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The possibility is examined of reducing the equations of a laminar 
boundary layer with longitudinal pressure gradient in the presence of 
an equilibrium-dissociated gas to some "universal" system of equa- 
tions. 

B a s i c  s y s t e m  o f  e q u a t i o n s .  T r a n s f o r m a t i o n  o f  v a r i -  

a b l e s .  We sha l l  e x a m i n e  the  l a m i n a r  b o u n d a r y  l a y e r  
on  a body of a r b i t r a r y  shape  in  a h i g h - s p e e d  gas  s t r e a m .  
Ha l t ing  the  flow in  a v i s c o u s  b o u n d a r y  l a y e r  c a u s e s  a 
s h a r p  t e m p e r a t u r e  i n c r e a s e ,  l e a d i n g  to d i s s o c i a t i o n .  
We sha l l  a s s u m e  tha t  the  r e a c t i o n  r a t e s  of  d i s s o c i a t i o n  
and r e c o m b i n a t i o n  a r e  so h igh tha t  t h e r m o c h e m i c a l  
e q u i l i b r i u m  is  e s t a b l i s h e d  t h roughou t  the  e n t i r e  bound-  
a r y  l a y e r .  The  gas  in  the  e x t e r n a l  s t r e a m  i s  c o n s i d -  
e r e d  to be  cold and u n d i s s o c i a t e d .  

In t h i s  c a s e  the  eq u a t i o n s  of a p l ane  s t eady  b o u n d a r y  
l a y e r  m a y  be w r i t t e n  in  the f o r m  

Ox (~u)+ (,~v) = O, 

Ou Ou du, O / Ou \ 

Oh Oh 
PU&-x + O r  OF 

... (o.?+o [. 
with  b o u n d a r y  c o n d i t i o n s  

u = v = O ,  h = h ~ w h e n y  =: 0, 

u ~ u.(x), h ~ h.(x) w h e n  y ~  oo, 

u ---- u0 (y), h = h0(y) when  x = Xo, (2) 

w h e r e  u0(Y ) and h0(Y ) a r e  g iven  d i s t r i b u t i o n s  of v e l o c i t y  
and en tha lpy  at  s o m e  in i t i a I  s ec t i o n  of the  b o u n d a r y  l a y -  
e r  wi th  a b s c i s s a  x0, and  l = l(p, h) i s  a func t ion  which 
m a y  be w r i t t e n ,  fo r  a b i n a r y  m i x t u r e ,  in  the  f o r m  

/ = ( L e - - l ) ( h A - - h M ) (  0~-~ ") . (3) 

App ly ing  the D o r o d n i t s y n  t r a n s f o r m a t i o n ,  modi f i ed  
a c c o r d i n g  to Lees  fo r  the  l o n g i t u d i n a l  c o o r d i n a t e ,  to 
the  s y s t e m  (1), 

1 (' 
s(x) ,~ 1 O~u~dx, ~l(x, !/) = ~ pd, ,  

po~t,, ; d 

w h e r e  P0, ~o a r e  a r b i t r a r y  c o n s t a n t  v a l u e s  of d e n s i t y  
and d y n a m i c  v i s c o s i t y ,  and i n t r o d u c i n g  a s t r e a m  f u n c -  
t i o n  r a c c o r d i n g  to the r e l a t i o n  

8~t ' 1 _ _  v P-~  u -  0r v =  ~o~o u 
dq ,o=g~ ~ -v [o 

we w r i t e  the  s y s t e m  (1), (2) in  the  f o r m  

du~ d [ 3 ~ * Og, c)*~: 01, 0*9 _ t)~ . ~ + . , 0  / '\' ) 

_ d . ~ o ~ ,  :v( 0~,  / ~ 0t" Oh 811" Oh 9. ue +.,,, 

d~ / Os (~s dq p ds 811 , Oq s ] 

