
100 Z H U R N A L  P R I K L A D N O I  M E K H A N I K I  I T E K H N I C H E S K O I  F I Z I K I  

E F F E C T I V E N E S S  OF GAS FILM C O O L I N G  FOR A TURBULENT BOUNDARY LAYER 

E. P. Volchkov and V. Ya. Levchenko 

Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, No. 5, pp. 142-146, 1965 

An effective hydrodynamic method for protecting mechanical 
parts (combustion chamber walls, engine nozzles, etc. ) from the ef- 
fect of high-temperature gas flows is the gas film. A gas film can be 
formed, for example, by injecting a cooling gas through a porous zone 
or through one or several slots in the initial section of the body m be 
cooled, The effectiveness of the gas film has been the subject of a 
number of theoretical and experimental studies [1-11]. Below, we of- 
fer a solution which makes it possible to calculate a number of cases 
by means of a single method. The analysis is based on the physical 
model proposed in [4]: when a coolant is blown through a porous zone 
(Fig. la) or a slot (Fig, lb), in the section Z~x = 0 (starting from which 
the effectiveness 0 decreases) there exists a developed boundary layer 
with corresponding values of the energy thickness 6e0** and momentum 
thickness 50"*, The solution obtained provides a satisfactory generaliza- 
tion of the experimental data reported by various authors, An analysis 
of the theoretical formulas and experimental data shows that the me- 
thod used for injecting the coolant does not have an appreciable effect 
on effectiveness. 
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Fig. 1. Methods of creating a gas film. 

The effectiveness is determined by the adiabatic wall tempera- 
ture. The corresponding formula is derived below. 

1. Let a plate be situated in a flow of hot gas. The initial sec- 
tion of the plate is cooled by a cold gas in such a manner that the 
wall temperature at x < xo is constant. The adiabatic portion of the 
plate x > x0 (Fig. 1) is protected from the hot gas stream by the rela- 

tively cool gas in the boundary layer. 

The heat flux that must be supplied to the region x > x 0 in or- 
der to achieve a wall temperature equal to that of the main flow is 

[5] 

qwx = ax (two - -  to)  b l (x, x0) a~x (to --  two), (1.1) 

where a x and c~zx x are the heat transfer coefficients at the plate for 
t ('0 = c o n s t .  

This same heat flux can also be written in terms of the tempera- 
lure of a thermally insulated walI as 

qwt = al (to - -  taw). (1.2) 

The heat transfer coefficients are determined from the heat 
transfer law [3] 

A s =~,---~_,,,~ v-o.Ts,  (1. a) 

where S is the Stanton number, R** is the Reynolds number with respect 
to energy thickness, P is the Prandtl number; thus, for a power-law 
velocity profile with exponent n = 1/7, we have [3] A = 0. 0128 and 

m~ = 0.25. 

The equations (1.1) through (1.3) yield 

0 t t { to_-- taw~.  
R * .... -- R~,x . . . .  l (z, Xo)-- ~ \0  -- to--  twO] (1.4) 

The function f(x, Xo) has the form [a] 

, (x,  z0) = [ A(m___.~I-I-t)BAx ]0.086 

Ro **(m'+l) + A (ml "q- 1) R/, z 
(1.5) 

Values of RE* and R~* x are found from the solution of the ener- 
gy equation for the plate at t w = const, and values of R~x* x and R~* 
from the solution of the momentum equation. When P ~ 1.0 we have 

n~" = Ino':'~'+:l + A (,.: + l )  n~= I t/'~'+:, 

n ~  = [A (ml+ 1) n ~ l  lIC'~'+'' (1.6) 

Bx*" - -  [R0"(m'+O+ A (m~ -}- 1) RAxll/m'+l, 

R ~x x = [ A (ml -I- 1) R ax ]~ ]~m'+ l) �9 (1.7) 

