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1. This  p a p e r  inves t iga tes  v iscous  nonequi l ibr ium flow of a gas along the l a t e ra l  su r face  of blunt cones 
moving in a i r  with high hypersonic  speed.  It  is a s s u m e d  that  t he r e  is no e lec t r i c  cu r r en t  in the flow region,  
nor  ex te rna l  e lec t r i c  or  magnet ic  f ields.  The inf luence of radia t ion on the flow field is neglected.  A nonper -  
meab l e  wal l  is cons idered .  The flow along the body is taken to be l aminar .  

In th is  formulat ion the p rob lem of v iscous  nonequi l ibr ium flow ove r  long blunt bodies  was  cons idered  in 
[1-3], where  the ca lcula ted  data a r e  v e r y  l imited and r e f e r  only to a few spec ia l  flow ca se s .  The p r e sen t  
p a p e r  inves t iga tes  the influence of conditions in the oncoming flow, the nose radius  and the cone semiopening 
angle for  a cone in a i r  on the dynamic and t h e r m a l  c h a r a c t e r i s t i c s  of the flow field, and a lso  on tl~e e lec t ron 
densi ty.  

The study is conducted by dividing the flow field into a boundary l aye r  and an inviscid region.  Acco rd -  
ing to the r e su l t s  of [4-6], this  approach  to the solution of the p r o b l e m  is valid for  Reynolds numbers ,  based  
on the blunting radius  and the conditions a t  infinity, of Re ) 3 �9 103. As was shown in [5], the region of appl i -  

co 
cation of th is  approach  is p r ac t i c a l l y  coincident with the region of appl icat ion of the computat ional  method 
based  on the v iscous  s h o c k - l a y e r  equations,  used for  ca lcula t ions  in [2]. However ,  the approach used in the 
p r e s e n t  p a p e r  is m o r e  un iversa l ,  s ince it al lows one to obtain r e su l t s  even in the case  of l a rge  Reynolds num- 
be r ,  in pa r t i cu l a r ,  for  turbulent  flow n e a r  the wall.  

Computat ion of the flow field in the " invisc id"  formula t ion  is c a r r i e d  out by the s t r e a m - t u b e  method [7]. 

In the b o u n d a r y - l a y e r  ca lcula t ions ,  to s impl i fy  the p rob l em it is a s s u m e d  that  only concentra t ion  diffu- 
sion occurs ,  which can be desc r ibed  using b ina ry  diffusion coeff ic ients  and constant  va lues  of Scbmidt  num-  
ber .  Judging f rom the data of [6], where  the impor tance  of calculat ing mul t icomponent  diffusion was inves-  
t igated in flow of hypersonic  a i r  ove r  a body, this  approx imat ion  should not app rec i ab ly  af fec t  the resu l t s .  

Flow of a mix tu re  of gases  in t h e l a m i n a r  boundary  l aye r  on a body with axia l  s y m m e t r y  is descr ibed  
under  the above a s sumpt ions  by a s y s t e m  of equations of the type 
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where  (s, y) is the na tura l  coordinate  sys tem;  r (s) ,  loca l  body radius;  Vs, Vy, tangential  and nor:mal c o m -  
ponents of the m e a n - m a s s  velocity;  p, density; p, p r e s s u r e ;  ~, dynamic viscosi ty ;  So b P r ,  Schmidt and 
Prand t l  numbers ;  R, un ive r sa l  gas  constant;  T,  t e m p e r a t u r e ;  hi, ~i, enthalpy and re la t ive  m a s s  concen t r a -  
tion of the i - th  component;  Wl, m a s s  r a t e  of  fo rmat ion  of the i - th  component  as  a r e su l t  of chemica l  r e a c -  
tions; H, to ta l  enthalpy of the mixture ;  and N, number  of  components  of  the mix ture .  

The conditions for  ve loc i ty  and t e m p e r a t u r e  on the body su r face  a r e  desc r ibed  in the fo rm 

y ----0, vs = vu = 0 ,  T = T w. (1.2) 
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It  is a s s u m e d  that  equi l ibr ium values  of the concentra t ion  of a l l  components  hold at the wall: ~i = 

}iw(T, P). 

