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An analys is  is  conducted of the case  of a blunt axia l ly  s y m m e t r i c  body in a s ta t ionary  
flow of gas mix tu re  with equ i l ib r ium chemical  conditions for  Moo > 1. In the solution 
the method of in tegra l  re la t ions  [1] is employed.  

1. In the curv i l inear  coordinate  s y s t e m  s, n, where  s is the a r c  length of the body and n is the dis tance 
along the no rma l  to the body (Fig. 1) the following equations govern  the motion of an inviscous,  the rmal ly  
nonconductive gas: 

a (rgv)+ O (Arpu)=O; 
%7 T# 

Ov + Au Ov 1 Op 
v a--~- -~n + Kuv + . . . .  O; 

P as 

Ou Ou A Op 
v - -  +Au --Kv ~ + - -  �9 - O. 

as On. 9 On 

(1.1) 

(1.2) 

(1.3) 

The above can be brought to d ivergence  f o r m  [1]: 

a (T)+ a (,~T)=o; (1.4) 

0 @ +  0 
O--s -~n (Az)=X; 

o (%+ @n (A;)= ~. 
Os 

(1.5) 

(1.6) 

The following notation has been introduced in the above [1]: 

z = r z =  rpuv; t=r t : rpv;  l=rl=rpu; -s  (p+ru~); 

Y : K g +  A cos O; g-=r (p+pv~); A= 1 +Kn; r =ro+n  cos O; 

X = - - K z  + Ap sin O. 

The equations have been wri t ten in d imens ion less  form.  The units of the va r i ab les  co, p, p, T, h, S, p, s, n 
have been taken to be, respect ive ly :  COmax, p~, p~v~nax , COmaxg~/R, co~nax/2, R / 2 p , o ,  p~ ,  R 0. 

Additional equations: 

h + , ~  = 1; (1 .7)  

Tds dh--2 dp (1.8) 
P 
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Fig .  1. A b o d y - f i x e d  c o o r d i n a t e  s y s -  
t e m .  

h = h ( p ,  r};  (1.9) 

p=O(p, T) ( i .10) 

The s y s t e m  (1.4)-(1.10) i s  so lved  by  us ing  the me thod  of i n -  
t e g r a l  r e l a t i o n s  [1], One d r a w s  N - 1 i n t e r m e d i a t e  c u r v e s  
b e t w e e n  the body  and the wave:  

n~=e (s) N - - i - ~ l  - - ;  i = 2  . . . . .  N; n0:O; nl=~(s) .  (1.11) 
N 

The func t ions  z, t, g, L, Y, l ,  X a r e  now a p p r o x i m a t e d  
by  p o t y n o m i a l s  of d e g r e e  N in the v a r i a b l e  n. The s u b s t i t u t i o n  
of the  p o l y n o m i a l s  in  Eqs .  (1,4)-(1.6)  and s u b s e q u e n t  i n t e g r a -  
t ion of the  equa t ions  wi th  r e s p e c t  to n f r o m  n = 0 to n = n i 
p r o d u c e s  a s y s t e m  of o r d i n a r y  d i f f e r e n t i a l  equa t ions  fo r  the 
unknown func t ions  a long  each  s t r i p  n = n i (s) .  If t h e s e  e q u a -  
t ions  a r e  so lved  fo r  v ' ,  u ~, p ' ,  T ' ,  p '  one ob ta ins  equa t ions  

fo r  the  unknown p a r a m e t e r s .  
p l e t e  s y s t e m  can  be found tr~ [1]. 

