l i z e d - c o e f f i c i e n t  method g ives  good a c c u r a c y  fo r  the  d i f fu-  
s iona l  f lows.  Over  the whole t e m p e r a t u r e  r ange  the  d i s c r e p a n c y  with the a c c u r a t e  r e s u l t s  was no m o r e  
than 3-4% f o r  all  the c om pone n t s .  

In F ig .  2,  concen t r a t i on  p ro f i l e s  (ci) a c r o s s  the boundary  l a y e r  a r e  given fo r  al l  the componen t s ,  
t o g e t h e r  with r e s u l t s  o b t a i n e d b y  the a p p r o x i m a t e  method .  T h e r e  is  evident ly  good a g r e e m e n t .  S i m i l a r l y ,  
t h e r e  is  good a g r e e m e n t  f o r  the t e m p e r a t u r e  p rof i l e  (Fig. 3), both in the boundary  l a y e r  and i n  the body.  

Thus ,  the g e n e r a l i z e d - c o e f f i c i e n t  method  may  s u c c e s s f u l l y  be used in ca lcu la t ing  heat ing and the loss  
of t h e r m o p r o t e c t i v e  m a t e r i a l .  
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_ _ _  a T ' f O  3 

o -  b 

6 

l~undarylayer 

i 

Body 

Fig.  3. T e m p e r a t u r e  prof i le  in conjugate p rob lem 
(gas--body): a) accu ra t e  solution; b) approx imate  
solution.  T,  ~ 

N O T A T I O N  

x,  y ,  coordinates ;  u, v,  veloci ty  components;  p ,  densi ty;  p, p r e s s u r e ;  c r, e lement  concentra t ions;  ci ,  
m a s s  concentra t ions  of components ;  x i ,  m o l a r  concent ra t ions  of components;  K T, diffusional m a s s  flows of 
e lements ;  K i ,  diffusional m a s s  flows of components ;  T ,  t e m p e r a t u r e ;  Cpeff, to ta l  specif ic  heat of mixture ;  
1VIr, m o l e c u l a r  weights of e lements ;  M i ,  mo lecu l a r  weights of components ;  M, molecu la r  weight of mix ture ;  
R,  un ive r sa l  gas  constant;  Dij {1), diffusion coefficient  of binary mixture ;  Di, genera l ized  diffusion coeff ic ients ;  

~, v i scos i ty ;  ~, heat conduction. 
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O F  A S T R E A M  O F  D I S S O C I A T E D  A I R  O V E R  A B L U N T  

A X I S Y M M E T R I  C B O D Y  

E .  A .  A r t y u k h i n  UDC 536.244 

An a lgor i thm is  cons t ruc ted  and the r e su l t s  of a n u m e r i c a l  solution a r e  p resen ted  for  the 
conjugate p rob l em  of nonsteady heat exchange in the vicini ty of the c r i t i ca l  point of a blunt 
a x i s y m m e t r i c  body during i ts  in te rac t ion  with a hypersonic  a i r s t r e a m .  

The nonsteady t h e r m a l  in te rac t ion  of an oncoming s t r e a m  of liquid or  gas  with a solid body is  c h a r a c -  
t e r i z e d  by the fact  that  the t h e r m a l  boundary conditions at  the su r face  over  which the flow occurs  va ry  with 
t i m e .  And these  conditions a r e  not known in advance but mus t  be found in the cour se  of the solution of the 

p r o b l e m  of nonsteady heat exchange.  

The mos t  ge ne ra l  approach  to the solution of p rob l ems  of nonsteady convect ive heat exchange in a 
g a s - - s o l i d  body s y s t e m  cons i s t s  in t r ea t i ng  them as conjugate [1, 2]. A s y s t e m  of equations consis t ing of the 
equations fo r  the nonsteady boundary l a y e r  for  the gaseous  zone and the heat-conduct ion equation for  the solid 
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