,, [ oh  ] 
+ "" o,~- :': L ~ ( t - ~  0 , on | 

I - e)q: _ O, h - -  h~  w h e n  "~4 O, 
c) ~1 

8 q, 
- -  ~ G (s), h - .  h,, (s) when  q -~ ~ ,  

c) q 

(?~-- u001), h == h.(q) when  s = so, (4) 
Orj 

w h e r e  v 0 = ~o/Po i s  the  d y n a m i c  v i s c o s i t y .  
The func t ion  N i s  d e t e r m i n e d  as  fo l lows:  

O, 
Os 

N = O ~ p ~ L ~ ;  \ : =  1 when  q = 0  

:V ~ p, ~ /p~  V~, ---- N (s) when  ~1 ~ ~ 

The m o m e n t u m  equa t ion ,  which  i s  e a s i l y  ob ta ined  
f r o m  (4), m a y  be  w r i t t e n  in  one of the  f o l l o w i n g f o r m s ,  
no d i f f e r e n t  f r o m  that  of the  m o m e n t u m  equa t i on  fo r  
an  i n c o m p r e s s i b l e  f luid (here  and be low the  p r i m e  de -  
no t e s  d i f f e r e n t i a t i o n  wi th  r e s p e c t  to s): 

dz* :;: F df u~ u~' 
- F =  f ,  

ds l; e d S  it  e Ue 

1 d A ...... f u~ , (5) 
h** ds 2 f u, 

i f  the  c o n v e n t i o n a l  b o u n d a r y  I a y e r  t h i c k n e s s e s  A* (d is -  
p l a c e m e n t  t h i c k n e s s )  and A** ( m o m e n t u m  t h i c k n e s s )  
a r e  i n t r o d u c e d  in  the  f o r m  

i/ ) A* =: " % u d'q, A**= u 1-- u ' dq. (6) 
, ? Ue ,1 U e 

It  i s  a s s u m e d  in  (5) and (6) tha t  

H -= n 

] 
,,o Lo (~,,' •  ~, 

5" F . . 2 1 / - - ( 2  i H)fl. [ -  u~(5"*)2 (7) 
L~ :!: :i: %'0 
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Fig .  1. Dependence  of N = PP/Pwl~w (1) and d e n s i t y  
ra t io  G = p~/p (2) on the d i m e n s i o n l e s s  en tha lpy  1T at  
Moo -- 19.4, hw = 0.0152: 1), 2) a c c o r d i n g  to (13), 
(14); a) ,  b) ,  c) f r o m  t ab l e s  Of t h e r m o d y n a m i c  f u n c -  
t ions  of a i r ,  with p equa l  to 10 -4 Pa,  0.35 Pa,  and 

10 Pa  r e s p e c t i v e l y .  

Fo l lowing  [1], we sha l l  go o v e r  in  (4) to the  new 
v a r i a b l e s  

s , - s ,  ~=BB~A **, {D=:Bt?/u~A**,h-:hh],  (8) 

w h e r e  B is  s o m e  n o r m a l i z i n g  m u l t i p l i e r ~  
U s i n g  (8), we o b t a i n  the  fo l lowing  s y s t e m  of two 

d i f f e r e n t i a l  e q u a t i o n s  fo r  the  " r e d u c e d "  s t r e a m  t ime-  
t i on  r and the  d i m e n s i o n l e s s  en tha lpy  IT: 

Y + 2f {D _ _  _ = 
o ;  T ~ - ]  - ~  9B -~ o v  B~L ~, 

O~ Pr O~ 2B ~ O~ . B 2 p d;  

[ 8"-{I} / 2 u~f (&l} Oh- o{D (}h / (9) 
+ 2 • ,v ~ ~ / = . ; B  \ o~- o~ oT (~;/ '  

a{D {D- d ~ - = O ,  T~=h-~ when ~ = 0 ,  
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0 {D 1, h--~ 1 - -  • (s) when ~ ~c 
o~ 

~l} = {D{,(~), h = h,(~) when  s = % 

Equa t ion  (9) c o n t a i n s  the  quan t i ty  ;r = U2e/2hl, g iven  
as  a func t ion  of s, which  m a y  be  ca l l ed  the  " loca l  c o m -  
p r e s s i b i l i t y  f ac to r "  of the  gas  and m a y  be e x p r e s s e d  
in  t e r m s  of the  Mach n u m b e r  Me = u e / a e  of the  flow 
ou t s ide  the  b o u n d a r y  l a y e r .  