A c h a r a c t e r i s t i c  for  flow ove r  blunt bodies  is the p r e s e n c e  of l a rge  t r a n s v e r s e  gradients  of al l  the pa -  
r a m e t e r s  n e a r  the body, due to the p r e s e n c e  of a curved  shock wave ahead of the body. This  c i r cums tance ,  
as  was shown in [8], should be taken into account  in calculat ing the boundary l aye r  (in the case  of m o d e r a t e  
Reynolds numbers ) .  The conditions at the outer  edge of the boundary l aye r ,  allowing for  nonuniformity of  the 
externa l  flow, take the fo rm 

where  ee is the s t r e a m  function; 

(1.3) 

5 

~e i poovoor ~ (i.4) 

(r o is the rad ius  of  blunting). To de t e rmine  6 we use the condition y = 5, 0Vs/Oy = 0. 

Thus,  the conditions at  the outer  edge cannot be ass igned  beforehand,  as is done in the usual  formulat ion 
of a b o u n d a r y - l a y e r  p rob l em.  To solve the p rob l em we can use  the method of success ive  approximat ions ,  by 
ass igning  a s t r e a m  function in the z e r o - o r d e r  approximat ion ,  r176 and integrat ing the s y s t e m  of boundary-  
l aye r  equations (1.1) s u c c e s s i v e l y  for  ee k (k = 0, 1, 2, . . .), ca lcula ted f r o m  Eq. (1.4). This  c u m b e r s o m e  

p r o c e d u r e  is s impl i f ied  if we can manage  to ass ign  the z e r o - o r d e r  approx imat ion  r176 An invest igat ion 
conducted in [9] has  shown that  for  sphe r i ca l ly  blunted cones  with semiopening angles  ~ = 5-15 ~ the quantity 
ee  can be ca lcula ted  f r o m  the re la t ion  

As~K 2 s 
*e = V - ~ '  sl---r--o' (1.5) 

where  M~o is the Mach n u m b e r  of the incident flow; the re la t ion  K = K(s 1) is given graphica l ly  [9]. Our ca l -  
culat ions have conf i rmed  this  re la t ion  for  

A = 5,8 + O A /s i .  (1.6) 

In us ing  Eqs .  (1.5) and (1.6) it p r o v e s  to be  poss ib le  to confine ou r se lves  to only the z e r o - o r d e r  app rox -  
imat ion  of the  above  p rocedu re ,  i .e . ,  to in tegra te  the sy s t em of equations (1.1) with boundary conditions (1.2) 
and (1.3) only once. 

In p r a c t i c e  the de te rmina t ion  of conditions at  the ou te r  boundary r educes  to finding, f rom the data in 
calcula t ing the inviscid region of num ber  k(sl),  s t r e a m  tubes  sa t is fying the condition 

h-I h 
Qj < %(si) ~ ~ Q~, 

j =i ~=i 

where  Qj is the re la t ive  m a s s  flow r a t e  of gas through the j - th  s t r e a m  tube. The conditions at  the outer  
boundary at the point s 1 a r e  cons ide red  to coincide with the p a r a m e t e r s  of the k - th  tube at  the point sl.  

In tegra t ion  of  the s y s t e m  of equations (1.1) with boundary conditions (1.2) and (1o3) is accompl i shed  by 
a mu l t i s t r i p  in tegra l  method [10], using four s t r ip s .  

It  is  a s s u m e d  that  the a i r  m i x t u r e  is a m ix tu r e  of seven  components  (02, N2, O, N, NO, NO +, e) be-  
tween which the following r eac t ions  occur:  

03 -~M,~- -20  + M ,  N ~ - ~ M ~ - 2 N  + M ,  
N O - ~ M ~ - - N  + 0  + M ,  NO ~ - O ~ - N - ~ O ~ ,  

N ~ + O ~ - N O  ~-N,  N 2 §  N - ~ 0 ~ N 0  + ~ - e .  

