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One of the effective methods of protecting the sur-  
faces of bodies f rom the action of high temperature 
gas s t reams or s t reams with high kinetic energy is 
to cool the surface by injecting a liquid or  gas coolant 
into the boundary layer  through a porous wall. Then 
oppositely directed flows exist: a heat flux directed 
toward the wall f rom the hot gas, and a flow of coolant 
f rom the wall. The coolant absorbs heat from the hot 
gas, which results  in decreased heat flux to the wall. 
Moreover, injection increases  the dynamic and ther-  
mal boundary layer thicknesses, and thus further 
lowers the heat flux to the surface.  When the coolant 
is supplied to the wall at a definite steady rate, it 
forms a stable protective layer on the surface adjoin: 
ing the hot s t ream.  Transpiration cooling derives 
its high efficiency from the developed surface of the 
porous material  with which the coolant comes in 
contact in passing through the wall. As fast as heat 
reaches the wall, the coolant absorbs it. For  this 
reason porous cooling has no equal in removing heat 
from bodies with internal energy sources,  e .g . ,  
from the heat-generating elements of nuclear reactors .  

Experiment shows that the coolant flow rate required 
to maintain a given wall temperature depends on 
whether the boundary layer formed on the immersed 
surface is laminar or turbulent, being considerably 
less for the laminar case. 

In recent  years  a large number of theoretical and 
experimental investigations have appeared in the 
Soviet and foreign literature, dealing with the influence 
of transpiration on surface friction and heat t ransfer  
between a gas s t ream and a wall. Since these papers 
employ various assumptions and methods, their re-  
sults require classification and cri t icism. 

In this review recent  theoretical and experimental 
papers on the influence of coolant supply to a turbu- 
lent boundary layer  are generalized. Main consider-  
ation is given to experimental investigations as being 
the most consequential. Cases of injection of air 
and other gases and liquid coolants into the boundary 
layer  of s t reams with and without longitudinal p res -  
sure gradient have been examined. Attention is 
given to papers which calculate the influence of 
thermal diffusion and the Dufour effect on heat t rans-  
fer .  Cases of chemical reaction at the wall or  in the 
boundary layer  have not been considered. 

In theoretical investigations of a turbulent bound- 
ary layer on a permeable surface,  nonrigorous a s -  
sumptions s imilar  to those adopted in the case of a 

turbulent boundary layer  on a smooth impermeable 
surface, are introduced. As regards these assump- 
tions, all the theoretical papers may be divided into 
two main groups: papers allowing for the influence 
of coolant injection on the character is t ics  of the 
viscous sublayer only, and papers allowing for its 
influence on the turbulent core of the boundary layer a 
and using the Prandt l -Karmsn semi-empir ica l  tur-  
bulence theory. 

Papers  [1] and [2] belong to the f irst  group. They 
assume that the boundary layer consists of a viscous 
sublayer and a turbulent core;  that coolant injection 
alters the velocity profile in the sublayer but has no 
appreciable influence in the core, where turbulent 
transfer  forces predominate; that in the vicinity of 
the permeable wall the variation of all flow param-  
eters with x is negligibly small in comparison with 
their variation with y; that the temperature gradient 
is zero along the porous wall. The calculated re la-  
tions obtained for friction and heat transfer  coef- 
ficients overest imate the influence of coolant in- 
jection in comparison with those of other authors. 

This is explained by the considerable simplifi- 
cation of the true picture of the physical process,  the 
hypothesis of the coolant influence propagating only 
into the viscous sublayer being part icularly suspect. 
In fact, the t ransverse  mass flow makes the flow 
turbulent in the wall region, and it may be expected 
that the viscous sublayer is in general disturbed. 
The assumption of no heat flux along the wall is also 
unrealistic.  In fact, at the beginning of the porous 
wall there is a transition line where the temperature 
distribution changes from that characterizing flow 
over an impermeable surface to that obtaining over 
a porous surface. For  walls of good conducting 
material  this line turns out to be significant. The 
theoretical data agree better with the experimental 
fo r  poor conducting porous materials than for walls 
of porous copper. The divergence of the theoretical 
and experimental data decreases  with increase of the 
length of the porous walls. 

Solutions which allow for the influence of porous 
cooling on the turbulent boundary layer core are 
physically more valid. In a number of papers of this 
type [3-10], it is assumed that the expression for the 
shear s t ress  at the wall 

"r~ = ~ - -  p |  (1) 

is valid for the whole section of the boundary layer.  
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Assuming, additionally, that the Prandtl mixing length 
hypothesis is suitable for the solution of this problem, 
the authors of the above papers obtain analytical ex- 
pressions for the velocity, and in some cases, for the 
temperature distribution. 

These expressions differ from one another, de- 
pending on the assumptions made by the individual 
authors in order to determine the constants of inte- 

gration of the boundary layer equations (the quantity 
u t/v, is independent of coolant injection [5-7]; the 

solution obtained at v w = 0 must give the velocity 
distribution on an impermeable plate [i0], etc. ). 

