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An analyt ic  solution is  obtained in the work  in a Newtonian approximat ion  [1] for the f low-pas t  
p r o b l e m  for  a plane blunt body by a s t e ady - s t a t e  un i form hypersonic  inviscous space - r ad i a t i n g  
gas  flow. The hyperson ic  f low-pas t  p r o b l e m  for  a x i s y m m e t r i c a !  blunt bodies  by a nonviscous 
s p a c e - r a d i a t i n g  gas has been p rev ious ly  cons idered  [2-4]. In this case  a s a t i s f ac to ry  solution 
of the p r o b l e m  was obtained even in a z e ro - t h  a p p r o x i m a t i o n b y d e c o m p o s i n g  the unknown values  
in t e r m s  of a p a r a m e t e r  e equal to the ra t io  of gas densi t ies  be fo r e  and a f t e r  p a s s a g e  of the 
shock wave.  The solution of the p r o b l e m  in a z e r o - t h  approx imat ionwi th  r e s p e c t  to ~ in the 
case  of f l ow-pas t  o fp l aneb lun tbod i e s  does not tu rnou t  to be  sa t i s fac to ry ,  s ince the depar tu re  
of the shock and the rad ian t  flux to the body as gas flows into the shock l ayer  turns  out to be 
s t rongly  o v e r s t a t e d  under  near ly  adiabatic  condit ions.  F r e e m a n  [5] demons t r a t ed  that  r e su l t s  
may  be s ignif icant ly  improved  for  f low-pas t  of ap l ane  blunt body by a nonradiat ing gas if a m o r e  
p r e c i s e  exp res s ion  is used for  the tangential  ve loci ty  component  e x p r e s s e d  in a new a p p r o x i m a -  
tion with r e s p e c t  to the p a r a m e t e r  e o This  re f inement  is  applied in this work  for  solving the 
f low-pas t  p rob l em  for  a plane blunt body by a space - r ad i a t i ng  gas .  The dis t r ibut ion of the gas -  
dynamic  p a r a m e t e r s  in the shock l aye r ,  the depar tu re  of the shock wave,  and the rad iant  heat  
flux to the su r face  of the body a re  found. The solution obtained is analyzed in detai l  for  the ex-  
ample  of f low-pas t  r egard ing  a c i r c u l a r  cyl inder .  

l o  

chemica l ly  ba lanced s pace - r ad i a t i ng  gas in a shock l aye r  about a plane blunt body has  the f o r m  [1] 

/ ~#u "~xOV t O--if'OP. 9 I u + ~2v  . = - -  
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p~ 0 (h & u 2 ~- e2v 2) = - FKPT4; 
H dx 
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o~ - - J ,  o--+-=o-ST; H = t  R(z) ;  

r(x,  g) -- r~(z)  -i- egsin a; 

8]~ps.O2 ,~l 
1-3 , 

e = OM9~.; h = h(p,T); p = O(P,T). 

The s y s t e m  of d imens ion less  equations descr ib ing  the flow of a nonviscous nonheat-conducting,  

0.1) 

Here  lx and el y a re  coordinates  d i rec ted  along the su r face  of the body and along the no rma l  to it, uV~ 
and eV~v a re  the ve loc i ty  components  of the gas in the direct ion of these  coordina tes ,  e-oooD is the density,  

~2 
Poo ~ooP is the p r e s s u r e ,  0.5V~h is the enthalpy, T s ,  T is the gas t e m p e r a t u r e ,  K p s . K p  is the P lanck  ab- 
sorpt ion coefficient ,  lR(x) is the radius  of cu rva tu re  of the sur face  of the body, l r  is the dis tance f r o m  the 
axis of s y m m e t r y  to a given point, 1 is the c h a r a c t e r i s t i c  l inear  sca le ,  F is the radia t ion p a r a m e t e r ,  c~ is 
the S t e f a n - B o l t z m a n n  constant,  c~ is the angle between the tangent to the body and the d i rec t ion of the ve loc-  
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ity of undis turbed flow, and o~V~o/r is a s t r e a m  function de te rmined  by the equation d,~ = p u d y -  pvHdx. 
The indices ~,  s,  *, and w denote the incident flow p a r a m e t e r s ,  p a r a m e t e r s  d i rec t ly  behind the shock 
wave,  the c h a r a c t e r i s t i c  va lues  of the p a r a m e t e r s ,  and the i r  values  on the body sur face ,  r e spec t ive ly .  