N = 1 (the f i r s t  a p p r o x i m a t i o n ) :  

Be low c e r t a i n  equa t ions  which  wi l l  p rove  use fu l  l a t e r  on a r e  g iven;  the  co rn -  

~' 2 
70 = ( t ~ -  t . )  - - -  (A,I~ - l . )  - - Z  ; 

8 

z~ = - -  z~ 2 ( A ~  _ a ~ o )  § (yo+y~);  
8 g 

N = l ,  2; vo=Eo/No; v'2=E~/N~; 

e.  = Z 

(1.12) 

1 

The s y s t e m  (1.12) i s  an  a p p r o x i m a t i o n  of (1.4), (1.6)-(1.9) .  Equa t ion  (1.8) was  t aken  on the c u r r e n t  c u r v e  
and was  p r o j e c t e d  on the  c u r v e s  n = n i. 

2. The  cond i t ions  on the body,  on the  i n t e r s e c t i o n  of the  s h o c k  w a v e  and the s y m m e t r y  a x i s ,  and on 
the  s y m m e t r y  a x i s  a r e  f o r m u l a t e d  in the u s u a l  way.  Along  the shock  wave  t h e s e  cond i t ions  can  be w r i t t e n  

a s  

do  . . . .  o| cos ~ - -  c% (Die  q- Or ~l) 

da phr - -  ~ (D~co.~ sin e - -  2Or ~ )  

- -  d I l ) n  �9 dp = ~p _ r sin e - -  , 
da do 

dS  2 O~r~ _ _  . ~ ; 
da T da p do 2 

D i =  (p~hr - -  Or h~); n = e  (s); 

q5t=~o ~ sin 20; q~=q5 _ ~ cos a, 

(2.i) 

w h e r e  COl, co n a r e  tai ,  g en t i a l  and n o r m a l  to the  s h o c k  wave  v e l o c i t y  c o m p o n e n t s ;  cr, 0 a r e  a n g l e s  b e t w e e n  
the  s h o c k  wave  and body con tou r ,  r e s p e c t i v e l y ,  and the s y m m e t r y  a x i s ;  hT,  hp, PT, Pp a r e  p a r t i a l  d e r i v a -  
t i v e s  of h, p wi th  r e s p e c t  to T and p. The  fo l lowing  cond i t ions  hold on the s i n g u l a r  c u r v e  (v = c}: 
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Eo=O , if No=O; E~=O, if N==O. (2.2) 

The approximating sys tem is now solved in the following order .  The values e(O), u2(O) a re  given. The 
pa rame te r s  Po(0), To(0), P2 (0), T 2 (0) a re  found using the sys tem (2.3) which de te rmines  the distr ibution 
of pa rame te r s  on the symmet ry  axis: 

dp du 
dn pu d n '  

dT 1 du 
- : -  = - -  (phr  - -  2 ) .  - - .  

dn hr - dn 

(2.3) 

Subsequently, the sys tem (1.12) and (2.1) can be integrated.  

3. The point s = 0 is singular for  some solutions of the sys tem (1.12). Close to s = 0 the solution is 
sought in the fo rm 

m 

f (s, n ) A ~  fk (0, n) sk+0 (sin). (3.1) 
k = l  

If (3.1) is inser ted in Eqs. (1.1)-{1.3) and (1.7)-(1.10), then, taking t e rms  up to 0(sS), we obtain the system: 

av 1 v~Po -q- Au0Po ~ n  + p~176 + 2p~. =0; 

-~n --  Kv~ -F A =0; 
au~ Ouo Op~ 

2vlu2p~ Au~ +Au~176 - ~ n  -F Auo.po -~n On 

P2T0 + p0T2 = P2F0 + P0F2; (3.2) 

hpp= + hr T 2 q- 2uou 2 + (vl) = = 0; 

~2=EFi IT 20x~ Oxl ] - - ~ + P 2 - ~ p  j .  

The expansion coefficients in (3.1) are the unknowns in Eqs. (3.2). If, as previously, fk(n) is approximated 
by polynomials in n, there resul ts a system for determining fk which can be solved together with the sys- 
tem (1.12). By using (3.1) a solut ion can be obtained close to s = 0; i t  can subsequently be continued by 
integrating the basic sys tem (1.12). For  f rozen  chemical  react ions  hp = x T = Xp = 0 and the sys tem (3.2) 
becomes tess involved. 

