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Resul ts  axe p re sen ted  in this a r t i c l e  of  numer i ca l  ca lcula t ions  of  a viscous  shock layer  with the 
a s soc ia t ed  hea t  exchange in the vicini ty of the c r i t i ca l  point of a spher ica l  blunt body taken into 
account  in the p r e s e n c e  of  nonequi l ibr ium chemica l  p r o c e s s e s  in the shock layer  and on the 
su r f ace  of the body about  which the flow takes  place.  A number  of paper s  [1-4], in which spec i -  
f icat ion of  the s u r f ace  t e m p e r a h t r e  of  the obs tac le  was ut i l ized,  have been devoted to the 
n u m e r i c a l  invest igat ion of a nonequl l ibr ium v iscous  shock layer .  At the s ame  t ime the su r face  
t e m p e r a t u r e  of  a body v a r i e s  in actual  fl ight due to heating,  and together  with this there  is 
ca ta ly t ic  ac t iv i ty  of  the m a t e r i a l ,  which apprec iab ly  compl ica tes  the p r o b l e m  and necess i t a t e s  
the s imul taneous  t r e a t m e n t  of  the c o u r s e  of p r o c e s s e s  in the gaseous  and solid phases .  The 
use  of a s e p a r a t e  fo rmula t ion  is difficult  in this case ,  s ince the fo rmulas  for the t he rma l  flux 
f r o m  the gaseous  phase  a r e  of an e s t ima t ive  nature  [5] when a volume nonequil ibr ium chemica l  
r eac t i on  is p r e s e n t  for  a su r f ace  having an a r b i t r a r y  cata lyt ic  act ivi ty.  Taking account  of the 
a s soc ia t ed  heat  exchange has been done be fo re  for a number  of p rob l ems  of bounda ry - l aye r  
theory  [6, 7], and in this c a s e  it has pe rmi t t ed  de termining  the c h a r a c t e r i s t i c s  which a r e  mos t  
impor tan t  f r o m  the p r a c t i c a l  s tandpoint  under conditions of  flight along a specif ied t r a j ec to ry ,  
as  well  as  under  specif ied t ime- independen t  conditions of fl ight a t  a l t i tudes at  which the 
approx ima t ion  of a v i scous  shock layer  is valid.  2he effect  of cata lyt ic  act iv i ty  is d i scussed  
for  a number  of su r face  m a t e r i a l s ,  and it  is shown that  the use  of  the fo rmulas  of boundary-  
l aye r  theory  can app rec i ab ly  d i s to r t  the behavior  of  the su r face  t e m p e r a t u r e  as a function of 
t ime  for  a ce r t a in  al t i tude range .  

1. 
theory  of  a v i scous  shock l a y e r  a s y s t e m  of equations in the vic ini ty  of a f rontal  c r i t i ca l  point in the fo rm 
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Assuming  a i r  to be a b inary  mix tu re  of  a toms  and molecu les ,  we wri te  within the f r a m e w o r k  of the 
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In con t r a s t  to the genera l ly  adopted f o r m  of [1, 2], the va r i ab l e  ~l-: ~-~ .1/- P~K~2~ pdy, where  1Is = ~ .  r; 

is a coord ina te  which c h a r a c t e r i z e s  the posit ion of the shock wave,  was  used in wri t ing (1.1)-(1.3). Due to the 
hyperson ic  flow ve loc i t i es  around the body, it  was a s sumed  that  p = Ps ~ p~V~ in the shock layer .  The func- 
t ion N in (1.1), which c h a r a c t e r i z e s  the va r i a t ion  of the p r e s s u r e  gradient  dP/dx a c r o s s  the shock l aye r ,  was 
taken in the f o r m  
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The heat -conduct ion equation for  the body around which the flow occurs  is of the f o r m  

- -  ~ ~'I 1 + 
(1,5) 

Taking the Rankine--Hugoniot  r e la t ionsh ips  into account  on the shock wave,  we wr i te  the boundary con-  
ditions as  fol lows: 

/9 t i 1 /  R e s  Poo e = Coo -----: 0 ,  H = t .  (1.6) n = l , ~ = t ,  I = ~ _ _  z p,, 

Taking the a r b i t r a r y  ca ta ly t ic  ac t iv i ty  of the su r face  of the body into account,  we have 
OJ l,.o t de. 

n = O, ~ = 0, 1 = 0 ,  S% n+dn (O) = ;~C~" 

v + , + , ]  ++ 

(1.7) 

on the in te r face  of the gaseous  and solid phases .  