Any  s e l f - s i m i l a r  so lu t ions  of s y s t e m  (9) m a y  be 
c h o s e n  as  func t ions  ~0(~) and ~ (~). We sha l l  c o n s i d e r  
l a t e r  tha t  ~0( ; )  and h0(~) a r e  so lu t i ons  of the  s y s t e m  
of equa t i ons  d e s c r i b i n g  the  flow in  the  l a m i n a r  b o u n d -  
a r y  l a y e r  on a f la t  p la te  (u e = cons t ,  f = 0, ~t = xo = 
= u 2 / 2 h ]  ): 

d [ .V d='{D,}] {} d e{Do 

d [.'~ 0~,,] . dt~, Id +-{Do ~=0 .  
pTr d.~ J-!- % ---+2• d; ' W )  

{D0= d{D O = 0 ,  h 0 = ~ w h e n ; = 0 ,  
d ;  

d{D0 1, ho-+ 1 --•  when  ~--* oo. (10) 
d~ 

The n o r m a l i z i n g  m u l t i p l i e r  B is  c h o s e n  such  that  for  
a c o n s t a n t  v e l o c i t y  at  the  edge of the  b o u n d a r y  l a y e r  
Ue = uo~, s y s t e m  (9) c o n v e r t s  t o s y s t e m  (10); t hen  

oo 

0 

We sha l l  d e t e r m i n e  the func t ions  N, Pc~P, l, P r  
which  depend  on the  t h e r m o d y n a m i c  and t r a n s p o r t  p r o p -  
e r t i e s  of an  e q u i l i b r i u m - d i s s o c i a t e d  gas .  

A s s u m p t i o n s  and a p p r o x i m a t i o n  f o r m u l a .  The P r  
and Le n u m b e r s  depend  weak ly  on t e m p e r a t u r e  up to 
t e m p e r a t u r e s  of the o r d e r  of T ~ 9000 ~ K [2], and we 
sha l l  t h e r e f o r e  c o n s i d e r  t h e m  to be c o n s t a n t ;  in  add i -  
t ion ,  we sha l l  t ake  the  Lewis  n u m b e r  to be  un i ty  (Le = 
= 1). C a l c u l a t i o n  shows that  th i s  a p p r o x i m a t i o n  i s  
qui te  a c c e p t a b l e  for  e q u i l i b r i u m  d i s s o c i a t i o n  [2]. With 
th i s  a s s u m p t i o n ,  f r o m  (3), l = 0. The P r a n d t l  n u m b e r  
is  a s s u m e d  to be 0. 712 in  the  c a l c u l a t i o n s  tha t  fol low.  

Main  C h a r a c t e r i s t i c s  of the  B o u n d a r y  L a y e r  as  a F u n c t i o n  of the  
"Loca l  C o m p r e s s i b i l i t y  F a c t o r "  with f l  = 0 

Characteristics of I Numerical values of quantities with x equal to: 
boundary layer [ ,, L ".~ I. u,:, [ ,: [ ".' I .... -, [ ,,,G [ .,; [ ~},~ j o ! }  

2, 0.{}7491 {).1}762 0.{}777 {} 0793' {}.0811 o.0832 0.0855 0.0882 {}.1}916 {}.096{) 

"<1 

t-l, 

H,I 

i '',''+i't i+li ~ ''.',7'7 
I".'t I; I i I;+, 1,1 ++1 l++ i 

I}.~&-,5' {}.136-o.-~66'_" {} G9.-}8! u.851~ I. Grq, 1.3Nt)I i 1.92!}6 3 1{}356.8478 
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The quantities N = PP/PwPm and Pe/P are, in gen- 
eral, functions of the dimensionless enthalpy and the 

pressure. 
For large M~o in a dissociated gas the quantity pp 

changes strongly through the boundary layer, and N 
cannot  be regarded  as cons tan t .  