In der iving the s y s t e m  (1.1) i twas  a s sumed  that s e l f - r ad i a t i on  of the compara t i ve ly  cold su r face  of 
the body can be  ignored.  

The boundary conditions on the shock wave have the f o r m  

= ~ ( x )  = r~(x) = r~(x) + eg~ sin (z; (1.2) 
9s,s u~ (x, %) = cos/3 cos (13 --  a) § e ~ sin ~ sin (~--  a); 

t)~. sinl~cos(~-- r162 v~ (x, ,~) = cos ]~ sin (~ - -  a) --  e 0--/ 

Ps / 

tg ( ~ -  ~) : eg:.,/(l -~ eg~/t:l), 

where  fl is the angle between the tangent to the shock wave and the di rect ion of undis turbed flow, M~ is 
the Maeh number  of the incident flow, and Ys = Ys (x) is the shock-wave  equation. We a s sume  that 

, = 0  (1.3) 

on the su r face  of the body.  

2. The solution of the s y s t e m  of equations (1.1) with boundary  conditions (1.2), (1.3) is found in the 
f o r m  of decomposi t ions  [1, 5] with r e s p e c t  to a smal l  p a r a m e t e r  ~, 

f(x,*, e)=fo(x, *) -b e/x(x, r .... (2.1) 

where  f is any of the functions u z, v 2, t, p ,p ,h ,  o r  T.  It,:s fu r the r  a s sumed  that all  these functions and their  
f i r s t  de r iva t ives  a r e  magni tudes  on the o rde r  of one in the shock l aye r .  Substituting the decomposi t ion 
of Eq. (2.1) in the s y s t e m  of equations (1.1), we obtain to a ze ro - thappr0x ima t ion .  

Ou~ O; Op~ u, . Oha _ _  _ _  FKvT4o; 0-7 ~ g~ = -~, PoUo~'x -- (2.2) 

po=Po(po, To); ho=ho(po, To); r=rw(x ). 

We will fu r the r  l imi t  ou r se lves  to the z e r o - t h  approximat ion  (2.2)for  h0, P0, and T o following prev ious  works  
[5, 6], and we will use  for  the tangential  and no rma l  ve loc i ty  components  and the geome t r i c  coordinates ,  
the f i r s t - o r d e r  approximat ion  

o,.Az| _ 2 0 p . . _ _ o .  

l ) ~ - ~ x .  

Ox P00x ' 
ag ! 

The boundary  conditions in the shock take the f o r m  

, ~ * , ( x ) = r w ( z ) ;  Uao(X, r a(x); Pso(x,~ps)=sln'a(x);" " 
hso(X,aps)~sin~a(x); u,~(x,$,)==O. 

(2.3) 

(2.4) 

Integrat ing the f i r s t  equations of (2.2) and taking into account  Eqs .  (2.4), we obtain 

Uo(~, t)=cos ~(0; ( 2 . 5 )  

po (x ,  t) = s i n  S ~ ( z )  - -  I St cos ~z ( t) sin tz ( t) dt, (2.6) 
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w h e r e  t is a coo rd ina t e  f ixing the point  at which a given s t r e a m l i n e  en t e r s  the shock  l aye r .  

An ana lys i s  of t ab les  [7, 8] d e m o n s t r a t e s  tha t  in definite t e m p e r a t u r e  and p r e s s u r e  in t e rva l s  we ma y  
use  the equat ion of s ta te  (in d imens iona l  form) 

h = ? / ( ?  - -  i)p/9 (2.7) 

(y is the e f fec t ive  ra t io  of the heat  capac i t i e s  of the gas  in the shock  layer )  and a l so  a p p r o x i m a t e s  the P l anck  
abso rp t i on  coe f f i c i en t  in the f o r m  

I i p = A p T  ~, (2.8) 

w h e r e  A and n a r e  the cons tan t s  of app rox ima t ion .  Then  the e n e r g y  equat ion,  taking into account  Eqs .  (2.4)- 
(2.8), has  the so lu t ion  

l b (~ - t)~ h 0 (x, t) = {sin -2(n+a) a (t) + ~ j  n+a, 

f v L ' ~  "+~ /v + ~ , , ( , ~ +  ~) 

We find the solut ion of the s y s t e m  of equat ions  (2.3), taking into accoun t  Eqs .  (2.5)-(2.9),  

(2.9) 

u 2 ( x , t ) =  c o s 2 ~ ( t ) - - e ( ~ ) : <  i dx'ho(x',t) ~ (xr t); 
, Po ( z ' ,  t) Ox" 

t 
s i n  c~ (t) dt 

g (x, t) = f ~'0 (~', t) ~ (., 0 " 
0 

(2.10) 

D e p a r t u r e  of the shock  wave is d e t e r m i n e d  f r o m  Eqso (2o10) at t = x.  The n o r m a l  ve loc i t y  componen t  is 
found by d i f fe ren t ia t ing  Eq. (2.10): v = u0y /0x .  

