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The a s y m p t o t i c  t heo ry  of  a tu rbu len t  boundary  l aye r  has  been applied to de r ive  r e l a t i o n -  
ships  for  the heat  and m a s s  t r a n s f e r  when the re  is  in ject ion and consequent  nonun i fo rmi ty  
in the gas  compos i t ion .  E x p e r i m e n t a l  s tudies  a re  r e p o r t e d  on heat  and m a s s  t r a n s f e r  with 
stepped in jec t ion of  h o m o g e n e o u s  ,and inhomogeneous  ga se s ;  the r e s u l t s  conf i rm the equa-  
t ions  for  the heat  ~nd m a s s  t r a n s f e r  at a p e r m e a b l e  su r f ace  when a fo re ign  gas  is blown in. 

It  is  usual  to e xa m i ne  the heat  t r a n s f e r  with gas  in jec t ion  at a nonadiaba t ic  s u r f a c e  (heat flux qw x 0) 
via  the hypo thes i s  that  the d e c i s i v e  pa r t  is  p layed by the d i f f e r ence  between the actual  wall t e m p e r a t u r e  
and the wall t e m p e r a t u r e  under  ad iaba t ic  condi t ions  (AT = T ~ , -  T~*); this hypo thes i s  has  been conf i rmed  by 
e x p e r i m e n t s  on heat  and m a s s  t r a n s f e r  on i m p e r m e a b l e  s u r f a c e s  [1-3]. The r e s u l t s  showed that the hea t -  
t r a n s f e r  law used in ca lcu la t ing  the boundary  l a y e r  without  in jec t ion was  conse rva t ive .  No s tud ies  have 
been  made  on heat  and m a s s  t r a n s f e r  in the in jec t ion r eg ion  on a p e r m e a b l e  su r face .  

The turbulen t  boundary  l aye r  in that  case  has  been examined  via  the a sympto t i c  t heo ry  d e s c r i b e d  by 
Kuta te ladze  and Leon t ' ev ;  it has  been  shown [4] that  the follo~,~ing is  the form fo r  the bas i c  l imit  in t eg ra l  
of the t heo ry  giving the r e l a t i v e  h e a t - t r a n s f e r  function: 
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where  �9 = S/S 0 is that  funct ion,  with S and S O the Stanton n u m b e r s  under  the work ing  condi t ions  and under  
s t andard  condi t ions  for  the s a m e  value of  the Reyno lds  n u m b e r  RT**,  while ~' = iwA~* is the enthalpy f ac to r  
for  the n o n i s o t h e r m a l  condi t ions ,  w~ W,/W0is the d i m e n s i o n l e s s  velocity,  and b~ is  the wall p e r m e a b i l i t y  
par , 'm:e te r  as  ca lcula ted  f rom the Stanton number :  

b: --- ]~, / 9oWoS (2) 

It fol lows f rom (1) that  the heat t r a n s f e r  under  these  condi t ions  is dependent  on the p a r a m e t e r s  of the 
in jec t ion  via the m o l e c u l a r  weight  M~* and t e m p e r a t u r e  T * of  the gas  at the ad iaba t ic  wall ;  i n t eg ra t ion  of  

W 
(1) g ives  the ef fec t  of the wall p e r m e a b i l i t y  and dev ia t ion  f rom i s o t h e r m a l  condi t ions  on the heat  and m a s s  
t r a n s f e r  when a fo re ign  gas  is injected:  

. o 

�9 l l w *  Tt, 4 rh~ V'(1 -V)(a+0,)~- t"U i" (3) 
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The  c r i t i c a l  p a r a m e t e r  for  the  w a l l  p e r m e a b i l i t y  b .  t the va lue  of  b fo r  w h i c h @ - -  0) can be found f rom 
(1) if t h i s  i s  w r i t t e n  as  

1 

Mo T~* V Ir + (t - ~) o)l (~" + ~ )  
t5) 

w h e r e  b=  jw/P0W0S0 i s  the  p e r m e a b i l i t y  p a r a m e t e r  a s  c a l c u l a t e d  f rom the Stanton n u m b e r  u n d e r  s t a n d a r d  
cond i t i ons .  I n t e g r a t i o n  of (5) wi th  �9 = 0 and b = b .  g i v e s  the r e l a t i o n s h i p s  fo r  the c r i t i c a l  i n j e c t i o n  p a r a m e -  
t e r :  

* < 1 ,  b, Mw* To i [ | -i- V ~  2 
Mo 

Mw* To t l 2 - -  ~p \ * t ,  b .  = Mo I'w" tp-- t  ~arccos ) 

(6) 

(7) 

The heat and mass transfer functions of (3) and (4) can be approximated via the simpler relationship 

tF = ~ T t F b  Mo r,o" \ ]/"~ , t ) \ -  ts) 

w h e r e  ~ T  i s  the h e a t - t r a n s f e r  funct ion  t ak ing  into account  only  the  d e v i a t i o n  f rom i s o t h e r m a l  cond i t i ons ,  
whi le  ~'b t a k e s  into account  only  the  i n j ec t i on .  