The v i scos i ty  of a i r  in equ i l i b r ium is well  descr ibed  
up to about T = 4000 ~ K by the Sutherland formula  

~,/I-G = (TITw)' /= (T,,, + 112~176 (11) 

At T ~> 4000 ~ K Eq. (11) will give values that are 

somewhat low. An appropriate correction may be ap- 
plied, for instance, on the basis of Hansen's paper [3]. 

In the density ratio appearing in (9) we separate out 

the factor Pe/Pl, which depends only on conditions in 

the external flow: 

P~ P~ Pa 

O O~ 9 
(12) 

The densi ty  ra t ios  p l /p  and P/Pw (when T = T w = 
= const)  may be de te rmined  f rom tables  of t he rmody-  
namic  functions of a i r  as a function of ~ and p. The 
following approximate  fo rmulas  may be put forward 
for N and pt/p over  the wide p r e s s u r e  range 10 -4 -< 
-< P/Pa <- 10 (where Pa is  a tmospher ic  p r e s su re ) :  

= :v (E) = (13) 

_ .2  3 4 

Pdp = G ( ~  = a , E §  5a~h +a~h, (14) 

where  the coeff icients  a k depend on the Maeh n u m b e r  
of the undis turbed  s t r e a m .  It may be seen f rom Fig.  1 
that  these  approx imat ions  provide sa t i s fac to ry  aceu-  
racy  (the m a x i m u m  e r r o r  does not exceed 15%). 

Using (12) and (14), the densi ty  ra t io  Pe/P in (9) 
may  be wr i t t en  in the form 

p,lr,  = G (#)IG (1 - -  • (15) 

where we have put 

G ( 1 - -  • = a ,  (1 - -  • + a~ (1 - -  • + a~ (1 - -  •  + a~ ( 1 - -  • ~, 
9 

• - -  G/2h~ = x (s). 

C o n v e r s i o n  of (9) to "un ive r sa l  ~ fo rm.  The solut ion 
of (9) will depend on the specific fo rm in which the ve-  
loci ty  at the edge of the boundary layer is assigned, as 

well as on a number of constant parameters (Moo, Pr, 
]{w). The system (9) may be made independent of the 

velocity distribution at the outer edge of the boundary 

l ayer ,  us ing  the method suggested by Loi tsyanski i  [1] 
of making the boundary  l aye r  equat ions un ive r sa l ,  on 
the bas i s  of conve r s ion  of the p a r a m e t e r s  express ing  
the ex te rna l  flow condit ions into a n u m b e r  of indepen-  
dent v a r i a b l e s .  

L e t  us in t roduce the inf ini te  sys tem of p a r a m e t e r s  

~-~. I~) z * *k (k  1 , 2 . -  ), fo := u~,12h~, f~,= u~ u,  = 

97 

where  fo = x is the local  c o m p r e s s i b i l i t y  factor,  and 
fk  (k = 1, 2 . . .  ) a re  p a r a m e t e r s  express ing  the shape 
of the body; when k = 1 we have f l  = u~a**2/v0, the 
known shape fac tor  of boundary  l ayer  theory.  C a r r y -  
ing out the subst i tu t ion of va r i ab l e s  in sys tem (9) 

0 - V  L + d •  o 
as ~ ds O]' k ds 0 • 

and taking into account  that 

u~ d/el 

we a r r i v e  at 
t ions  

u d • 
- -  - -  = 2•  = 0 o ,  

u; ~s 

= [(k - -  1) f~ ~ kF1 ]'. -!- fk, ~ = @k (when k > 1 ) 

the following "un ive r sa l  ~ sys tem of equa-  

O [ V  h d- 'q* ]  F + 2 f ,  O ~ r  

§ 
O i l - - •  \ a~ ) = 

. . 1 ~ % (  d~l~ c)~q) a~l~ 0'->r ') 