4. To solve the problem it is necessa ry  to find the values e(0) and u2(0) for  N = 2 or e(0) for  N = 1 
such that, as the resu l t  of the integrat ion of the sys tem (1.12) on the singular line, the condition (2.2) is 
satisfied. Suppose that, at the i tera t ion k, we have e(k)(0), u2(k)(0). Then using them as  the initial data, 
we may begin to integrate  the sys tem (1.12). The following al ternat ives  m a y  occur when approaching the 
singular line. At the point s i = sii (i = 0, 2) 

E~ (s~l) ~ 6; N~ (s~l) > 6; (4.1) 

E~ (sa) > N~ (&l); N~ (S~l) > 6; (4.2) 

E~ (sa) -<~. 6; )V~ (sa) -~.. 5. (4.3) 

In the case of (4.1)-(4.2) we are far away from the singular point and the solution cannot be con- 
tinued for s > s i since it would not make sense from the physical point of view [v~l = I El/Nil --* o% Close 
to singular points v i = c i the condition (4.3) is satisfied. In this case the numerical error increases during 

' since N i --~ 0. Therefore we proceed in the following manner. The values E i(s the process of finding v i 
-mAs) ,  Ni(s -mAs)  serve to construct the polynomials 

N~ = ~.~ Nirvsrn; (4.4) 
In  

E~ = ~ E~.,s '~. (4.5) 
m 

Extrapolat ing the singular  points s I a re  found f rom Eq. (4.6): 
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N~(s)=O, i=o, 2 (4.6) 

and E i ( s  ) f r o m  (4.5); s u b s e q u e n t l y ,  we p r o c e e d  e x a c t l y  a s  in  the  c a s e s  (4.1)-(4.2) .  By v a r i a t i o n  of the  
p a r a m e t e r s  ~(0), u2(0) the  r e l a t i o n s  (2.2) wi l l  be s a t i s f i e d .  

To c r o s s  a s i n g u l a r  point  a t  which  E i = N i = 0 one can  i n t e g r a t e  the  s y s t e m  ob ta ined  f r o m  (1.12). If 
the  i n d e t e r m i n a c y  in  the equa t ion  i s  e l i m i n a t e d  by  

v o = Eo/N o for E o --~ O, N O --~ O, v o --+ c o 

and i f  to th i s  i s  a d d e d  the equa t ions  ob ta ined  by  d i f f e r e n t i a t i o n  of the  m a i n  s y s t e m ,  then  fo r  v 0 ~ c o the 
fo l lowing  s y s t e m  of equa t ions  r e s u l t s :  

p,, 

vo __ p"v + or" + 29'v' = 0; 
20 (c'--v') 
C 

P" + pvv"=O; ~tp - -  9RT=-O; 

hpp (p')2 +hpp" + h r r  (T')~ +hT T" + 2 (v')2 + 2vv"=:O; 
i 

~t 

p' 9' T' ~' + - -  =0;  p ' +  9vv' = 0; 
p p T 

p ' - -9 '  c2=0; p"--p"c2=2cc' p' ; hpp' +hT T' + 2vv'=O. 

(4.7) 

! 
" v~, P0, P~ and o t h e r  v a l u e s  c l o s e  to v 0 = c o can  be  d e t e r m i n e d .  S i m i l a r  f o r -  F r o m  th i s  s y s t e m  v~, p~, P0, 

m u i a s  can  be  ob ta ined  fo r  v 2. 