T h e s e  r e l a t i o n s h i p s  for  the t r a n s f e r  d i f f e r  f rom a n a l o g o u s  r e l a t i o n s h i p s  in the  a b s e n c e  of i n j ec t i on  
[5-7] by the f a c t o r  Mw* T0/MoTw *, which t a k e s  into account  the  i n j e c t i on .  

We d e t e r m i n e d  by e x p e r i m e n t  the  e f f e c t s  of wa l l  p e r m e a b i l i t y  and g a s  c o m p o s i t i o n  change  on the 
hea t  and m a s s  t r a n s f e r  in the i n j e c t i o n  zone v ia  s t epped  in j ec t ion  of the  s a m e  o r  d i f f e r e n t  g a s e s  into t u r b u -  
len t  b o u n d a r y  l a y e r s ;  the  t e s t s  w e r e  done in a subson ic  a e r o d y n a m i c  tube with a w ork ing  channel  of r e c t a n -  
g u l a r  c r o s s  s ec t ion  l l 0 x  l l 0 x  1300 m m .  The  l o w e r  wal l  of the  work ing  channel  was  a p o r o u s  s e c t i on  with 
t h r e e  p a r t s  for  i n j e c t i n g  ga s ;  the  p o r o u s  p l a t e s  in each  p a r t  w e r e  m a d e  of s t a i n l e s s  s t e e l  and w e r e  178x98  
m m .  The  p o s i t i o n  of the u p p e r  wal l  of the  channel  was  ad jus t ed  in such a way that  the  a i r  f low speed  r e -  
m a i n e d  cons t an t  a long the length .  A d e t a i l e d  d e s c r i p t i o n  h a s  been  g iven  of the  a p p a r a t u s ,  t o g e t h e r  with the 
s y s t e m s  for  m e a s u r i n g  the  t h e r m a l  and d y n a m i c  q u a n t i t i e s  [8]. 

We p e r f o r m e d  two s e r i e s  of c a l i b r a t i o n  e x p e r i m e n t s .  In the f i r s t  s e r i e s ,  we d e t e r m i n e d  the hea t  
t r a n s f e r  at  a cons tan t  a i r  i n j ec t ion  r a t e  t jw= const)  unde r  cond i t ions  c l o s e  to i s o t h e r m a l  (tw = 37 -92~  to= 
= 27-37~ in the second  s e r i e s ,  we d e t e r m i n e d  the  p e r f o r m a n c e  of the i n j ec t ion  beyond the p o r o u s  p a r t  
with i n j e c t i o n  of a i r  and h e l i u m .  T h e s e  c a l i b r a t i o n  r u n s  co inc ided  with the r e s u l t s  f rom a n a l o g o u s  s t u d i e s  
by o t h e r s  [2, 9, 10], and they  showed tha t  one can use  t h i s  d e v i c e  and m e t h o d  u n d e r  m o r e  c o m p l i c a t e d  con-  
d i t i ons .  

In the  s t epped  i n j ec t i on  t e s t s ,  the gas  was  i n j ec t ed  in two s t a g e s ;  the  length  of  the f i r s t  p a r t  was  178 
m m ,  whi le  tha t  of  the  second  w a s  356 r am.  

With un i fo rm in jec t ion  in the  two p a r t s ,  we used  a r e l a t i v e  a i r  flow r a t e  in the two p a r t s  in a c c o r d a n c e  
with 

-]~, = pw,Y~,/p0W0 = 6 . t .10  -3, 12-10-3,']w, = p~.V~,/poW0 = 1.1.10 - 3 -  8.2.10 -3 

whi le  the t e m p e r a t u r e  of  the i n j e c t e d  a i r  w a s  t l '=  130~ t2'= 20~ the speed  of the  m a i n  flow was  W0= 20-40 
m / s e c ,  whi le  t o was  28-42~ 

The r e s u l t s  on the hea t  t r a n s f e r  in the  second  p a r t  w e r e  p r o c e s s e d  us ing  the a d i a b a t i c  wal l  t e m p e r a -  
t u r e  T w ,  which was  found by e x p e r i m e n t  in the a b s e n c e  of  i n j e c t i o n  and hea t  t r a n s f e r  in t h i s  p a r t .  The  con-  
vec t ed  hea t  flux at the wa l l  w a s  d e t e r m i n e d  f rom the t h e r m a l  e n e r g y  b a l a n c e  at  the s u r f a c e  of  the  p o r o u s  
p l a t e .  A c o r r e c t i o n  of 1-8% of the  convec ted  hea t  f lux was  app l i ed  fo r  the r a d i a t i v e  hea t  flux. The  e x p e r i -  
m e n t a l  v a l u e s  of the Stanton and R e y n o l d s  n u m b e r s  in the  second  p a r t  w e r e  d e r i v e d  f rom 

