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A n u m e r i c a l  solution is shown to the equations of a l amina r  boundary l ayer  nea r  the cr i t ica l  
point of a blunt body with chemica l  reac t ions  occur r ing  at  the su r face  and in the ma in  s t r e a m .  

1. For  a mix tu re  of g a s e s ,  the equations of a l amina r  boundary  l ayer  nea r  the c r i t i ca l  point of an 
axia l ly  s y m m e t r i c  body a r e  in Dorodai tsyn va r i ab le s  [1-4]: 
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with r denoting the flow function; u e and T e denoting the veloci ty and the t e m p e r a t u r e  r e spec t ive ly  at the 
outer  edge of the botmdary l aye r ;  and v i denoting the d imens ion less  diffusion c u r r e n t s .  

The gas in a boundary  l aye r  cons idered  here  cons is t s  of 10 components:  C, O, H, C2, CO 2, CO, H20 , 
OH, H2, and 02. The s a m e  components ,  except  C and C 2 appear  at  the outer  edge of the boundary l aye r  and 
in the inviseid s t r e a m .  The sur face  l aye r  of the body is made up of graphi te  which sub l imates  into the 
s t r e a m  and en te rs  into chemica l  reac t ions  with the other  components  at the su r face .  

2. The boundary conditions a re  defined by the following s y s t e m  of equations.  

The m a s s  balance  equation for  the i - th  component  is 

c~pV~+c~pv=o~;  i =  1, 2 . . . .  , n - - 1 .  (7) 

Since chemica l  equi l ibr ium reac t ions  occur  at  the su r face ,  not all  equations in (7) a re  independent.  
F r o m  the equations (7) we se t  up ( k -  1) independent continuity equations for the components  C, O, H (k de-  
notes the number  of e lements) :  

~ n  H M] , --'~i (c ipV~+cipO)= E n M'i ~ j -  % (8) 
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Fig.  l .  Dis t r ibut ion of T (OK), f, and f' in the boundary  layer :  l) T; 2) f ' ;  3) f. 

Fig.  2. Dis t r ibut ion of m a s s  concentra t ions  c i of components  in the boundary  layer :  1) CO; 2) CO2; 3) H20; 
4) H 2. 

Fig.  3. Var ia t ion of T (~ and c i in the reg ion  between the shock wave and the body along the y - a x i s ,  plotted 
to different  Scales  [w) wall; e) outer  edge of the boundary  layer ;  s) shock wave;  unper turbed  s t r eam] :  1) T; 

2) CO; 3) CO2; 4) H20. 

Since the body cons i s t s  of graphi te ,  the r igh t -hand  side of (8) is equal to pv for  C and equal to zero  for O, H: 

n,c --Mc (cipV ~ + c,pv) = pv; 
Z_a M, 

n Mo (c,oV~ + c~pv) = 0; (9) Z i O - -  
Mi 

MH (e,pV~ + c,pv) = O. ZniH fVj"- T 
Equations (9) will  be supplemented  by 

X ciw = 1; Z c ~ V . o  = 0. (10) 

F r o m  these  re la t ions  it  is poss ib le  to de t e rmine  the concentra t ion  and the diffusion c u r r e n t  of one of the 
components .  We have se lec ted  CO as such a " las t"  component .  The energy  ba lance  will  be  wr i t t en  as [1- 
4] 

;~ aT (11) -- E pc,v, - -  pv (G - -  hi0) - -  s~7~ = 0; T ~ 

with h w denoting the enthalpy of the gas  at the su r face ;  hi0 denoting the enthalpy of cold graphi te ;  and e de-  
noting the e m i s s i v i t y  of the graphi te  body.  In addition, to Eqs.  (9), (10), and (11) we have also the chemica l  
equi l ibr ium equations for the independent chemica l  r eac t ions  at the sur face :  

H~ ~-- 2H; O~ ~ 20; 

1 0 '  C~ ~-~ 2C; C02~-C0 + ~ -  ~, 

p2 (H) _ Kx; p2 (0) 

p (H2) p (02) 

p2 (C) p (CO) V-p-~2) 
p (C2---- ~ -  = K,; p (CQ) 

] /P  (H2) P (OH) = KT; 
p (H~O) 

C O ~ - C §  

H20 ~ H,, ~- 1 02; 
~ 2 

§ OH; 

G; p(C) p(O) = G ;  
p ( c o )  

= Ks; P (H2) VP--~f) 
P (H20) 