We d e t e r m i n e  the d i s t r ibu t ion  of the r ad i an t  flux along the s u r f a c e  of the body on the bas i s  of the 
p a r a m e t e r s  obta ined fo r  the gas flow in the shock  l aye r ,  

2qR (x) b i hn+5 (x,t) s i n  ~ (t)  dt 
q~. (x) - v ~ - u (z,t) 90o ~ 2(n--4)~ 

3. We will  c o n s i d e r  in m o r e  detail ,  as an example ,  f l ow-pas t  of a c i r e u l a r  c y l i n d e r  of r ad ius  R b y a  
h y p e r s o n i c  a i r  flowo In this  ca se  we obtain,  given the g e o m e t r i c  r e l a t i ons  I = R, ~(x) = u / 2 -  0; and ~ = 
~ / 2 -  c~(t), 

u0((I)) = sin (I); 

P c  ( 0 ,  (~)  = COS 2 (i) - -  s i n~  O s i n  ~ (I) 
2 ~ 2 , ( 3 . 1 )  

1 

h 0 (0, O)  = [cos - a n + 4 )  r + 
Sin  o f 

We note that  the method  of solut ion is not sui table  in a ne ighborhood  of a Newtonian point  of d iscont inui ty ,  
at wl~ich p r e s s u r e  at  the s u r f a c e  of  the body falls  to z e r o  [5]. Fo r  a c y l i n d e r  this  c o r r e s p o n d s  to a value  
oI the angle 0 ,  ca l cu la t ed  at the c r i t i c a l  point,  

0 ,=arcsinV2-~=54~ '. 

The tangent ia l  ve loc i t y  componen t  fo r  the f i r s t - o r d e r  app rox ima t ion  has  the f o r m  

( r162 u ~ (0, ~ )  = s m  ~ r - -  s v-= F -  (3.2) 
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We r e p r e s e n t  d e p a r t u r e  of  the shock  wave by 

t 
ys(0) = ; ,+  t ! [  dtho(O,O(t))sjnO 

sin 2 0 
27 cos ~ 0 - -  - - ~ " "  ( t - - t  2) u (0, O (t)) 

w h e r e  a subs t i tu t ion  of  v a r i a b l e s  in the f o r m  sinq~ = t s in  0, has  been  c a r r i e d  out .  
to  the s u r f a c e  of  the body is d e t e r m i n e d  by the equat ion 

bsin0 r dtho(O,@(t)) ~+5 
qw (0) 2 (n + 4) . u (0, �9 (t)) 

0 

(3.3) 

Then the r ad ian t  flux 

(3.4) 

4.  Le t  us c o n s i d e r  the l imi t ing  c a s e s  of the equa t ions  we have obta ined.  We a p p r o x i m a t e l y  s e t  in 
the  in t eg rand  of  Eq.  (3.2) 

ho(O', aP)"~ho(O, 0).  (4.1) 

This  subs t i tu t ion  i n t roduces  an e r r o r  only in the t e r m s  0(e) and al lows us to obtain a c o r r e c t  r e su l t  in the 
c a s e  of the flow of  a nonrad ia t ing  gas~ Equat ion  (3.2) is in tegra ted ,  taking into account  Eq.  (4.1), 

' [ po (o, 0) ] u' (0, *) = sin' O--[e ( ~ )  h0 (0, r In [ ~ ] .  

At b << 1, when the gas  r a d i a t e s  weakly,  Eq.  (3.1) impl ies  

h,,(O, (I)) =cos20 .  (4.2) 

Tak ing  into accoun t  Eqs~ (3.3) and (4~ we obtain the equat ion for  the d e p a r t u r e  of the shock  wave,  

l 

_ v + t  S 
y, (0) -- --~7 sin0 [ r176 

dt (i - -  t 2 sin 2 0) 
s i n 2 0 ( i - - t  2) ] 

2 J V 2" (0, t) (4.3) 

(cos '~O - ~ i n " O  (1 - -  t 2) ) 
2 F(O,t)=t2sin"O--2e(1--t~-sin20) In l _ t : s i n 2  0 �9 