S =: [j,~,~cp, ( T ~  - -  Tz '  ) - -  qr] / poWocp .  (T=,* - -  T~)  C9) 
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/~T** l I V c p o ( T ) ~  o __ l , w )  []u-,cpo(Tw* - -  T~')  - -  q~] d x  
Xo 

(,lO) 

Here  T w and Tw* a r e  the wall t e m p e r a t u r e s  in the second pa r t  under  the ac tual  in ject ion condi t ions  
and under  ad iaba t ic  condi t ions  in the absence  of in jec t ion,  while T '  is the t e m p e r a t u r e  of  the injected gas ,  
x 0 is the s t a r t  of the second par t ,  q r  is the r ad ia t ive  heat  flux, and subsc r ip t  2 deno te s  p a r a m e t e r s  in the 
second par t .  Equat ion (10)fol lows f r o m  the in teg ra l  r e l a t ionsh ip  for  the e n e r g y  of  the boundary  l a y e r  with 

in jec t ion.  

In p r o c e s s i n g  the e x p e r i m e n t a l  da ta  we took into account  the e f fec t s  o f  the init ial  d y n a m i c  pa r t  on the 
heat  t r a n s f e r  on the p o r o u s  p la te  by the method  of  [8]; the ef fec t  on the Stanton n u m b e r  was  10-279). 

We p r o c e s s e d  the h e a t - t r a n s f e r  data  fo r  the second par t  with a l lowance for  the devia t ion  f rom iso-  
t h e r m a l  condi t ions  using (8) and the finite value of R** [5]; F ig .  1 shows the r e s u l t s  as  ~I'b=J'(h/b.), as  ~4th 
1) "Jwl = 6.08 �9 10 -~, ~'w2 = 1.11 �9 10-3; 2) 11.9 �9 10 -u, 2.18 �9 10-3; 3) 1 2 . 4 . 1 0  -~, 3.26 �9 10-a;  4) 11.7 �9 10 -3, 4.92 �9 
t0-3;  5) 11.7" i0  -3, 7 . 1 - 1 0 - 3 ;  7) 11.5" 10 -~, 8 . 2 3 . 1 0  -3. The e x p e r i m e n t s  were  c o m p a r e d  with (8), which d e -  
s c r i b e s  the heat  t r a n s f e r  unde r  in jec t ion  condi t ions  f r o m  a p e r m e a b l e  s u r f a c e .  This  r e l a t i onsh ip  in the 
p r e s e n t  ca se  (Mw* = M 0, T o ~ T w * ) t akes  the f o r m  of the o r d i n a r y  r e l a t i v e  h e a t - t r a n s f e r  funct ion  [61: 

V = (1 --  b / b , )  ~ [ 2 / ( 1 / ~ -  ~' 1)1'-' (11) 

The  e x p e r i m e n t a l  po in t s  lie a round  the curve  ca lcu la ted  f rom (11); the d i s c r e p a n c y  between the ca l -  
culated and expe r imen ta l  r e s u l t s  at high in jec t ion  r a t e s  m a y  a r i s e  f r o m  the l a rge  e r r o r s  in the e x p e r i m e n t -  
al p r o c e s s i n g  nea r  the c r i t i ca l  r a t e s .  An ana logous  d i s c r e p a n c y  has  been o b s e r v e d  in s i m p l e r  e x p e r i m e n t s  
with in ject ion cons tant  a long the length [10], 

F i g u r e  2 shows the c h a r a c t e r i s t i c  t e m p e r a t u r e  d i s t r ibu t ion  at the wall with s tepped a i r  in jec t ion;  
he re  we give a lso  the ca lcu la ted  wall  t e m p e r a t u r e  provided  by in tegra l  r e l a t i o n s h i p s  involving the above 
r e l a t i v e  h e a t - t r a n s f e r  funct ions .  T h e o r y  and e x p e r i m e n t  a g r e e  s a t i s f ac to r i l y .  

T h e s e  r e s u l t s  fo r  s tepped in jec t ion  of the same  ga s  show that  one can use the ad iaba t ic  wal l  t e m p -  
e r a t u r e  even when t h e r e  is  ga s  in jec t ion  f r o m  a p e r m e a b l e  su r f ace .  