Comparison of the data of these theoretical methods 

with e x p e r i m e n t a l  data. shows that  t he re  is  c o n s i d e r a b l e  
d i s a g r e e m e n t .  This  is  expla ined ,  on the one hand, by 
the f ac t  that, as  shown in [11], equat ion (1) is  s a t i s -  
f ied  only in the i m m e d i a t e  v ic in i ty  of the wall ,  and 
i ts  ex tens ion  to the whole  l a y e r  l eads  to s e r i o u s  e r r o r ,  
and, on the o t h e r  hand, to the fac t  that  in the condi t ions  
examined  the mix ing  length v a r i e s  with the t r a n s v e r s e  
coo rd ina t e .  M o r e o v e r ,  i t  i s  a s s u m e d  in the theo ry  that  
the flow of coolan t  in the d i r e c t i o n  n o r m a l  to the wal l  
i s  u n i f o r m l y  d i s t r i b u t e d  o v e r  the p o r o u s  wa l l  s u r f a c e .  
It i s  o b s e r v e d  e x p e r i m e n t a l l y  that  the coolan t  l e a v e s  
the s u r f a c e  as  n u m e r o u s  ind iv idua l  j e t s .  T h e r e f o r e ,  
fo r  a g iven coolan t  flow ra t e ,  o t h e r  condi t ions  be ing  
equal ,  the cool ing  i s  in f ac t  l e s s  e f fec t ive  than theory  
would ind ica t e ,  and the m e a s u r e d  va lues  of wa l l  t e m -  
p e r a t u r e  a r e  c o r r e s p o n d i n g l y  h igher .  

I t  i s  s u g g e s t e d  in [12] that  b lowing d e c r e a s e s  the 
s t a b i l i t y  of the l a m i n a r  s u b l a y e r  and that  condi t ions  
at  the po rous  wa l l  a p p r o x i m a t e  to those  in the mix ing  
r eg ion  of a f r e e  tu rbu len t  j e t .  A s s u m i n g  that  the 
ve loc i ty  p r o f i l e s  at  d i f f e r en t  s ec t i ons  of the bounda ry  
l a y e r  a r e  s i m i l a r ,  and us ing  the P r a n d t l  m i x i n g  length 
hypo thes i s  (with l = c o n s t  o v e r  the s ec t ion  of the 
l aye r ) ,  the au thor  ob ta ined  a dependence  for  the skin  
f r i c t i o n  coef f i c ien t  on the i n t ens i t y  of b lowing in the 

ca se  Vw/Ul)Re~ "2 = coas t .  
I t  i s  a l so  a s s u m e d  in [13-15]  that  b lowing  d i s t u r b s  

the s u b l a y e r ,  caus ing  the flow p i c t u r e  to a p p r o x i m a t e  
to that  when Re ~ ~,  w h e r e  the l i m i t i n g  tu rbu len t  
bounda ry  l a y e r  r e l a t i o n s  d e r i v e d  by  the au tho r s  a r e  
a p p l i c a b l e .  Taking  va r i ous  laws of gas  dens i t y  d i s -  
t r ibu t ion  in the bounda ry  l a y e r ,  the au thors  ob ta ined  
dependences  of the f r i c t i o n  and hea t  t r a n s f e r  coef f i -  
c ien t  d i s t r i b u t i o n s  on the coo lan t  supply  r a t e  which 
con f i rmed  the known t e s t  da ta .  In p a r t i c u l a r ,  va lues  
w e r e  ob ta ined  fo r  the l i m i t i n g  flow r a t e s  of va r ious  
coolan ts  which lead  to c o n t r a c t i o n s  of the b o u n d a r y  
l a y e r .  The t e s t  da t a  in these  r eg ions  a r e  insuff ic ient ,  
however ,  to ve r i fy  the ana ly t i c a l  r e s u l t s .  

The au tho r s  of [16] have ex tended  the p r e v i o u s l y  
ob ta ined  s e m i - e m p i r i c a l  me thods  of ca l cu l a t i ng  the 
t u rbu len t  bounda ry  l a y e r  on an i m p e r m e a b l e  wal l  to the 
c a s e  of flow o v e r  a po rous  cu rved  s u r f a c e .  A two-  
l a y e r  f low mode l  was  a s s u m e d ,  with a r b i t r a r y  con-  
s t an t  va lues  of the P r  and Le  n u m b e r s ,  

The d i s t r i b u t i o n s  of to ta l  hea t  content ,  r e l a t i v e  
m a s s  concen t r a t i on  of i n j ec t ed  subs tance ,  and s h e a r  
s t r e s s  in the l a m i n a r  s u b ] a y e r  and tu rbu len t  c o r e  
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are expressed in the form of polynomials whose coef- 
ficients are determined from the usual conditions 
at the wall, sublayer edge, and outer edge of the 
boundary layer. The unwieldy expressions for veloc- 
ity profiles in semilogarithmic coordinates are 
well approximated by a straight-line equations. The 
result is a resistance law in the form 

ul 6**/% = -~ V p~/pl l c~/U~ ) % (2) 

Here  ~ = u l / v . ;  9 ,  E, U w a r e  complex  funct ions  
eva lua t ed  f r o m  the known p a r a m e t e r s  of the f low.  