We wri te  the initial  boundary condition for | in the f o r m  
o(0, yl) = o(+, L/R~) ~ I. (1.8) 

The las t  of the boundary conditions (1.7) is c h a r a c t e r i s t i c  for p rob l ems  of assoc ia ted  heat  exchange and 
e x p r e s s e s  the law of ene rgy  conserva t ion  on the media  in ter face .  One should note that  the calculated values of 
the su r face  t e m p e r a t u r e  of the body a re  smal l  for  the sect ion of the model  t r a j e c t o r y  being discussed and one 
can neglect  the contr ibution of rad ia t ion  f r o m  the m a t e r i a l  in the law of energy  conserva t ion  (1.7). The r e l a -  
tion between the total  enthalpy,  the t e m p e r a t u r e ,  and the concentra t ion  in the shock layer  was used in the 
f o r m  [1] 

II = ~ z + ~ ~ -beh" (1.9) 

in the numer i ca l  integrat ion.  

The t e r m  f r o m  the source  w/p is wri t ten in the usual  way: 
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was used in wri t ing the boundary-va lue  p r o b l e m  (1.1)-(1.9). 

Here  and above f is the d imens ion less  s t r e a m  function, 0f/0~ = U/U s is the d imens ion less  veloci ty ,  H and 
h ~ a r e  the d imens ion less  enthalpy and t he rm a l  ef fec t  of the chemica l  d issoc ia t ion  reac t ion ,  Pr ,  Sc, and Le a r e  
the Prandt l ,  Schmidt,  and Lewis number s ,  r e s p e c t i v e l y ,  p and % a r e  the density and specif ic  heat+ p and k a r e  
the v i s cos i t y  and t h e r m a l  conductivi ty coeff ic ients  of the mix ture ,  r e spec t ive ly ,  | is the d imens ion less  
t e m p e r a t u r e  in the solid body, c is the concen t r a t ion  of a t o m s ,  Kr,  Kw, and K e a r e  the r ecombina t ion  r a t e  con-  
s tants  in the gas and on the su r face  of the body, and the equ i l ib r ium constant ,  r e spec t i ve ly ,  R is the un iversa l  
gas constant ,  RN is the radius  of the blunt end, and L is the wall  th ickness .  The subsc r ip t s  w, s,  ~, r e f e r  to 
quant i t ies  on the su r f ace  of the body, d i rec t ly  behind the shock wave,  and in the undis turbed flow, r e spec t ive ly .  
The subsc r ip t  "1" r e f e r s  to the c h a r a c t e r i s t i c s  of the solid body. The subsc r ip t  "0" r e f e r s  to the t e m p e r a t u r e  
of the body at the init ial  t ime ,  and the subsc r ip t  "*" is ass igned to a number  of c h a r a c t e r i s t i c  quanti t ies.  

As follows f r o m  (1.1)-(1.8), the assumpt ion  of quas i s t a t ionar i ty  of the p r o c e s s e s  in the gaseous phase  
was used in connection with the formula t ion  of the p rob l em,  in accordance  with e s t ima te s  of the re laxa t ion  
t imes  of p r o c e s s e s  in the gaseous and so l id 'phases .  

In the numer i ca l  in tegra t ion  Pr  and Sc w e r e  a s s u m e d  to be constant  quant i t ies ,  a fo rmula  f r o m  [8] was 
used for  the v i scos i ty  coeff icient ,  and the exp res s ions  for K r and K e were  taken f r o m  [1]. The t e m p e r a t u r e  
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dependence for the recombina t ion  r a t e  constant  K w on the sur face  of the body was taken in the form of a power 
law, which approximates  the resu l t s  of  experimental  investigations of the recombinat ion efficiency [9, 10] for a 
number  of mater ia ls .  In the calculat ions the the rmal  conductivity coefficient in the body ~'l was assumed to be 
constant,  and by vir tue  of this ~l = 1; the thermophys ica l  cha rac te r i s t i c s  of different mater ia l s  were taken f rom 
[11]. 