B'- --- , 07 O~Ofk % .  O~"- 
]~,==H 

I 

0~ L Pr 0 } j  2B-' 0 

- 2  •  O(h)  0 m  ~ 
B ~ G(I- -  • O~ 

2•  ~) \-3-~-j-' i = -B ~ ",,,," dE oh oh o~ ' 
k = H  ~ ' 

q~= . . . .  0~I) = 0 ,  h = h ~ = c o n s t w h e n  ~ = 0 ,  
0~  

0 (I:' 

a t  
- -  ~ 1 , t 7 ~ 1 - - •  w h e n ~  -,-, 

d~ = r (0, 

h = ho(~)when ]`,, =: • =: u~/2h,; f, -- ]'2 . . . .  ----- 0, (16) 

where ~0(~) and h0(~) a re  solut ions of the s e l f - s i m i l a r  
sys t em (10), and the funct ions G(h), G(1 - ~4), N(h) 
a re  de te rmined  accord ing  to fo rmulas  (11)-(15).  

The final  solut ion of each specif ic  p rob lem with i ts  
given veloci ty  d i s t r ibu t ion  u e = Ue(S) at the outer  edge 
of the boundary  l aye r  r equ i r e s  in tegra t ion  of the o rd i -  
na ry  d i f ferent ia l  equation of f i r s t  o r de r  

dz* *  f ( / o ,  M,  f~...) f _g~: u<z**; u~,~,z ....... ; . . .  
ds u, (s) u~ (s) 

where,  according  to (6) and (7), 

F = 2 [ : - - ( 2  "-/4)f,1, H = ~ -  I_G(1-- • a t  dL  
u 
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(02.) = 

Approximate  so lut ions  of the "universal" s y s t e m  of  
equat ions .  N u m e r i c a l  so lu t ion  of the " u n i v e r s a l  ~ sys-- 
tern of equat ions  fo r  a ! a r g e  number  of p a r a m e t e r s  
p r e s e n t s  i n su rmoun tab l e  computa t iona l  d i f f i cu l t i e s .  
In so lv ing  (16) we mus t  be content  with the m i n i m u m  
p o s s i b l e  n u m b e r  of independent  v a r i a b l e s .  

Func t ions  r and h of  (16) depend on a combina t ion  
of the a rgumen t s  }, f0 = z = U~e/2hl, f l  = u~z**. The 
f i r s t  in i m p o r t a n c e  a f t e r  ~ in the  s e r i e s  of a r g u m e n t s  
i s  the  local  c o m p r e s s i b i l i t y  f ac to r  ~t, then c o m e s  the  
s y s t e m  of bomndary l a y e r  shape f ac to r s  d e t e r m i n e d  by 
s u c c e s s i v e  d e r i v a t i v e s  of the ve loc i ty  at  the edge of 
the  boundary  l a y e r .  

The method of s u c c e s s i v e  a p p r o x i m a t i o n s  m a y  be 
sugges ted  as  a method of solving (16). In the f i r s t  ap -  
p r o x i m a t i o n  we put a l l  the f k  = 0. Then a l l  the  d e r i v a -  
t ives  with r e s P e c t  to ~ a u t o m a t i c a l l y  vanish ,  and 
m a y  be r e g a r d e d  as  a p a r a m e t e r .  In th is  a p p r o x i m a -  
t ion the  s y s t e m  of equat ions  (16) r educes  to (10), and 
the p a r a m e t e r  ~4 should be given a d i s c r e t e  number  of 
va lues  in the  r ange  (0 -< z < 1). 

The s y s t e m  (10) was i n t eg ra t ed  by the Runge-Kut ta  
method on an e l e c t r o n i c  c o m p u t e r  with the fol lowing 
va lues  of the cons tan t  p a r a m e t e r s :  P r  = 0. 712, hw = 
= 0. 0152 (cooled wal l ) .  T a b u l a t e d ' v a l u e s  of the func-  
t ions  ~0(~) and h0(~) and t h e i r  d e r i v a t i v e s  r e s u l t e d  
f r o m  the so lu t ion .  The t ab l e  p r e s e n t s  va lue s  of the  

B / O~m~ ~ reduced f r i c t i on  coef f i c ien t  a t  the  wal l  ~o = I, 

and the r educed  hea t  flux to the wal l  ~ = B { 0~~ 
-6T-/~=0' 

as  wel l  a s  the  quant i t i es  F 0 and H 0 as  a function of 
p a r a m e t e r  ~ .  