The ra t e  constants  for  t hese  r eac t ions  a r e  g i v e n t h e  s a m e  values  as  in [11]. 
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2. In  [12] t e s t  d a t a  w e r e  p r e s e n t e d  on i o n i z a t i o n  n e a r  the  s u r f a c e  of  a cone  wi th  b lun t ing  r a d i u s  r 0 = 
15 c m ,  a = 9 ~ m o v i n g  a t  he igh t  Z = 71 k m  wi th  v e l o c i t y  %0 = 7.6 k m / s e c .  The  t e s t  d a t a  on the  d i s t r i b u t i o n  
o f  e l e c t r o n  d e n s i t y  n t h r o u g h  the  shock  l a y e r  t h i c k n e s s  y a t  t he  s e c t i o n  s 1 = 8.8 a r e  shown in F i g .  1 a s  c i r -  
c l e s  wi th  h o r i z o n t a l  l i n e s ,  showing  the  s c a t t e r  o f  t he  t e s t  d a t a .  (We have  r e j e c t e d  e x p e r i m e n t a l  p o i n t s ,  f r o m  
p r o b e s  w h o s e  r e a d i n g s  canno t  be  a c c u r a t e ,  a c c o r d i n g  to  [13].) In o r d e r  to c o m p a r e  wi th  t h e s e  d a t a  we  c a r r i e d  
out  an  a p p r o p r i a t e  c o m p u t a t i o n  wi th  the  a b o v e  m e t h o d .  W e  a s s u m e d  T w = 1000~ P r  = 0.7, Sc i = 0.5 for  t he  
n e u t r a l  c o m p o n e n t s  and  Sc i = 0.25 fo r  the  c h a r g e d  c o m p o n e n t .  C u r v e  1 of  F i g .  1 c o r r e s p o n d s  to  the  c a l c u l a -  
t ion  u s i n g  t h e  e l e c t r o n  r e c o m b i n a t i o n  r a t e  c o n s t a n t s  f r o m  [13], t he  c r o s s e s  c o r r e s p o n d  to the  d a t a  of  [14], 
and  c u r v e  2 c o r r e s p o n d s  to  t he  c a l c u l a t e d  d a t a  o b t a i n e d  in [2] in t h e  v i s c o u s  s h o c k - l a y e r  a p p r o x i m a t i o n .  The  
a g r e e m e n t  i s  qu i t e  c l o s e ,  both  wi th  the  t e s t  d a t a ,  and  wi th  t he  c a l c u l a t e d  v a l u e s  o b t a i n e d  u s i n g  a d i f f e r e n t  
c o m p u t a t i o n a l  m e t h o d .  I t  can  be  s e e n  tha t  b e t t e r  a g r e e m e n t  wi th  the  t e s t  d a t a  i s  o b t a i n e d  when one u s e d  r e -  
c o m b i n a t i o n  r a t e  c o n s t a n t s  f r o m  [13]. 

C u r v e s  3 and 4 in F i g .  1 a r e  the  c a l c u l a t e d  t e m p e r a t u r e  p r o f i l e s  a t  s e c t i o n s  s t = 2.1 and 8.8, r e s p e c -  
t i v e l y .  The  h o r i z o n t a l  l i ne  shows  the  s c a t t e r  of  t e s t  d a t a  on e l e c t r o n  t e m p e r a t u r e  t = T/103.  T h e s e  da t a  w e r e  
t a k e n  a t  a d i s t a n c e  of  1 .5 -9 .5  c m  f r o m  the  w a l l  and  w e r e  p r e s e n t e d  in [15]. I t  can  be  s e e n  tha t  the  e l e c t r o n  
t e m p e r a t u r e  does  not  d i f f e r  a p p r e c i a b l y  f r o m  the  h e a v y - p a r t i c l e  t e m p e r a t u r e .  

F i g u r e s  2 -4  i l l u s t r a t e  t he  i n f luence  of  f l ight  a l t i t u d e  and the  g e o m e t r i c a l  p a r a m e t e r s  of  t h e  cone ,  m o v -  
ing wi th  s p e e d  v~o = 7.4 k m / s e c ,  on the  b a s i c  f low c h a r a c t e r i s t i c s  n e a r  t he  w a l l  a t  the  s e c t i o n  s "= s ,  = 1 m .  
T h e s e  c a l c u l a t i o n s  a s s u m e  the  a b o v e  v a l u e s  of  Tw,  P r  and  Sc i.  