When x --- ,o. we may write 

Hence, 

i qwl dx = poW0C~ (to --  two ) ~Jeo** �9 (1.8) 
x0 

RO$* 
RI** = ~ �9 (1. 9) 

With the aid of (1. 5), (1.7), and (1.9), we obtain from Eq. 
(1.4) a formula for the dimensionless adiabatic wall temperature (ef- 

fectiveness) 

= L .  R : ; x .  / (x, x0) - ~ \ - ~ 2 1  �9 ( 1 . 10 )  

2. If the cooling gas is injected through a porous zone at the 
front of the plate (Fig. la), then, for supereritical injection, the 
energy equation for the region x < x 0 will have the form [8] 

dRe** cp'pwWw- = 0 .  
dRx %oPoWo 

(2. 1) 
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Fig. 2. Coolant injection through a por- 

ous zone: 1 refers to calculations from 

formula (2. 5); the points 2 through 6 re- 

fer to experiments in [8]. 
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Hence, at  ci~PwWw/Cp~OoW o = const, at the point x < Xo we ob-  
t a in  the  fol lowing va lue  

B ~ ' - -  PwWw q 
IXo x o =  ~ - ,  (2 .2)  

where q is the  amoun t  of  in jec ted  gas per unit  width of surface.  If 
in jec t ion  is subcr i t ieaI ,  the  va lue  of R~* is found from the  design of 

the  porous zone [3]. In this  case 

R**_  q to--~:' . (2. 3) 
o - -  [.to t o - - t w o  
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Fig. 3. Genera l i za t ion  of  e x p e r i m e n t a l  data  on 

effect iveness  for various in jec t ion  methods:  1 re-  
fers to exper iments  in [7], 2 to exper iments  in 
[8], 3 to exper iments  at m _< 0 . 2  in  [10], 4 to 

ca lcu la t ions  based on (3.4) .  
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Fig. 5. Coolant  in jec t ion  through a t angen t i a l  

s lot  0 < m ~ 1; curves a and b refer to c a l c u l a -  

tions based on (3.5)  and (3.4),  respec t ive ly ,  

points 1 refer to exper iments  in  [(~, 11], points 
2 to exper iments  in [9], points 3 to exper iments  

in [i01. 

3. Let the cool ing gas be in jec ted  through a s ingle slot (Fig. 
lb) .  In this  case, in  the sect ion of the slot 

( t - -  t w ) 9sws 6s  = 1 - eu - -  

- PaWn p~wo 
0 

poWo POWO 
0 

(3. i )  

Taking  (3. 1) into account,  Eq. (1. 10) for the "ef fec t iveness"  

0 takes  the form (Ps ~ P0) 

{[1 -q- 62.5K-q ~ [1 q- 62.5K -11 t - -  m 11"2a ] -~176 - -  t} ~ 
0 =  

[1 ~- 0.0t6K] ~ 

0 t~ - -  t~ k x  17{ o.~s Rax  %ws 
- t o -  t ,  , ,v - ~ - n e ; ' ~ - ~  . . . . . . .  b , , ; ~ / "  (a ,  ~1 

Since~ in the case of hea t  transfer at  a porous wal l ,  the  mo-  
m e n t u m  thickness  equals  t he  energy  th ickness  [8], in the sec t ion  x = 

= X 0 

R0** = RO*. (2.4) 

Then Eq. ( t .  10) for supercr i t i ca l  i n j ec t ion  through a porous 

zone w i l l  t ake  the form 

62 5 qxoq-~R o.s ~-1,25 ]0.114 1}0.8  t o - - t ~  { [ t §  �9 t ~ ~ - -  (2. 5) 
0 = z - -  

