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ABSTRACT: Most papers on f i lm cool ing  concern  in jec t ion  of a homo-  
geneous gas. 8 tol lery  et  al .  [1]  examined  the case of t angen t i a l  in-  

j e c t i on  of gas in to  a boundary layer ,  the specif ic  hea t  eps differ ing 

l i t t l e  from that  of the ma in  flow, Cp0. 

Here we e x a m i n e  the ef fec t iveness  of f i lm cool ing  of a t he rma l ly  

i so la ted  p lanar  wai l  by l oca l  supply ro a turbulent  boundary layer .  

w If we neg lec t  t h e r m a l  and pressure diffusion and also hea t  

conduct ion  due to diffusion, the energy equat ion  for the boundary 
l aye r  on a p lanar  wal l  can  [2]  be put as 

Oi Oi Oq 
pw x ~ @ pwta~-y = - -  -~y . (i.i) 

If  the Prandtl  number  P = 1 and the Lewis number  L = 1, we h a v e  

for the densi ty of the hea t  flux that  

T 

q = -  c~-A 0--y-0i ( i =  S cpdTq-o i") (]..2) 

in which i ~ is the hea t  of format ion  of a component  and Cp is the 

h e a t  capac i ty  of the gas mix tu re .  
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In tegra t ion  of (i.i) over  the thickness of the en tha lp ic  boundary 

layer,  wi th  the concept  of the t o t a l - e n e r g y  thickness  

5~ 

5 ** f p"' ( i -- io ', 
r = p0w0 \i w - i o ] d y  [i 

(i.a) 

gives us an in tegra l  re la t ion  for the energy of the bonndary l aye r :  

dl{~** Ri** dhi t~ R f , =  t l L ~  , 
d X -t 5i d X 90u'0 

oc 
R~** = ,%u'06i**g0 - ' X = -L- ' 

[90T0 L 
HL -- ~0 Ai = i w - -  io , (1.4) 

We in t eg ra t e  (1.4) from x 0 to x with j = 0 and qw = 0 to get  

io - -  iw* 20 _ ~%** 
Ri**Ai= B%**Aio, Oi--  io--iwo -- Bi** - - ~ '  

( 0 i = t  for 0 < X < X o ) ,  (lo5) 

in which i~  is the to ta l  en thalpy of the gas m ix tu r e  a t  the wal l ,  whi le  

iw0 and 6"** i o are the to ta l  en thalpy of the gas m ix tu r e  a t  the wal l  and 
the t o t a l - e n e r g y  th ickness  a t  x = x 0. 
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The rate  of turbulent  mix ing  is m a x i m u m  near  the wal l  (but not in 

the viscous sublayer) ,  where OWx/Oy--~ max;  equa l i z a t i on  of the flow 

paramete r s  wi l l  therefore occur  more rapidly  in the wal l  sect ion of the 
boundary layer ,  and we can  [2,  3] for x ~ ~o write the fol lowing equa-  

t ion for the quas i - i so the rma l  flow with a power - law approx imat ion  for 

the ve loc i ty  prof i le  (n = 1 / 7 ) :  

8 
6~** ~max = 9, (6** ' 9w w 

o 

with  p ~ Ow ~ Po, wh i l e  6** is the m o m e n t u m  thickness  in  the 

boundary layer ,  which is found from the solut ion of the m o m e n t u m  
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in which Jw is the t ramverse  flux of m a t e r i a l  at the wall .  
Consider  the turbulent  boundary layer  on an i m p e r m e a b l e  wai l  

beyond the region of supply of the second m a t e r i a l  (Fig. i ) ,  when the 

heat  flux through the wal l  is qw = 0. The coo led  gas is supplied via 

a t angen t i a l  slot (Fig. l a )  or an i n i t i a l  porous part (Fig. $b). If the 

cool ing  agent  is a l iqu id  tha t  evaporates ,  or i f  react ions  occur  on the 

first par t  of the p la te ,  the ac t ion  of the gaseous products is s imi l a r  to 

that  of supply of a second gas. 
We de t e rmine  the t empera tu re  of the i so la ted  walI by a method 

previously described [2,  3]. 

equa t ion  for a p lanar  p l a t e  [3],  and for x --'* ~o for a quas i - i so the rmal  

flow of an incompress ib le  fluid:  

R'* = [A (m + t) Rx] 1!('~+*), (R*" = p0,L,o6"'f~o), (1.7) 

in which A and m are the coe f f i c i en t  and power in the power - l aw ap- 

p rox ima t ion  for the taw of f r ic t ion  (A = 0.0128 and m = 0.25 for a 

power - law prof i le  wi th  n = 1 / 7 ) .  
From (1 .5) - (1 .7)  we ge t  the in terpola t ion  formula 

O~ = [t - -0 .24Rax/Rio*q 25] -~ . (1.8) 
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The Reynolds number R** i0 in the initial part is found from the 
energy equation for that part in the case of supply of the coolant via 
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an initial porous part, or when there are chemical reactions or phase 
transitions there. 

