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w 1. When a blunt body moves at high speed the per turbed region of the flow is a mixture of gases formed 
by physicochemical  t ransformat ion.  It is very difficult to calculate such a complex region as the near wake 
under such conditions. 

The near wake is a comparat ively  shor t  region where rapid changes occur in the gas s t reaml ine  d i r ec -  
tion under the substantial  influence of viscosity.  It is the re fore  postulated that the distr ibution of p re s su re ,  
m e a n - m a s s  velocity,  and enthalpy are affected predominantly by dynamic and thermal  effects,  without allow- 
ance for the effects of chemical  t rans format ions ,  and computation of the near  wake is pe r fo rmed  in two stages. 
In the f i rs t  s tage we calculate the distributions of p re s su re ,  velocity,  and enthalpy in the near wake, with the 
t rue  flow of the gas mixture replaced by an effective perfec t  gas flow. In the second stage we calculate the 
composi t ion of the gas mixture  and the t empera tu re  along the s t reaml ines  (or surfaces)  for fixed distributions 
of p r e s su re ,  velocity,  and enthalpy (as determined in the f i rs t  stage). 

In calculating the near wake for a perfec t  gas we consider  three  zones (Fig. 1): the zone of ups t ream 
influence of base p r e s s u r e  (enclosed between sections 0 - 2  and 3 - 4 ) ,  a cons t an t -p re s su re  mixing zone (be- 
tween sections 4 - 5  and 6 - 7 ) ,  and a compress ion  zone (between sections 6 - 7  and 9 -10) .  At sect ion 0 - 1  we 
consider  all the pa r ame te r s  to be unknown f rom calculation of the boundary layer  on the body. 

The compress ion  zone is considered to be a region of interact ion between the viscous and the inviscid 
flow. The viscous flow is descr ibed by the laminar  boundary- layer  sys t em of equations. The dynamic viscosi ty 
is calculated f rom the re la t iont~/pe = h / h e ,  where  h is the enthalpy; the subscr ip t  e r e f e r s  to the outer edge 
of the wake. A mult imoment  integral  method [1] is used for the calculation. Here the velocity and enthalpy 
profiles are  given in the fo rm of polynomials of second degree  in the t r ans fo rmed  radial  variable 
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where 5 is the wake radius. The inviscid flow is calculated approximately from the relations for one-dimen- 
sional isentropic motion of a perfect gas. The molecular weight m of the effective perfect gas flow and its 
adiabatic index ~ are calculated from the relations 
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where  R is the universal  gas constant; T is the t empera tu re  (the subscr ipt  number here  and below corresponds  
to the point number  on Fig. 1). The las t  re la t ion was obtained f rom the condition that the enthalpy of the ef- 
fective inviscid flow of a perfect  gas should be the same as that of the mixture  of gases at point 2 (this is ca l -  
culated below). 

To calculate the mixing zone we use an approximate solution of the sys tem of equations for the constant-  
p r e s s u r e  laminar  mixing layer ,  as derived in [2]. The solutions for the mixing and compress ion  zones are  
matched at sect ion 6 - 7  (whose coordinates are determined during solution of the total problem),  using the 
continuity of the total thickness of the viscous layer  at this sect ion and the radial  coordinate of the dividing 
s t reaml ine  4 - 6 - 8 ,  of all pa r ame te r s  at the outer boundary (at point 7), and of the velocity and enthalpy on the 
dividing s t reaml ine  (at point 6). 
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The initial thickness of the mixing layer  is determined by equating the displacement  thickness of the un- 
per turbed  boundary layer  and the mixing layer :  

qs fill 

q .  Y4 

Then point 2 inside the boundary layer  is de termined by equating the mass  flux pass ing through sections 
0 - 2  and 4 - 5 :  

q, Ys 

j" wflq----" j" pvflY. (1.4) 
~o Ya 

The gas pa r ame te r s  at point 3 are  determined as follows. According to the data of [3], the p r e s s u r e  drop in 
the wall layer  near  the co rne r  point is such that the wall s t reaml ine  reaches  the co rne r  point with sonic speed. 
Using this resu l t  and allowing for the fact  (which follows f rom the sys t em of equations for the inviscid r e -  
gion descr ibing flow near  a co rne r  point [3]) that in this region 

Op/~q = O, 

we determine  that the p r e s s u r e  at sect ion 3 - 4  is constant and that the p r e s s u r e  drop between sections 0 - 2  
and 3 - 4  is equal to the c r i t ica l  value, 

The velocity and enthalpy at point 3 are  calculated f rom the relat ions for  i sentropic  motion of a gas,  
allowing for this p r e s s u r e  drop. 