2. The numer ica l  integrat ion of the boundary-value p rob lem (1.1}-(1.8} was pe r fo rmed  with the help of a 
difference scheme obtained on the basis  of an i terat ive interpolation method [12]. The e r r o r  of the approxi-  
mation of the or iginal  sys t em of differential  equations and boundary conditions was 0(A~/) 2 and 0(~yl)2+0{A~). 
The difference scheme employed permit ted  per forming a stable calculation over a wide range of the initial 
p a r a m e t e r s  of  the problem. With constant  conditions in the oncoming flow a number of calculations were 
pe r fo rmed ,  p r io r  to the es tabl ishment  of s teady conditions for occu r r ence  of the p rocess  i n t h e  solid body, for 
which a compar i son  was made of the numerica l  and analytic solutions. The resul t s  of [1] were  used as tes t  
checks.  

Due to the assumpt ion  adopted concerning the quasis ta t ionar i ty  of the p rocesses  in the gaseous phase,  
the computational  p rocedure  was const ructed  as follows: The fields of  the cha rac t e r i s t i c s  in the gaseous phase 
were  calculated for the known sur face  t empera tu re  at  the initial time. When the neces sa ry  accu racy  was 
attained for the desi red distr ibutions and ~s, the gradient  of the enthalpy and concentrat ion of the media in ter -  
face was determined;  then the t empera tu re  field in the solid phase and the surface tempera ture  were de ter -  
mined f r o m  Eqs. (1.5) with the boundary and initial conditions (1.7) and (1.8) taken into account. The p rocess  
was repeated in the way indicated above for a new value of  the surface  t empera tu re ;  the new value of the 
alti tude, the flow p a r a m e t e r s  at  infinity, and the determining factors  of the problem associa ted  with them were 
determined under flight conditions along the t ra jec tory .  

In o rder  that the calculat ion be stable at  the alti tudes at  which the conditions for a chemical  reac t ion  to 
proceed  a r e  c lose  to equil ibrium ones,  methods s imi lar  to those of [3, 13] were used, which permit ted checking 
flight regions  with r a the r  large Re s numbers  in a number of  cases .  

The step ~T was var ied during the pe r fo rmance  of the numer ica l  calculat ions,  and the step A ~ was 
Varied in a number of a l ternat ives .  

As the calculat ions have shown, the sur face  t empera tu re  and thermal  flux for constant  pa rame te r s  of  the 
incoming flow cor responding  to an altitude of 70 km differ s t rongly at the identical t imes,  depending on the 
Catalytic act ivi ty  of the body. With veloci ty  V~= 7.9 km/sec ,  To= 300~ and RN= 0.3 m the calculations pe r -  
fo rmed p r io r  to es tabl ishment  of steady conditions for occur rence  of the p rocess  in the solid body showed that 
the s teady value of | obtained for an ideal catalyt ic  surface  exceeds by a lmos t  one-and-one-ha l f  t imes the 
s teady value of | found for [w=0 .  It was assumed in the numer ica l  integrat ion that Pr =0.72, Le = 1, and 
L/R=0.5. 

It is in teres t ing to note that the thermal  flux curve  found for the conditions indicated above for flow 
around a nickel sur face  is of a nonmonotonic nature,  in con t ras t  to the monotonic behavior of the thermal  flux 
qw(r} for  the limiting cases  of catalytic activity. This situation is associa ted  with the presence  of two cont ra -  
d ic tory  tendencies;  on the one hand, as | i nc reases ,  the convective pa r t  of the thermat  flux decreases ,  and 
on the other hand, the diffusive pa r t  qw, which is expressed  in t e rms  of the r a t e  of a hetereogeneous r e c o m b i -  
nation reac t ion  for  which 0~w/00,~ ~ 0, inc reases .  

Actually, for a given model of a ir  one can wri te  

~, 0H ~. or , q , +  

Since the r a t e  of the heteregeneous reac t ion  inc reases  as  the wall t empera tu re  goes up, the concentrat ion of 
atoms on the sur face  of the body dec reases ,  which leads to a fur ther  decrease  of qw(T). But the presence  of 
such an effect,  which will depend in the general  case  on the range of var ia t ion of | was f i r s t  pointed out 

in [8]. 