If gas is injected via a tangential slot [4] 

PsWs s V~ (1.9) 
Bio**-- ~o -- Rs P,o " 

We see from (1.8) that the thermal efficiency (in terms of the 
total enthalpies) is the same when the gases are different as when they 
are the same. If we use the principle of superposition of temperature 
distributions, we get formulas similar to those previously derived [4]: 

fF 62.5 30.114 10.8 
o, = ][1 + ~ ]  - t) tt +oo~ekr  -~ 

w~ ~ i, (i.i0) for w--~ 

Oi= {['1 ~2 5 ]o.2 \os 
+ - F ~ J  --Ij [i + o o l ~ k ]  -~ 

.-f-~ , . (1.11) 

Curves 1 -3  of Fig. 2 are derived, respectively, from (1.8), (1.10), 
and (1.11) for helium injected via a tangential slot into a fl0w of air; 
the points are the experimental results of Papell and Hatch [1], and 
the agreement with the theory is satisfactory. In practical calculations, 
it is necessary to determine the wail temperature, for which we need 
to know the heat capacity of the gas mixture at the wall. 

The equation for mass transfer, without heat and pressure dif- 
fusion, is 

OK OK 0 f OK I 
pu,.~ ~ + p %  0y - 0v /PD-~y  / ' ( i . i2)  

in which K is the total concentration of the injected component. It 
follows from (1.1) and (1.12) that the distribution of the total enthalpy 
resembles that of the weight concentration when the boundary condi- 
tions are similar. Then 

i0 --  iw* Ko - -  Kw* 
Oi= io--iWo - - K o - - K w o '  or K w * = K o - - O  i ( K o - K w ~  (1.13) 

in which K~ is the concentration of the injected component at the 
wall in the present section and Kw0 is that concentration at x = x0. 

The heat capacity of the mixture at the wall is 

%w* = cpsKw* + %o (f - -  Kw*) = %o -~- (CP s -  %o ) Kw*" (1.14) 

From (1.14) and the expression for Oi, 

c *T * Pw ~ -- cpoT~ 
O~ = , (i.i5) 

C pwoT wo -- c poTo 

we get 

Tw* - -  T O 
Or= Two--To -- 

Oi ( Cpw~ ~ - -  %To)  - -  (cpw ~ __ %~ ToKw* 

- -  [Cpo + (epm --  %~ K~* l (Two --  To) ' (1.16) 

in which K w is found from (1.13). For a different gas injected through 
a tangential slot, 

Ko=O. Kwo=t.  Two= Ts. cpvjo=cp, . 

and from (1.13) and (1.16) we get 

Oicp8 . (1.17) 0t 0, (% - %.) § % 

This formula agrees with that previously derived [1] for this case. 

w Let the energy thickness be represented [,3] by 

gr 
%pw / T - -  T w \ 

~r** = I 5~ U k ~ - ~ )  d y  (21) 
O 

Then the integral relation for the energy is written in terms of the 
temperature [3]: 

d6r** Or** d (AT) I wCp" qw 
dx + AT dx P~176 Cpo%WohT . (2.2) 

This equation is correct only if the two gases do not differ greatly 
in cp. Then, operating on (2.2) as for (1o4), we get formulas for 0 t 
analogous to (1.8), (1.10), and (1.11), except that R~2 is replaced by 

cPs P~8 
R r** = Rs %~ ~--~, (2.3) 

and 

B a x  ( F~ I L25 
k = ~ (2.4) 

\ }lSCps / 

Curve i of Fig. 3 shows the enthalpy calculated from (1.8) and 

(1.9), while curve 2 shows that from (1.8) with (2.3) for helium in- 

jected into air. It is cleat that the results differ little even when 

Cps/Cpo = .5.2. 
Curves 1-3 of Fig. 4 show 0 t given by (i.i0), (i.ii), and (1.8) in 

conjunction with (2.3) and (2.4), as well as results for slot cooling by 
injection for 0 < Ws/W 0 < 1: points 4 are for helium in air [1], points 
5 are for air in air at Ts/T 0 .~ 0.6 [1], points6 are for air in air at 
Ts/T 0 ~ 0.3 [5], and points 7 are for air in air at Ts/T 0 ~-- 1 [6]. 
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