The unique solution of the near -wake  problem is der ived f rom the condition that the solution must  pass 
through the s ingular  saddle point of the s y s t e m  of differential  equations for the compress ion  zone. 

w The fields for concentrat ions of individual components and the t empera tu re  of the mixture of gases in 
the viscous near  wake are  calculated along s t reaml ines .  Here the fields of p r e s s u r e  p, vector ia l  components 
v x, Vr, and enthalpy h are  regarded  as given. These quantities a re  taken f rom calculat ion of the near wake 
according to the scheme  descr ibed  in Sec. 1. The profile of re la t ive  mass  concentrat ion of the i - th  component 
at the initial sect ion (4-5)  of the cons t an t -p r e s su re  region is given in the form of a second-degree  polynomial:  

~(Y) = ai "-~ b i ~ -  c~o 2, (2.1) 

p d dg. 

The length of the ups t r eam base p r e s s u r e  influence zone is small ,  amounting only to s eve ra l  boundary-  
layer  th icknesses  [3]. In the region between sections 0 - 2  and 4 - 5  there  is a sharp  p r e s s u r e  drop f rom the 
value on the body ahead of the base. Therefore ,  we can consider  that the chemical  react ions  are  f rozen in the 
motion of the mixture  in this reg ion .  In this case  the number  of Par t ic les  between these sections in the flow 
must  be equal: 
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With the r e q u i r e m e n t  that  ~i4 : ~i0, ~i~ : ~i2, and allowing for Eq. (2.2), we have t h r ee  conditions for  ca l -  
culating the coeff icients  of the polynomials  (2.1) ai ,  bi, ci. Thus,  the concent ra t ions  of individual components  
at the initial sec t ion  of the mixing l aye r  a r e  de te rmined .  The t e m p e r a t u r e  at this sec t ion  is calcula ted f r o m  
the re la t ion  

N 

~ h~ (T) ~ = h, (2.3) 

whe re  h i(T) is the enthalpy of the i - th  component.  

The f i r s t  s t r e a m  tube is extended along the dividing s t r e a m l i n e  4 - 6 - 8  and l a te r  along the wake axis. 
Its th ickness  is de t e rmined  by the condition that  the m a s s  in the s t r e a m  tube be constant .  A second s t r e a m  
tube is d rawn out along the boundary of the f i r s t ,  and so on. 

Along the s t r e a m  tubes the equations for  conse rva t ion  of concent ra t ions  of the individual components  

p.wjd~tildS = Wil 
a r e  in tegra ted ,  where  j is the s t r e a m  tube number ;  S a re  coordina tes  reckoned along the tubes;  Wij is the r a t e  
of conver s ion  of the i - th  component  as a r e s u l t  of phys icochemica l  t r an s fo rma t ions .  The value of W i is ca l -  
culated f r o m  the re la t ion  

�9 - -  Kb~ (T) l-[  n ~ ? - | ,  
A = I  " :  j= l  J 

where  s is the number  of reac t ions ;  Vik and Uik a re  the s to i ch iome t r i c  coeff icients  for  the i - th  component  in 
the k - th  r eac t i on  in the fo rward  and r e v e r s e  d i rec t ions ,  r e spec t ive ly ;  and Kfk, Kbk a re  the r a t e  constants  for  
the fo rward  and r e v e r s e  reac t ions .  