5. C o m p u t a t i o n  of the  P a r a m e t e r s  of the  M i x t u r e  Dependen t  on C h e m i c a l  R e a c t i o n s .  To be a b l e  to 
c a l c u l a t e  h(p, T), p(p, T), p(p,  T),  hp, hT,  pp, PT i t  i s  n e c e s s a r y  to know the m i x t u r e  c o m p o s i t i o n  and 
a l s o  the t o t a l  of c h e m i c a l  r e a c t i o n s  t ak ing  p l a c e  in  the  gas .  In the  c a s e  of  e q u i l i b r i u m  c h e m i c a l  r e a c t i o n s  
then  for  a s p e c i f i c  f ixed  s e t  of c o m p o n e n t s ,  t h e r e  m a y  be  d i f f e r e n t  e q u i v a l e n t  s e t s  of i ndependen t  c h e m i c a l  
r e a c t i o n s .  In our  c a s e  the  g a s  c o m p o s i t i o n  was  a s  fo l l ows :  x 1 = CO2, x 2 = CO, x 3 = H20 , x 4 = H3, x 5 = O2, 
x s = OH, x 7 = O, x 8 = H (x i a r e  the  c o m p o n e n t  m o l a r  c o n c e n t r a t i o n s ,  nil  , ai2 , hi3 a r e  the n u m b e r  of O, C, 
H a t o m s  in the  c o m p o n e n t  xi) .  The s e t  of i n d e p e n d e n t  c h e m i c a l  r e a c t i o n s  i s  now f ixed  a s  fo l lows :  

Hz ~ 2H - -  103264 kcal/kmole| 

O~ ~ 20 - - .  117973; 

O + H 2 ~ O H  + H - -  1904; 

OH + H 2 ~ H20 + H + 14737; 

CO + O-,~--CQ + 125753. 

(5.1) 

Then fo r  d e t e r m i n i n g  x i the  s y s t e m  of equa t ions  wi l l  c o n s i s t  of the  Dal ton  equa t ion  (5.2), the  equa t ions  
e x p r e s s i n g  the  c o n s e r v a t i o n  of the  n u m b e r  of a t o m s  (5.3)-(5.4) and the l aw of a c t i v e  m a s s e s  (5 .5)-(5.9) :  

Yxi= 1; 

~rli~X ~ Y.ni2xi| . 

~,,nilX i "~,,nilxi~ 

~ ,n i3x  i y, niax~ ~ . 

Y,n~lX i Y ,n~ lx i~  

x~ = F a x2x3 ; 
XI 

(5.2) 

(5.3) 

(5.4) 

(5.5) 

x s = F 5 x ~ p ;  

/ 
XIX3 

x 6 = F 6 | /  ; 
V x2P 

(5.6) 

(5.7) 
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Fig. 2. Distribution of pa ramete r s  on the s y m m e t r y  axis 
between the shock wave A and the body B. T, ~ p, atm; 
a) f rozen  react ions;  b) equilibrium react ions.  

x7 = F7 x--L ; (5.8) 
x~p 

x s = F a xex3 (5.9) 
xap 

The equations of the law of active masses  are" solved for the components x4-x 8. In the above F i = Fi(Kpi) , 
where Kpi are  the equilibrium constants of the react ion (5.1). 

The sys tem (5.2)-(5.9) is now solved in the following manner.  For  some fixed values of p and T we 
select  m predominating components where m is the number of elements in the mixture.  Let  the predomi-  
nating components be xl, ~ ,  x 3. Equations (5.2)-(5.4) are  now writ ten in the fo rm 

3 8 

aijxj = ~.d aijxj, i=  I, 2, 3. (5.10) 
i=i ]=4 

The nonlinear sys tem (5.2)-(5.9) is solved by Newton's method, Taking xj = 0, j = 4, . . . .  8 as the 
initial approximation, xj is calculated, for j = 1, 2, 3, using (5.10). Having found all x i the remaining mix-  
ture pa ramete r s  are  now determined: 

h = 1 Y, Hi (Y)xi; 
p. 

hp ~ __1 Y..H~x~p Y,,~tlx~p ; 

( O H  ) 

I 

PT =~- -  E~xir - -  ; 

H i (r) = [H i (T) - -  H i (0)] + AH ~ (0). 