The r e su l t s  of the solution of the associated problem upon a descent  of the body along a model ver t ica l  
t r a j ec to ry  with constant  velocity,  which a re  presented  in Figs. 1-5, a re  of interest .  The initial flight altitude 
is 90 km in this case ,  Voo= 7.9 kin/see,  and To= 300~ In doing these calculations the values of the radius of 
the blunt end RN = 0.06, 0.3, and 1.5 m were used for bodies made of tungsten and Pyrex,  and the calculated 
values of Pr ,  Le, and L/R N are  indicated above. The discussion was conducted on the basis  of the concept of a 
compressed  viscous shock layer ;  the resu l t s  a re  of a model nature in the altitude region near 90 km for a 

346 



<,3 

C~,7 i 
40 60 80 H, km 

Fig. 1 

) ! ) ~ / / I  

to -----q-- -] - f - ~ - - z ! o ,  o4 

, I ~ / ! 2 M . _ L ~  1 
ov4L.____JL 5 - - " - ' r ~  -T__L._Jo, o'~ 

40 60 80 H~km 

0,4 

0 
40 60 

F 
i 

60 H, km 

Fig. 2 Fig. 3 

4~ t +| 
iiLZ? 
' IN 

i ' ;Y  i , 0,2 ~ T 

) 

o,6 .~/Ys 

Fig. 4 Fig. 5 

blunt-end radius RN= 0.06 m, since for this vers ion  the values of Re s at  the indicated altitudes a re  ra ther  
small ,  and it is necessa ry  to take account  of the effects of a diffuse shock wave. 

The ra t ios  of the surface t empera tu re  and thermal  flux qw to the surface tempera ture  TwE and thermal  
flux qwE found f rom the solution of the boundary-value problem (1.5) and (1.8), using the formulas  of [14] for 
the thermal  flux on the pa r t  of the gaseous phase,  are  given in Figs. 1 and 2 as a function of the flight altitude. 
Calculation of the t ime-dependent  thermal  conductivity equation with a specified thermal  flux taken into 
account  in connection with the equil ibrium occu r rence  of a chemical  react ion in the boundary layer  permit ted 
est imating the degree of applicability of the approximate formulas  of boundary- layer  theory for different 
mater ia ls  of the body under the flight conditions indicated above. 

Curves 1-3 of Figs. I and 2 a re  found for a body made out of Pyrex with the values RN= 0.06, 0.3, and 
1.5 m, respec t ive ly ,  and the curves  4 and 5 a re  obtained for a tungsten surface  with RN= 0.06 and 0.3 m, 
respect ively .  

As is evident f rom Figs. 1 and 2, the use of formulas  f rom t h e b o u n d a r y - l a y e r  theory  for the body made 
out of Pyrex,  which has a low catalytic activity,  may  introduce an appreciable e r r o r  in the determinat ion of the 
quantities T w and qw; this e r r o r  increases  as the blunt-end radius decreases .  For  large blunt-end radi i  the 
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effect of vor t ic i ty  of the external  flow weakens, and the thermal  flux tends towards its own equilibrium value as 
the body descends (curve 3, Fig. 2); a thin boundary layer  is formed simultaneously near the body, as the cal-  
culations show. The surface  tempera ture  in this case (curve 3, Fig. 1) agrees  with TwE within 4% limits.  The 
nonmonotonic nature of the behavior of Tw/TwE is caused, as follows from Fig, 1, by a var ia t ion of the rat io 
qw/qwE(H), since at higher altitudes the thermal  flux calculated f rom the theory of a compressed  viscous shock 
layer  can exceed by severa l  t imes  the thermal  flux found f rom the theory of an asymptot ical ly  thin equilibrium 
boundary layer .  The quantity qw becomes less than the corresponding value qwE upon a decrease  in the flight 
altitude or an increase  in RN; a minimum value o f  the rat io qw/qwE is real ized for some altitude. Upon a 
fur ther  decrease  in the altitude the recombinat ion p roce s s  in the viscous layer ,  which is accompanied by 
liberation of energy,  i nc reases ,  and the value of the thermal  flux qw increases .  