The t e m p e r a t u r e  is ca lcu la ted  f r o m  Eq. (2.3) 
s t a te  

and the m a s s  densi ty  is ca lcula ted  f r o m  the equation of 

9s = Ps/(RTJ~=I [~/mt )" 

The calcula t ion is c a r r i e d  out up to sec t ion  9 - 1 0 .  

w We now p r e s e n t  the  computat ional  da ta  r e f e r r i n g  to the two ve r s ions  of the mot ion of a blunt cone in 
air .  The ca lcula t ion  is based  on the following s y s t e m  of phys icochemica t  p r o c e s s e s :  

O~ - + - M ~ 2 0  -+M,  N~ + M ~ 2 N  + M, 

NO --  M ~-.N + 0  + M ,  NO + O-~--N + 0~, 
N ~ - + - O ~ N O - I - N ,  N, + O . , ~ - 2 N O ,  N + O ~ N O + + e ,  

whe re  M is the th i rd  par t ic le .  The  r a t e  constants  for  t hese  reac t ions  w e r e  taken f r o m  [4]. 

The b o u n d a r y - l a y e r  p a r a m e t e r s  at sec t ion  0 - 2  w e r e  ca lcula ted  approx imate ly  using the following t ech -  
nique. 

1. The s t r e a m  tube method of [5] was used to ca lcu la te  the inviscid nonequi l ibr ium flow over  the body. 

2. The da ta  of [6] w e r e  used to ca lcula te  the r e l a t i ve  m a s s  flow r a t e  of gas 

2,~ ! pvtr4d q 
Q = q0 

o 

where  r c is the nose radius  and the subsc r ip t  ~ r e f e r s  to the p a r a m e t e r s  of the undis turbed s t r e a m .  

3. It is a s sumed  that  the veloci ty  p rof i le  in the boundary l aye r  on the conical  body su r f ace  is given by the 
Blasius  function 

vt/vz = ~,/(ll), (3.1) 
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where  ~0(il) is the solution of the Blasius problem 

2 ~ " '  + ~ "  = 0, ~(0) - -  ~ ' (0)  = 0, m'(oo) = l , ,  

the re la t ion  between the total enthalpy and the velocity is given by the Crocco integral  

H -~ (H 1 - -  H0)  vt ~ 9 v-T + H~ H = h - -  v?/~, (3.2) 

and the relat ion between the physical  coordinate q and the Blasius coordinate rl under these assumptions will 
take the fo rm 

r c 2 

r4 2q~ (~) P1~I (3.3) 

where  

rF" 7P , l l 
d = L,,"~-~ 1 L (• s 1) ,ls~ ~ -- " 

The boundary- layer  thickness is calculated f rom Eq. (3.3) with l/ = ~l = 5 (~~ 3.28, ~v(~ 1) ~ 1, tn(rl 1) ~ 0). 

4. To evaluate the concentrat ions of individual components at  point 2 we assume that the concentrat ion 
prof i les  are  l inear near  the walls.  The t r a n s v e r s e  der ivat ive of concentrat ion at the wall is evaluated f rom 
the simple solution given in [7] and valid for the case  of binary diffusion and chemical  react ions :  

d ~ - _ t13  ~ i  S m l  
- - =  ~ ( ~ . -  ~o)+ i = t .  '~ N ,  
d~q 2.1i V2 ~ - . . . . .  (3.4) 

- _  i / 3  
_ _ ~ m i  

~i 2.11I 5 ( ~ i i -  ~i0) l ]+  ~0- q ~ t . 5 ,  

where  Smi is the Schmidt number for  the i - th  component. All the pa r ame te r s  with subscr ip ts  1 are  de te r -  
mined f rom calculat ion of the inviscid nonequilibrium flow over  the body, alloWing for nonuniformity of the 
inviscid flow. Thus, in this approach to calculat ing the concentra t ions  inside the boundary layer ,  the non- 
equil ibrium nature of the physieochemical  t r ans fo rmat ion  is taken into account only via its influence on the 
inviscid region pa r am e te r s .  

The Schmidt number  in the calculat ion was assumed to be 0.7 for  the neutral  components and 0.35 for the 

charged components.  