t o - - V -  = [1 I -  0-0t6(~oq[1R~~ ~ 

It can  be seen from Fig. 2, in  which  ca lcu la t ions  based on 

(2. 5) are compared  with the e x p e r i m e n t a l  data in [8], tha t  the  theore -  
t i c a l  formula  g ives  a sat isfactory descr ip t ion  of  the e x p e r i m e n t a l  da ta .  
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Most of the exper iments  involv ing  slot cool ing were (onducted  
in the presence of  a deve loped  boundary layer  in the m a i n  flow. The 

method "proposed makes  i t  possible to t ake  into a c e m m t  this ef fect  in 

der iv ing  Eq. (1.10);  in this case one gets 

0' [ i ~-0.0t6K ;o.o," ( 3 . 3 )  
0 -- (1 +60u**m-ls-1) L25 + 0.016K ~ 

where 0 and 0'  are the values  of the  ef fect iveness  with and without  

an i n i t i a l  boundary layer ,  500"* is the m o m e n t u m  thickness  above 

the slot. Formula (3. 3) corresponds wel l  with Seban's  e x p e r i m e n t a l  

da ta .  
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Fig. 6. Effectiveness at m > 1; points 1 and 

2 refer to ca lcu la t ions  based on (3 .6)  and 

(3.2),  respec t ive ly ,  3 to exper iments  at  
m ~ 2 in [10], 4 to exper iments  a t  2 < m < 

< 10 in [10]. 5 to exper iments  at m ~ 2 ! m  

[101. 

Fig. 4. Effect iveness  of  slot coo l ing  at m ~- 1; 1 

refers to ca l cu la t ions  based on (3.5) ,  2 to expe r i -  

ments  in [9], 3 to exper iments  in  [10], and 4 to 

exper iments  in [11]. 

In (3 .2)  i t  is not possible to i so la te  a complex  tha t  would per-  

m i t  gene ra l i z a t i on  of  the e x p e r i m e n t a l  data .  Accordingly ,  we shal l  

e x a m i n e  three l i m i t i n g  cases, for which i t  is possible to obta in  in te r -  

pola t ion  formulas.  
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(a) For m << 1, from (3.2) we obtain the following expression 
for O: 

i0 = ( [ t  -}- 62 (K -b 0.143)-11 ~ - -  1} ~ [1 -r- O.016K] -n'l~ " (3.4) 

A comparison of calculations based on (3. 4) and experimental 
data in [7, 8, 10] is given in Figs. 3 and 5. It can be seen that (3. 4) is 
in satisfactory agreement with experiment. Data from [7, 8] are plot- 
ted in Fig. 3. The experimental  values of the effectiveness are wetl 
generalized by the same parameter regardless of the method used to 
create the gas film. 
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Fig. 7. Effectiveness of barrier cooling as a function of 
the blowing parameter. 1 refers to calculations based on 

(3.2), 2 refers to experiments in [10]. 

(b) For m ~ 1, Eq. (3.2) takes the form 

0 = ([ t  -k 62.5 (K -~ 2)-11 ~ - -  t} ~ (I + 0.016K) -oa6. (3.5) 

From Figs. 4 and 5 it can be seen that this formula gives a 
satisfactory description of the experimental  data in [6, 9-11].  

(c) For m--+ ~, it is possible to derive an interpolation formula: 

0 = { i t  62.5 0.n4 o,s 
+ s-27~A~//s_o ~, q_ ;.143] - - i t  . (3.~) 

Figure 6 gives a comparison between the experimental  data in 
[10], calculations based on (3. 6), and calculations based on (3. 2) for 

m =  2. 

Based on an analysis of experimental data, Seban [I0] showed 
that with increasing blowing parameter m, the effectiveness rises to a 
max imum at m ~ 1, while with subsequent decrease in m, it falls, 
asymptotically approaching the value at m ~ 0.6. An analytical de- 
pendence of the effectiveness O on the blowing parameter can be de-  
rived from formula (3.2). A comparison of calculations based on (3.2) 
with Seban's experimental data is given in Fig. 7. The calculations 
predict the same behavior of O with variation of m as was observed in 
the experiment. 
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