When the in jec ted  ga s  was  d i f f e ren t  f rom the s a m e  flow, the f i r s t  p a r t  r e c e i v e d  hel ium and the second  
r e c e i v e d  a i r ;  the r e l a t i v e  flow ra t e  of  the hel ium was  Txv~-- 1.10" '~-2 �9 10 -~, while that  of the a i r  was'Yw2 -- 
= 1" 10-?-8 �9 10 -'~. The  ma in  flow had to= 24-42~ while the in jec ted  hel ium had t~' = 132-135~ and the in- 
jec ted  a i r  had t2'= 19-23~ 

We p r o c e s s e d  the e x p e r i m e n t a l  r e s u l t s  on heat  t r a n s f e r  fo r  the second pa r t  via the d i f f e r ence  be -  
tween the en tha lp ies  of the ga s  at an ad iaba t i c  i m p e r m e a b l e  wall and at the wall under  the ac tua l  condi t ions  
(Ai = iw '~ - iw) ; the e xpe r i m e n t a l  va lues  of the Stanton and Reynolds  n u m b e r s  w e r e  found f rom 

S = [].r (i~, - -  i~') - -  q~] / 9 o W o  ( iw* - -  i~) t12) 

x 

R i * *  ~ I ' .u (i.~" --i~,) t 1-/~- (i'~'* --  i.~') - -  q<] dx (13) 
x~ 

The gas  enthalpy at the wall  i w was  ca lcu la ted  f rom the m e a s u r e d  wall t e m p e r a t u r e s :  

i , ,  = ct,~. T,o ~ [C~o -}- ( K ' ) ~  ( c j  - -  Cr, o)]T~ (14) 

The hel ium c o n c e n t r a t i o n  at the wall tK') w in the second pa r t  a p p e a r s  in (14) via  the equat ion fo r  d i f -  
fusion nea r  the wall ,  which invo lves  s i m i l a r i t y  of the heat  and m a s s  t r a n s f e r  p r o c e s s e s :  

r S  �9 ~r (K) , ,~ -  (K)w / ( t  + b , )  (]5) 

We subs t i tu te  [15) into t14) and use  (2) and [12) to get  a r e l a t ionsh ip  for  the gas  en tha lpy  at the wall 
on the second in jec t ion  par t :  
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(16) 

We found the gas enthalpy i w and helium concentration (K')~* at the adiabatic wall from the observed 
values on the injection per formance  via 

[17) 

(K')~* ----- 0t (K')wo (18) 

where iwo and (K')w0 are the gas enthalpy and helium concentration at the wall at the end of the f irst  part .  

We estimated the effects of thermal diffusion on the heat t r ans fe r  as about 5% under these conditions. 
The dynamic part  had only a small effect on the heat t ransfer  [8] (5-870 of the Stanton number).  

F igures  3-5 give the observed resul t s  on the heat and m a s s  t ransfer  with stepped injection as above; 
Fig. 3 shows the wall tempera ture  variation along the plate in the f i rs t  and second par ts .  The experimental  
resu l t s  are  compared with a calculation performed via the relat ionships derived for the heat t ransfer  under 
conditions of foreign gas injection (incorporating Mw* To/MoTw~. 
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F igure  4 shows the experimental  resu l t s  as 'I'b= S ( d ~ * +  1)2/ 
4 S  0 = f ( b / b . ) ;  the values of 'I' b and h, were determined in the usual way 
without incorporat ing M w T0/MoT w , and this p rocess ing  for injection of 
air  was per formed in accordance  with (11), but the d iscrepancy  between 
theory and experiment  in that case rose  to 300%. 

Figure  5 shows the experimental  resul ts  involving helium injection, 
where 'l'b*= 8MoTw* (,(~w/~, ? + 1)2/4SoM,.*T0; the points correspond to the 
following injection conditions: 1)Jwl = 0.98" 10 -3, J-w2 = 1.11- 10-3; 2) 
1.92" 10 -3 , 2.22" 10-3; 3) 1 .41 .10  -3 , 3.13"10-3; 4) 2 . 1 0  -3 , 3 .26.10-3;  5) 
2 ,03 .10  -3 , 4.92" 10-3; 6) 1.9" 10 -'~, 6.81 " 10-3; 7) 1 .35-10 -3 , 6.97"10-3; 
8) 1.86" 10 -3, 8.21 �9 10 -3. The curve has been calculated f rom (8). 
We also determined b .  for foreign gas injection f rom (6), on the 
basis  of the finite Reynolds number;  the main effect  of the h e a t  
t r ans fe r  in the exper iments  came from the change in the molecu la r  
weight, ]V[w*/M~ = 0.35-0.8; the change in the t empera tu re  factor  T0/Tw* 

was only slight (0.9-0.95). When p rocessed  in this way, the experimental  resu l t s  for a stepped injection 
agree  with those for constant injection and with calculations from (8). 

These studies on injection show that the hea t - t r ans fe r  coefficient should be determined on the basis 
of the adiabatic t empera tu re  (enthalpy) at the wall; if there  is an inhomogeneous boundary layer ,  one also 
has to take !nto account the p a r a m e t e r s  that appear in the formulas  via the factor  MwT0/M0"l~v ~. 
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