We find the value for  the angles  0 -< 7r/6 for  which we d e c o m p o s e  in Eqs .  (4.3) the l oga r i t hmic  function in 
a s e r i e s  in power s  of sin20 (cance l l ing  by  s in  0) and omi t  in the in t eg rand  r e m a i n i n g  t e r m s  on the o r d e r  
of  sin20 and above,  

Y~ (0) - -  7 -! t I :t In I j :- 1 / ~ ' /  (4 .4 )  
27 . cos 2 0 l # ~  ~. l/-~ /" 

We obtain  f r o m  Eq.  (4.4) on the c r i t i c a l  line (0 = 0) at  3e << 1 an equat ion for  d e p a r t u r e  of the shock wave 
(in d imens iona l  form)  

eR 4 
A s ( 0 ) = 7  2 l n ~ .  

This  equat ion  a g r e e s  with p r e v i o u s  r e s u l t s  [5, 6] obta ined for  the flow of a nonrad ia t ing  g a s .  

The r ad i an t  flux to the s u r f a c e  of the cy l inde r  at  b << 1 has the f o r m  
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t 
bsinO ,I dt (1-- t~ sine O) n+5 

qw (o) - 2 " (4.5) 

The same  flux is ca lcula ted  at  the c r i t i ca l  point 0 = 0 exact ly  by 

The phys ica l  meaning of this equation is that  it gives a rad ian t  flux f r o m  a homogeneous plane,  s p a c e - r a -  
diating gas l aye r  with thickness  equal to the magnitude of the shock-wave  depar tu re  (4.4). Ca r ry ing  out 
the decomposi t ions  s i m i I a r  to those used in the der ivat ion of Eq. (4.4), f r o m  Eq. (4.5) we obtain 

qw(0) ~ qw(o) cos~O; (4.~) 

~ = ( ~ + 5 )  ( ~ + l : v : ~  - ~  ; 

" /  / 

a = 3~I(t " 3 e ) '  

We may  note that,  unlike the analogous express ion  obtained for  sphere  f low-pas t  [3], the exponent m in Eq. 
(4.6) turns  out to be l ess  and depends not only on n, but also on go Moreover ,  the magnitude of the radiant  
flux at the c r i t i ca l  point qw(0) is g r e a t e r  for  a cyl inder  than for  a sphere  due to the g r e a t e r  magnitude of 
shock-wave  depa r tu re .  We wilI take ~ = 0.05 and n -- 8 for  a numer i ca l  e s t ima te  on the bas i s  of the tables  
[7, 8]. In this case  the ra t io  of the magnitudes for  the cyl inder  (index 1) to the magnitude for  a sphere  
(index 2) is wri t ten in the" f o r m  

q~,l(O)/q~,_(O)=l.74; ml/m~=O.748. 

In a second l imit ing case ,  when the gas is s t rongly radia t ing (b >b 1), the asympto t ic  calculat ion of the in- 
t egra l  in Eqo (3.4) for  angles o, < ~/6 leads to the equation for shock-wave  depar tu re ,  

i 

g~ ( 0 )  - ~ -~- ~ ' * +  4 b - ~ '  
- -  2 7 " n @ 3  2- t 

cos n+40 

(4.7) 

The dis tr ibut ion of the radiant  flux at b >> 1 under these assumpt ions  has the f o r m  

cos 3 0 
q ~  ( 0 )  - 2 

(4.8) 

A compar i son  of the equations for  a cyl inder  (4.4) and (4.6)-(4.8) with the cor responding  equations p r e -  
viously obtained [3] for sphere  f low-pas t  demons t ra t e  that the s t ronges t  d i f ference in the radiant  flux qw(0) 
and the shock-wave  depar tu re  ys(0) is o b s e r v e d  for  f low-pas t  of these  bodies  by a weakly radia t ing gas 
(b << 1). 

The magni tudes  qw(0) and Ys(0) for  f low-pas t  of ap l ane  and a x i s y m m e t r i c a l  body a re  s i m i l a r  in the case  
of a s t rongly  radia t ing gas (b >> 1). This  is explained by the fact  that the dis tr ibut ion of the flow p a r a m -  
e t e r s  near  the shock wave, and not in a sub layer  near  the body, where  the behav ior  of the p a r a m e t e r s  is 
l e ss  impor tan t  for  de te rmin ing  qw(O) and ys(q), p lays  a de termining ro le  at b >> 1~ 

I~ 

2o 
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