It m a y  be seen  f r o m  an examina t ion  of  the tab le  and 
the g raphs  of F i g s .  2a and b that  the  inf luence of the  
p a r a m e t e r  ~ on the quant i t i es  {0, { } and on the v e l o c -  
i ty  p r o f i l e s  in the  bounda ry  l a y e r  i s  neg l ig ib ly  s m a l l .  

INZHENERNO- FIZIC HESKII Z H U R N A L  

The quant i t i es  H 0 and the en tha lpy  d i s t r ibu t ion  a c r o s s  
the  bounda ry  l a y e r ,  on the o t h e r  hand, v a r y  s h a r p l y  
with change of ~ ,  and even the ge ne ra l  behav io r  of the 
enthalpy in the boundary  l a y e r  changes .  When ~ ~< 0.6 
the  entha lpy  ]~ r e a c h e s  i t s  m a x i m u m  value ,  equal to 
1 - ~ ,  a t  the  o u t e r  edge at the boundary  l a y e r .  When 
~t > 0 .6  the  entha lpy  has  a m a x i m u m  ~ m a x  > 1 - ~)  
ins ide  the boundary  l a y e r .  

In the  next approx ima t ion ,  put t ing a l l  the  f k  = 0 
with k -> 2 in (16), we obta in  a s y s t e m  of  equat ions  in 
p a r t i a l  d e r i v a t i v e s  with r e s p e c t  to the  t h r e e  indepen-  
dent  ~ a r i a b l e s  ~, ~ ,  f l :  

a~ - ~  + 2B: a t,  "BTLG(I--• ) 

_ ( am ]~] am ro, m am a=m 

Ffl ( 0m 0~m 
4- B ~ a t  

o ]+ 
0~ L pr 0~ 

B 2 G(1 - - •  

_ 2• ( am 
B ~ k O~ 

Yfl ( O m 
k at 

0m a~m ) 

a ~ a f l  of, a~ ' 

P+ 2A m a# 
2"B 2 O 

am ( a~m )2= 
0~ "+- 2• \ - - ~  

aft am o~ + 
a• O• a t  

a# am a-h 
afl all O 

am 
m =  = 0 ,  h = h ~ = c o n s t  w h e n ~ = 0 ,  o~ 

am 
-~ l, # ~ (1 - -  • when ~ -* ~ ,  

at 
m = m 0 ( D ,  h = h 0 ( ~ ) w h e n • 2 1 5  f , = 0 ,  

whe re  ~0(~), h0(~) a r e  so lu t ions  of the s y s t e m  of  equa-  
t ions  (10), and ~0 i s  d e t e r m i n e d  by a s s ign ing  the num-  

b e r  Moo. 
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Fig .  2. P r o f i l e s  of ve loc i ty  u / u  e = 0r  } (a) and entha lpy  h (b) 
o v e r  the sec t ion  of the boundary  l a y e r  when f l  = 0 and with  v a l -  

ues  of the p a r a m e t e r  ~<. 1) 0; 2) 0 .5 ;  3) 0 .7 ;  4) 0 .9 .  
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Because  of the complex i t y  of d i r e c t  n u m e r i c a l  in t e -  
g r a t i on  of s y s t e m  (17) with t h r e e  independent  v a r i a b l e s ,  
we sha l l  d i s c u s s  the p o s s i b i l i t y  of an a p p r o x i m a t e  so lu-  
t ion of (17). 