Pc + Pc, = Psat(T~) �9 

(12) 

= Ks; (13) 
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The boundary conditions at  the su r face ,  in t e r m s  of d imens ion less  p a r a m e t e r s ,  are  

(pv)~ , o (o) Tw f, �9 ~ ' ( 0 )  = O.  ( 1 4 )  (o) = - 
w f 2 P  ~t Ou e Te 

w w OX 

At the outer  edge of the boundary  layer ,  where  ~?--~o, we have 

OU~x" /'--~ 1; 0--*- 1; ci-+Qe. (15) 
t l - - ~  t l  e = O X  ' 

Usually,  however ,  not the conditions (15) a re  known but the conditions P~o, Too, u~,  and ci~ o in the  unpe r -  
turbed s t r e a m  suff icient ly fa r  away f rom the body. If  u~r > c~o (c denotes the acoust ic  velocity),  then the 
b o u n d a r y - l a y e r  equations (1)-(14) and the equations of gas  flow in the region f rom the o u t e r  edge of the 
boundary  l aye r  to the shock  wave m u s t  be solved s imul taneously .  If  the Reynolds number  is high and the 
Mach number  M ~ 2-3,  however ,  then the th ickness  of the boundary l ayer  m a y  be cons idered  much  s m a l l e r  
than the dis tance f r o m  the body to the shook wave and the effect  of the boundary l aye r  on the inviscid flow 
m a y  be d i s r ega rded .  In this case  one can f i r s t  solve the inviscid flow p rob l em and then the bounda ry - l ay e r  
p r o b l e m .  The s y s t e m  of flow equations for  an inviscid and the rma l ly  nonconducting gas in the regionbounded 
by  the shock  wave,  the body, the axis  of s y m m e t r y ,  and the pa r t i cu la r  u = c line is as follows [5]: 

0 (rpu) + 0 (Arpv) _ O; 
Ox Oy 

Ou Ou 1 Op 
u ~ + Av + Kuv + . . . .  O; 

Ox - ~ y  p Ox 

Ov Ov A Op 
u + Av . . . .  Ku ~ + . - -  = O; (16) 

Ox Og p Og 

T ds = d h - -  .dP , A =  1 +,Ky; 
P 

h = h ( p ,  T,  ci); p = p ( p ,  T,  ci). 

System (16) was solved by the in tegra l  ra t ios  method [5]. The boundary conditions for (16) at  
the body,  at  the shock wave,  at  the axis  of s y m m e t r y ,  and at  the u = c line were  formula ted  as usual ly  [5]. 
With chemica l  equi l ibr ium reac t ions  occur r ing  in the s t r e a m ,  Eqs.  (16) had to be supplemented by equations 
of the gas  composi t ion  as-a  function of p and T.  The gas  in the unper tu rbed  main  s t r e a m  contains O, H, CO, 
CO2, H20 , OH, 02, and H 2 so  that  the equations for calculat ing i ts  components  a r e  

p~ (H) g l ;  p~ (O) = g~; p (OH) p (H) _ g~; 
p (H~) p (O~) p2 (H) p (O) 

p(H~O) p (H) = Kg; p(CO) p(O) =/s (17) 
p(H=) p (OH) p (CO=) 

E r t i c P i  " E n i c p ~  ; EniHPt _ E n i ~ P ~  

En~o P~ Enlo p ~  Y.nlo P~ Enm p~| 

After  having solved s y s t e m  (16)-(17), we obtained the values of the p a r a m e t e r s  for an inviscid flow 
nea r  the blunt body.  The values of these at the wall  were  used  as the boundary  conditions at the outer  edge 
of the boundary  l aye r  (15). 

The gradien ts  of concentra t ions  c i and the diffusion r a t e s  V i a re  in t e r re l a t ed  accord ing  to the Stefan 
- Maxwell equations 

i§ 

or ,  if  the concentra t ion gradien ts  of the remain ing  components  (the t e r m s  inside the square  b racke t s )  a re  
omit ted,  according  to the Wilke equations 

c~V~ ----- ~ l - -  x i Ocl . X__L . ~ y  , i =  1, 2 . . . . .  n - - 1 .  (19) 
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Such an approx imat ion  is en t i r e ly  sa t i s f ac to ry ,  according  to [2], when graphi te  in te rac t s  chemica l ly  
with the main  gas s t r e a m .  The v iscos i ty ,  the t he rma l  conductivity,  and the b inary-d i f fus ion  coeff ic ients  
were  calcula ted by the following formulas :  