F i g u r e  2 shows  v a l u e s  o f  t he  t o t a l  f r i c t i o n  d r a g  c o e f f i c i e n t s  of  the  cones  

cz : :  . , . ,  tO" cos 3 ds,  ~:~ ~ -  V~ 

w h e r e  fl i s  t he  ang le  of i n c l i n a t i o n  o f  t he  t a n g e n t  to  t he  body  c o n t o u r ;  r ,  = r ( s , ) ,  and  the  S tan ton  n u m b e r  i s  

q,~ c v OT 
SL ~-OoovooHo ~ ( l _ H w / H ~ o  )' qw ~ - - - t ' tw  Pr Oy i~=xSc i Oy jw'  

N 
ep ~ ~" dhi = . C~-Z:-. 

C u r v e  1 shows  CT a s  a funct ion  of  t he  body  b lun t ing  r a d i u s  r 0 for  t he  c a s e  z = 50, a = 10 ~ C u r v e s  2 
and 3 show c T and St  a s  a funct ion  of t he  f l igh t  he igh t  z .  H e r e  and in F i g .  3 t he  so l id  l i n e s  r e f e r  to t he  c a s e  
r 0 = 4 c m ,  a = 10 ~ the  b r o k e n  l i n e s  to  the  c a s e  r 0 = 4 c m ,  a = 6 ~ and  the  d o t - d a s h  l i n e s  to a s l m r p  cone  
wi th  a = 10 ~ (the c o r r e s p o n d i n g  c a l c u l a t i o n s  for  s h a r p  c o n e s  w e r e  p r e s e n t e d  in [10]). It shou ld  be  b o r n e  in 
m i n d  t ha t  a l l  t h e  c u r v e s  w e r e  c o n s t r u c t e d  on the  b a s i s  of  a r e l a t i v e l y  s m a l l  n u m b e r  o f  c a l c u l a t e d  c a s e s .  A l l  
t he  c a l c u l a t e d  p o i n t s  in F i g s .  1-4  a r e  m a r k e d  by  c r o s s e s  a long  the  c u r v e s .  

F i g u r e  3 shows  the  v a r i a t i o n  wi th  f l i gh t  a l t i t u d e  of  the  b o u n d a r y  l a y e r  t h i c k n e s s  6 ( cm) ,  the  m a x i m u m  
v a l u e s  of  the  t e m p e r a t u r e  t i ,  a n d t h e  e l e c t r o n  d e n s i t y  n 1 (cm -3) n e a r  t h e  w a l l .  F i g u r e  4 shows  the  s a m e  p a -  
r a m e t e r s  a s  a func t ion  o f  body  b lun t ing  r a d i u s  fo r  t h e  e a s e  Z = 50, ~ = 10 ~ 
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I t  is in te res t ing  to note that  i n s p i t e  of the fact  that  the p r e s s u r e  on the l a t e ra l  su r face  of the cone in 
the case  ~ = 6 ~ is l e s s ,  by a fac tor  of 2-3,  than for  the case  ~ = 10 ~ and somewhat  below the t e m p e r a t u r e  
(Fig. 3), the e lec t ron  dens i ty  a t  Z = 60 for  a = 6 ~ p roves  to be p rac t i ca l l y  the s ame  as  for  ~ = 10 ~ As ana ly -  
s i s  of the ca lcula ted  data shows,  this  is due to the fact that  at lower  p r e s s u r e  leve ls  t he re  is m o r e  intense 
f reez ing  of the chemica l  p r o c e s s e s ,  the r e s u l t  being a cons ide rab ly  higher  level  of concentra t ion of a toms  of 
oxygen and ni t rogen along the l a t e r a l  su r face  of the body. The la t t e r  leads to an inc rease  in the r a t e  of f o r -  
mat ion of e l ec t rons  resu l t ing  f rom the d i ssoc ia t ive  recombina t ion  reac t ion .  This  effect  is seen less  s t rongly  
at lower  al t i tudes.  

We note one fu r the r  impor tan t  n u m e r i c a l  resul t :  As can be seen  f rom the data shown in F igs .  2 and 4, 
the dynamic and t h e r m a l  c h a r a c t e r i s t i c s  of  the boundary l ayer  on a cone of blunting rad ius  r 0 = 1 cm a r e  
p r ac t i c a l l y  the s a m e  (at the sec t ion  examined) as  for  a s h a r p  cone. However ,  the ionization for  the blunt cone 
is g r e a t e r  by a l m o s t  th ree  o r d e r s  of magni tude.  
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