Relations (1.3), (1.4), and (2.3)-(3.4} were  used to calculate the coordinates  of point 2 and the values at 
that point of the velocity,  enthalpy, t empera tu re ,  and concentrat ions of the individual components.  Equations 
(1.1) and (1.2) were  used to calculate  the adiabatic index of the effective perfec t  gas flow. 

For  s implic i ty  in the calculat ions,  the wake was assumed to be i soenerget ic  with a total enthalpy of H 2. 

Figures  2-4 show the resu l t s  of calculating the pa rame te r s  behind spher ica l ly  blunted cones with s emi -  
vertex angle 10% moving in the ea r th ' s  a tmosphere  at altitude 50 k m w i t h  sur face  t empera tu re  1000~ The 
solid curves  in Figs. 2-4 r e f e r  to the case  rc  = 0.7 m, r a = 1 m, voo = 5.5 k m / s e c ,  and the dashed curves  
r e f e r  to the case  r c = 0.15 m, r a = 0.5 m, voo = 6.5 k m / s e c .  Figure  2 shows the dividing s treamline.  The 
notation is x = x / r  a, r = r / r  4. Figure  3 shows the distr ibutions of t empera tu re  (curves 1) and e lec t ron den- 
si ty (curves 2) along the dividing s t reamline .  Figure  4 shows the profi les of these  p a r a m e t e r s  in the sect ion 

containing the r e a r  stagnation point. 

The values of enthalpy obtained in the calculat ion at the r e a r  stagnation point, r e f e r r ed  to the total en- 
thalpy of the incident flow, are  0.274 and 0.328. The corresponding values of equil ibrium tempera tu re  are  
2500 and 2950~ which differ appreciably f rom the data of Figs. 3 and 4. Hence, it follows that the influence 
of the nonequil ibrium nature  of the phys icochemica l  p roces se s  in the viscous near  wake is appreciable.  

Consequently, the approximate  method considered is based on computing only the decis ive effects,  i .e. ,  
the effects of v iscosi ty  and heat conduction (Sec. 1) and of the nonequilibrium nature of the physicochemical  
t r ans format ions  (Sec. 2). Since there  a re  at p resen t  no experimental  data or  data of more  accura te  calculations 
of the composi t ion of gas mixtures  in the near  wake to justify this technique, we are  r e s t r i c t ed  only to the 
s ta tement  that the solution of the  dynamic problem agrees  with the data of other papers .  

The main difference of the methods considered in Sec. 1 f rom methods suggested in [1, 8] is,  f i rs t  of 
all, in calculating the influence of base  p r e s s u r e  ups t r eam and, secondly,  in using conditions (1.3) and (1.4) to 
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determine  the initial wake thickness.  Calculations show that for blunt bodies and large  Reynolds number (Re~) 
the base p r e s s u r e  values a re  close to the corresponding values calculated using the method of [8], which, as 
was shown in [8], agree  with experimental  data. However,  the present  method has a number of substantial 
advantages. Since we cannot discuss  these in detail here ,  we note only that the calculated values of the mass  
of gas absorbed by the viscous wake are  appreciably lower,  which agrees  qualitatively with the data of more  
accura te  calculations in [9], and the presen t  method, in distinction f rom the methods of [1, 8], allows one to 
calculate the near wake over a considerably wider range of external  conditions, and, in par t icu la r ,  in difficult 
cases  like smal l  Reynolds number (~ 104) and s lender  bodies moving at hypersonic  speed. 

Figure  5 compares  the calculated p r e s s u r e  dis tr ibut ion along the wake, obtained using a more  r igorous 
method - numer ica l  integration of the complete sys t em of N a v i e r - S t o k e s  equations for a per fec t  gas [10] (solid 
curve). The calculated data r e f e r  to a shor t  cone with spher ical  blunting (semivertex angle of 10 ~ moving with 
M~ = 15, Re~ = 1.3 �9 104. In the calculation by the above method the same conditions were  given at the initial 
sect ion 0 - I  as in [10] (these data were  kindly supplied by N. S. Kokoshinskii). It is c lear  that there  is good 
in te ragreement  between the computational data. 
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