[2: = - -~- ,  ~, = 0.5 x~,~ + ~ I ] ' 

(MT) ~ (~-~ ) (20) ~z=2"721"10-7 a~'~,, ; )~=0"875~h +1.55%~ ; 

T 1'5 [(Mi -I- Mi)/MzMj]~ 
D u = 1.858.10 -7 

p [(~ § c~j)t2] 2 ~D', 

The impac t  in t eg ra l s  flv and ~D have been defined here  assuming  that i n t e rmolecu la r  f o r ce s  a r e  d e t e r -  
mined by the L e n n a r d - J o n e s  potent ial  [6]. 

3. The boundary-value p rob l em  (1)-(14) was solved by the e l iminat ion method with i t e ra t ions .  In o rder  
to make  the computat ion schedule appl icable  to any gas  composi t ion  and chemica l  reac t ions  at the su r face ,  
the boundary  conditions at the su r face  were  rep laced  by boundary conditions of the f i r s t  kind, namely:  Tw, 
Ciw, and (PV)w were  speci f ied  for  each  i t e ra t ion  and were  then ref ined a f te r  each  i tera t ion with the aid of 
r e la t ions  (9)- (13) and 

~,T~ = a (T e -  T~); PCYi = ~i (c~e-- ci~,), (21) 

with a denoting the transfer coefficient and fii denoting the mass transfer coefficients. For conditions in an 

unperturbed stream with R = 0.06 m, u~ = 2010 m/sec, p~ = 1 ate, Tcc = 2060~ and a specified gas com- 
position, the boundary conditions were determined at the outer edge of the boundary layer at the critical 

point: 

1 
P~=5,7 ate; T~=2785~ u~=136682 -- ; 

sec 

c(CQ) = 0342; c(CO) = 0.211; c(H20 ) = 0.42; c( �9 0.005; (22) 

c(O) = 0.0009; e(OH) = 0.0t3; c(H~) = 0.006; c(H) = 0.0003. 

4. The solution for conditions (22) is shown in Figs. 1-3. Owing to the chemical reactions, there Is 

an appreciable drop in T w relative to T e. This is explained by the large quantity of H20 in the mixture and 
by the absorption of heat during the heterogeneous reaction C .... ~ + H20 ~CO + H 2. The concentrations b~ap** 
of C and C 2 are very low at T w = 868~ and, under these conditions and with such a composition, most of 
the carbon of the body is converted into CO. This can be explained by the large quantity of Oin the H20, 

CO2, O2, O, OH components and by a diffusion rate comparable to the rate of chemical reactions at the sur- 

face. For this reason, the rate of surface reactions must be taken into account within this range of T w tem- 

peratures. The y-distributions of T and c i in the boundary layer (w, e), from the outer edge of the boundary 

layer to the shock wave (e, s), and also in the unperturbed stream (s, o0) have been plotted in Fig. 3 to dif- 

ferent scales. The results of calculations indicate that, assuming a chemical equilibrium at the surface, 

one can e s t ima t e  the wea r  of the body m a t e r i a l  and the co r respond ing  drop in the body t e m p e r a t u r e  r e la t ive  
to T~ ,  but that  a m o r e  p r e c i s e  evaluat ion mus t  take into account  the finite ra te  of reac t ions  within this range  
of T w t e m p e r a t u r e s .  

x , y  
U s V 

f 

c i 
xi 

Vi 

Dij 

N O T A T I O N  

a re  the coordina tes  tied to the body gene ra t r i x ;  
a r e  the veloci ty  components  along x and y r e spec t ive ly ;  
is the d imens ion less  flow function; 
is the m a s s  concent ra t ion  of i - th  component;  
is the mola l  concent ra t ion  of i - th  component;  
is the m a s s  ra te  of i - th  component  in chemica l  r e a c t i o n s ;  
is the diffusion ra te  of i - th  component;  
is the specif ic  enthalphy of i - th  component;  
is the dynamic v i scos i ty  of i - th  component;  
is the t h e r m a l  conductivi ty of i - th  component;  
a r e  b inary-d i f fus ion  coeff ic ients ,  
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Kj is the equilibrium constant of j-th reaction; 
Pi is the partial pressure of i-th component; 
p is the density; 
M is the molecular weight; 
K is the curvature of body contour; 
S is the entropy of mixture; 
h is the enthalpy of mixture; 
nij is the number of j-element atoms in i-th component. 
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