{5.11) 

The quantities Xip , XiT in (5.11) a re  determined f rom the sys tem (5.2)-(5.9), after differentiating with 
respec t  to p and T; Hi(T ) a re  molar  enthalpies of the components; AH~ is the enthalpy of the formation of 
component i, extrapolated to 0~ The values of )XH~ are  shown in Table 1. 
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TABLE 1. Values of AH~, 

x t. �9 co~ CO H~O 

~H ~ 0 0 0 

k e a l / m o l e  

H= 

--9656 ] 

O2 

133533 

OH 

71197 125753 I 46804 

9' ,p . IT 
8' ~ ~ \ ~ ~. ~.~., ~ 2900 

7 ~ TO -" ~ 2000 

2600 

o.i ~p, e ~ esoo 

3., ~, gO00 

qooz o, oz3 o,030 qos~ qoz o, oo~ 
Fig.  3. P a r a m e t e r  d i s t r ibu t ion  along the body 

along the shock wave p, a tm;  T, ~ 

.o,,9 

.o,e 

o,z 

o,e 

'0,5 

a~ 
s 

and 

The va lues  of Kpi, H i have been ca lcula ted  using the approx imat ions  given in [5]. 

6. The method presen ted  in Sections 1-5 is  used to solve  the following problem.  A sphe re  together  
with a cone (its s e m i v e r t i c a l  angle  being 9 ~ flows in an equ i l ib r ium gas  mix tu re  with vr = 2010 m / s e c ,  
Too = 2060~ p~ = 1 a tm,  M~ = 2.14, R 0 = 0.06 m. The ca lcu la t ion  was pe r fo rmed  in the f i r s t  a p p r o x i m a -  
t ion (N = 1). F i g u r e s  2 and 3 show the d i s t r ibu t ion  of p r e s s u r e ,  t e m p e r a t u r e ,  and concentra t ion  of the 
main  components  on the s y m m e t r y  axis  along the body and along the shock wave. 

The e r r o r  in the ca lcu la t ions  (N = 1) of the mix tu re  p a r a m e t e r s  was about 10%. Since the p a r a m e t e r s  
were  approx imated  l i n e a r l y  on the midl ine ,  c lose  to the s ingular  points the flow map di f fers  f rom the 
c o r r e c t  one in the va lues  of v 2 and the posi t ion of the Mach line. The solut ion of the problem (N = 1) when 
not even an app rox ima te  value of ~(0) is  known, takes  s e v e r a l  hours  on a Minsk-22 computer .  The t ime  
r equ i r ed  for  one i t e r a t i on  is 20 min. The ca lcula t ion  of the mix tu re  compos i t ion  takes  up to 80% of the 
total  ca lcu la t ion  t ime.  T h e r e f o r e  the mix ture  compos i t ion  and the the rmodynamic  p a r a m e t e r s  should be 
ca lcula ted  in advance fo r  a whole range  of va lues  of p and T and the tables  or approx imat ions  thus p r o -  
duced used in the main calculations. 

S, n 

V, U 

r ,  r 0 
K, R 

P 
P 
T 
h 

S 

N O T A T I O N  

are coordinates tangential and normal to the generating line of the body; 
are velocity components in the direction of s, n axes, m/sec; 
are the distances between a point in the flow or a point in the body and the symmetry axis, m; 
are the dimensionless curvature and radius of curvature of a body contour; 
is the density, kg/m3; 
is the pressure, atm; 
is the temperature, ~ 
is the total enthalpy of the mixture, kcal/kg; 
is the molecular weight of the mixture; 
is the entropy of the mixture, kcal/kg, deg K; 
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e 

xi 

is the veloci ty  of sound, m / s e c ;  
is the removal  of the shock wave, m; 
a r e  the molar  concentrat ions of the components.  

S u b s c r i p t s  

0 denotes the body; 
1 denotes the shock wave; 
2 denotes the midline between body and wave; 
' denotes differentiat ion with respec t  to the coordinate s. 
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