Let us in t roduce  the d i m e n s i o n l e s s  to ta l  en tha lpy  

h 4- u~/2 

ht 

and, e x p r e s s i n g  h in the second equat ion of s y s t e m  (17) 
in t e r m s  of g a c c o r d i n g  to the r e l a t i on  

,(~174 V, h = e -  

r e p r e s e n t  the ene rgy  equation in the fo rm 

c) -,V(/I) c)~ t r F-3- 2fl (I) 0~ , 
O~ Pr 0~ ] : 2B ~ d 

Pr l 0 g dq~ - (]) l 
Pr d~ L o~ - 5 ~ j  

ax o• 

5 ( 0 .  0. 
+ o~ of, oh  o~ ' 

g = g ~ ,  when ~ = 0 ,  g - ~ l  when ~--  ~ ,  

g : g 0 ( ~ )  when •215  f~: 0. (18) 

It may  be seen  f rom an examina t ion  of the solut ion 
of the "un ive r sa l  s y s t e m "  (16) in the f i r s t  a p p r o x i m a -  
t ion (fk = 0 when k >- 1) that  the  inf luence of the  c o m -  
p r e s s i b i l i t y  f ac to r  ~r = ~(Me)  on the reduced  s t r e a m  
function is  i n a p p r e c i a b l e .  Th is  is  ev iden t ly  connected  
with the fact  that  the effect  of M~ is  p a r t i a l l y  a l lowed 
for  by the Dorodni t syn  t r a n s f o r m a t i o n .  It is  appa ren t  
that  th is  inf luence will  a l so  be weak in r e l a t ion  to the 
to ta l  en tha lpy .  If we suppose  that  th is  eva lua t ion  a l so  
ob ta ins  when f~ ~ O, then to obtain an a p p r o x i m a t e  so -  
lution we may  neg lec t  the de r i va t i ve  O@/O~t, O2~/O~ 0~, 
3g/0",r in (17) and (18). 

It should be noted that  the  de r iva t i ve  Oh/0>t mus t  
not be put equal  to ze ro ,  s ince  the inf luence of the pa -  
r a m e t e r  ~t on the d i m e n s i o n l e s s  enthalpy is c o n s i d e r -  
ab le .  

Put t ing  3~/3~,r = O, 32~/3~3~c = O, ~g/3•  = 0 in (17) 
m~d (18), we then r e tu rn  to the enthalpy I/, s ince  the 
quant i t i es  N = P# /PwPw and G = Pl /P appea r ing  in the 
equat ions  of the s y s t e m  a r e  funct ions (13) and (14) of 
h .  We f ina l ly  have the fol lowing a p p r o x i m a t e  sy s t e m:  

0 [ F i 2/~ (D i 
\ ' ( h ) ~ l  + 2B--~- 0 e  

7~" c~: q' l 0"~ 'I' 

/ ,[  
4 ~ v  L G ( l - - x }  k c~Y-~- ,! J 

f/, ( O(I{ 0~r 0~b 02(1~) 
- B ~;'- O~ 0 ~ o : , - -  O/l ,~--~ " 

O [ , V ( ~ ) 0 h  ] F + 2 f ~  Oh 
d .~ Pr ~ i 2B 2 q~ d 

X]:l O(I~ [ G{/) (:)(b) ~] 
-- '2  B~ a~ d ( l - - x )  ~ 2 x . \ : ( h ) '  

) ~/i ( 0 ( 1 ) a ~  0d) 0~ ) \ I 0='(D ~ t 
" \ ~  o;. 0h 0il 0~ ' 

(h = 0(1) ~(), 17 )~=, when ~=0, 

d(l, 1, )i-> I - x when ~-~ c~. 

( I , : : (h . (~) ,  fi: h..(~) when ,,~=0. (19) 

where  4~0(~) and h0(~) m a y  be taken f rom the solut ion 
of (17) in the f i r s t  a p p r o x i m a t i o n .  

The so lu t ions  of s y s t e m  (19), being funct ions of the 
two a r g u m e n t s  ~ and fi, will  depend on a number  of 
cons tan t  p a r a m e t e r s  Moo, hw, Pr ,  which e x p r e s s  the 
condi t ions  of spec i f ic  p r o b l e m s .  F o r  each a s s igned  
va lue  of these  p a r a m e t e r s  the solut ion must  be ob-  
ta ined  in the whole range  of va r i a t i on  of the p a r a m e -  
t e r  ~(0 -< x < 1). It should be r e m e m b e r e d  he re  that  

i s  f inal ly  a known function of s, depending on the 
ve loc i ty  d i s t r i bu t ion  at the ou te r  edge of the boundary  
l a y e r .  