As is evident f rom Figs. 1 and 2, the calculations for a coating made out of Pyrex were per formed for 
altitudes no lower than 65 km, since the surface tempera ture  in this case  can reach  tempera tures  at  which 
damage occurs ,  and it is neces sa ry  to rep lace  the original  mathematical  model. 

The principal regular i t ies  of the behavior of Tw/TwE and qw/qwE noted above a re  also charac te r i s t i c  for 
a body made out of tungsten, which has a high catalytic activity of its surface  incompar i sonwi th  Pyrex  and is a 
good heat conductor.  However, as one should expect, the minimum values of the qw/qwE curves in this case 
lie significantly above the corresponding values for Pyrex,  and agreement  of the tempera tures  T w and TwE is 
observed to an accuracy  of about 8% over a wide range of flight altitudes. 

Curves 6 and 7 i n  Fig. 2 correspond to a dimensionless withdrawal of the shock wave y s / R N a s  a function 
of  the flight altitude for RN= 0.3 m, curve 6 is obtained for a coating made out of Pyrex,  and curve 7 is for 
tungsten. 

The dependences of Tw, Cw, and the Stanton number  St = qw/P~oVoo (H~o - H  w) (H is the dimensional  
enthalpy) on flight altitude a re  presented in Fig. 3 for a number  of al ternat ives.  Curve 1 for T w and the curves  
for c w and St a re  obtained for Pyrex;  RN=0.3 m. Curve 2 cor responds  to a surface tempera ture  for RN-- 
0.06 m, and the coating is tungsten. The calculation for Pyrex is per formed in this case  to the altitude at 
which the sur face  tempera ture  attained the tempera ture  for damage to the mater ia l .  As is evident f rom Fig. 3, 
the surface tempera ture  of a body made out of Pyrex increases  more rapidly with time than does the surface 
t empera tu re  of tungsten due to an appreciable difference in the the rmal  conductivity coefficients of the 
mater ia ls ,  notwithstanding the fact  that in the latter case R N is five t imes less and K w for tungsten significantly 
exceeds the corresponding value of K w for Pyrex. We also note that the surface tempera ture  Tw(H) (curve 2) 
during flight does not exceed 1.2 �9 1C3~ The ve ry  low values found for T w are  caused by the short  flight 
t imes (about 5 sec) for the specified model t r a jec to ry  and the condition (1.8) adopted at Yl = h/R. 

As the calculat ions have shown, good agreement  of the St numbers  for s imi lar  R N is observed inthis case for  
bodies with different catalyt ic  p roper t i es .  (The values of the St numbers  for RI~ = 0.3 m are  denoted by filled c i rc le  s 
in Fig. 3, and the mater ia l  is tungsten.) The indicated c i rcumstance  permits  est imating the values of the 
thermal  fluxes for coating mater ia ls  in connection with the flight of bodies along a t ra jectory.  

The fields of the dimensionless  velocity 0f/0~ (curves 1), the dimensionless enthalpy H (curves 2), and 
the concentrat ion c (curves 3) in the viscous shock layer  at  different t imes a r e  presented in Fig. 4 (material  
is Pyrex) and Fig. 5 (material  is tungsten) for RN= 0.3 m. The solid curves  of Figs. 4 and 5 correspond to the 
initial t ime t = 0 ,  and the dashed curves  correspond to t=3  sec. It is evident that the degree of dissociation in 
the shock layer  is insignificant at  the initial time. A decrease  in the flight altitude leads to a c l ea re r  sepa-  
ra t ion  of the flow region into a boundary layer and a nonviscous par t ;  the concentration of atoms in the shock 
layer  increases ,  and the recombinat ion p rocess  occurs  near the surface,  as is evident f rom Figs. 4 and 5; this 
p rocess  occurs  ve ry  intensively on the tungsten surface and far more  weakly on the coating made out of Pyrex. 

Thus the investigation ca r r i ed  out with associa ted heat exchange taken into account shows the importance 
of a complex approach in connection with finding the determining charac te r i s t i c s  T w and qw under flight con- 
ditions of bodies along specified t ra jec tor ies .  
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