The s y s t e m  of equat ions  (19), wr i t t en  in f inite dif-  
f e r e n c e s ,  was solved on an e l e c t ron i c  c o m p u t e r  with 
the fol lowing va lues  of the p a r a m e t e r s :  

M: I9.4, ti.~.:= 0.0152, PF = 0,712 and 0 • < 1. 

In the n u m e r i c a l  i n t eg ra t ion  we chose  a cons tan t  
s t ep  for  the v a r i a b l e  (:A~ = 0.05,  and a v a r i a b l e  s tep  
for  f l : ( A f l ) m a x  = 5 �9 10 -~, (Afl )mi  n = 0.3125 �9 10 .5 . 
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Fig .  3. Dependence of (a) ~ and (b) ~* 
on the shape f ac to r  f l  fo r  va lues  of pa -  

r a m e t e r  >t. 1) 0; 2) 0 .5 ;  3) 0 ,9 .  

The ca lcu la t ion  in the d i r e c t i o n  of ~ was done f rom the 
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p o i n t  f l  = 0 to  t h e  p o i n t  of  s e p a r a t i o n  of  t h e  b o u n d a r y  
/02-/ 

l a y e r ,  w h e r e  ~ = B .0.\O-~I~=0 = 0 ( in t h e  d i f f u s e r  r e -  

g ion ,  f l  < 0), up  to t h e  f o r w a r d  s t a g n a t i o n  po in t ,  w h e r e  
F = 0 ( in  t h e  n o z z l e  r e g i o n ,  f i  > 0).  

T h e  c a l c u l a t i o n s  c a r r i e d  ou t  s h o w e d  t h a t  w h e n  f i  # 
0 a l l  t h e  c h a r a c t e r i s t i c s  of  t h e  b o u n d a r y  l a y e r  d e -  

pend  s i g n i f i c a n t l y  on  t h e  l o c a l  c o m p r e s s i b i l i t y  f a c t o r  ~t. 
I t  m a y  b e  s e e n  f r o m  F i g s .  3a,  b t h a t  w h e n  ~ i n -  

c r e a s e s ,  t h e  p o i n t  o f  b o u n d a r y  l a y e r  s e p a r a t i o n  m o v e s  
u p s t r e a m .  At  l a r g e  v a l u e s  of  • t h e r e  i s  e v e n  a c h a n g e  

in  t he  g e n e r a l  n a t u r e  o f  t h e  d e p e n d e n c e  of  t he  r e d u c e d  
h e a t  f lux  to  t h e  w a l l  ~* on  t h e  s h a p e  f a c t o r  f l .  

On t h e  b a s i s  of  t h e  s o l u t i o n  o b t a i n e d  we m a y  d e t e r -  

m i n e  v a l u e s  of  t h e  d e r i v a t i v e s  8~ / 8~ t ,  ~ / a ~ t  and  u s e  
t h e m  to  o b t a i n  a s o l u t i o n  to  (17) in  t he  s e c o n d  a p p r o x i -  
m a t i o n .  

NOTATION 

x, y -  longitudinal and transverse coordinates; u, v , -  longitud- 
inal and transverse velocities in the boundary layer; Pr = gCp/Xis 
the Prandtl number; ~ is the dynamic viscosity; k is the thermal con- 
ductivity; Cp is the specific heat of mixture at constant pressure; 
p is the pressure; p is the density; u is the kinematic viscosity; 
Le = pl)Cp/X, is the Lewis number, D is the binary diffusion co- 
efficient; h is the enthalpy; h = h/h  I is the dimensionless enthalpy; 
h 1 is the stagnation enthalpy in external flow; h A, h M is the enthalpy 
of atoms and molecules, respectively; g is the dimensionless total 

enthalpy; c A is the concentration of atoms; ~ is the stream func- 
tion; 4i is the 'reduced' stream function; M is the Mac h number; 
fk is the shape factor; x is the local compressibility factor. Sub- 
scripts: w is to denote conditions at the wall, e is at the outer 
edge of the boundary layer, 1 is in the adiabatically and isentropi- 
cally decelerated external flow. 
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