An addi t iona l  r e l a t i o n  be tween  6 ** and ~ is  g iven 
by  the i n t e g r a l  m o m e n t u m  equat ion.  The r e s u l t i n g  
dependences  of f r i c t i o n  coef f i c ien t  on in t ens i ty  of 
t r a n s v e r s e  m a s s  f low and longi tud ina l  p r e s s u r e  
g r a d i e n t  a g r e e  s a t i s f a c t o r i l y  with the known e x p e r i -  
men ta l  da ta .  A method  of c a l cu l a t i ng  hea t  t r a n s f e r  
in the condi t ions  examined  is  a l so  put  f o r w a r d .  

An inves t i ga t i on  was m a d e  in [17] of the tu rbu len t  
bounda ry  l a y e r  on a po rous  wal l  in the p r e s e n c e  of 
longi tud ina l  p r e s s u r e  g r a d i e n t s .  A t w o - l a y e r  f low 
m o d e l  was  taken.  The ve loc i ty  p r o f i l e  in the v i scous  
s u b l a y e r ,  ob ta ined  with account  fo r  v w and dp/dx ,  
a r e  c o m p a r e d  with  the ve loc i ty  p r o f i l e  in the t u r b u -  
len t  co re  

~ (  w' dx (3) 
u/u~ = (~/~) 

The method  of [17] m a y  be u sed  to e s t i m a t e  the  
f r i c t i o n  on a po rous  s u r f a c e  with coo lan t  i n j ec t ion  in 
a tu rbu len t  bounda ry  l a y e r  with nega t ive  long i tud i -  
nal  p r e s s u r e  g r a d i e n t .  I t  m u s t  not  be extended,  
however ,  to the p o s i t i v e  p r e s s u r e  g r a d i e n t  reg ion ,  
s ince  the suppos i t i on  that  the ve loc i ty  p r o f i l e  is  
u n i p a r a m e t r i c  is  not  val id  t he r e .  

In [18-22]  an examina t i on  is  made  of tu rbu len t  
flow in po rous  tubes  and p lane  channels  with suc t ion  
and blowing.  By m e a n s  of the usua l  s e m i - e m p i r i c a l  
methods ,  the au thor s  ob ta ined  e x p r e s s i o n s  for  the 
ve loc i ty  and t e m p e r a t u r e  d i s t r i b u t i o n s ,  as  wel l  as  
ca lcu la t ion  f o r m u l a s  fo r  the f r i c t i o n  and hea t  t r a n s -  
f e r  coef f i c ien t s  fo r  in jec t ion  of homogeneous  coo lan t s .  
In these  p a p e r s  the i m p o r t a n t  deduc t ion  is  made  that  
the mix ing  length  depends  on the in t ens i ty  of b lowing.  

A r ev i ew  is  g iven in [ 23] of the work  of fo re ign  
au tho r s  on po rous  cool ing .  

In o r d e r  to c r e a t e  a r e a s o n a b l e  t h e o r y  of the in-  
f luence  of b lowing  on s u r f a c e  f r i c t i o n  and hea t  t r a n s -  
fe r ,  we need  to a c c u m u l a t e  e x p e r i m e n t a l  da t a  on the 
inf luence  of r a t e  of in take  of coo lan t  on the s h e a r  
s t r e s s  at  the wall ,  the ve loc i ty  p ro f i l e  of the m a i n  
flow, and the l a m i n a r  s u b l a y e r  th i ckness ,  under  
va r ious  g a s d y n a m i c  flow condi t ions .  Known e x p e r i -  
men ta l  i nves t i ga t i ons  of coo lan t  in jec t ion  into a t u r -  
bu len t  b o u n d a r y  l a y e r  do not g ive  the n e c e s s a r y  da t a  
fo r  a b r o a d  t h e o r e t i c a l  g e n e r a l i z a t i o n .  The ma in  
ob j ec t  of m a n y  e x p e r i m e n t s  i s  to e s t a b l i s h  the r e l a t i o n  
be tween  t e m p e r a t u r e  of the po rous  m a t e r i a l  s u r f a c e  
and coo lan t  m a s s  flow r a t e  at  v a r i o u s  flow v e l o c i t i e s  
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and temperatures of the hot gas, as well as to de- 
termine the friction and heat t ransfer  coefficients at 
the wall as functions of coolant flow rate under various 
flow conditions. 

The integral momentum equation is widely used to 
determine local values of the friction coefficient on 
the surface of a porous wall. From measured dis-  
tributions of velocity and temperature at various 
sections of the boundary layer  on the porous surface, 
as well as the main gas s t ream temperature, and 
the flow rate of hot gas and porous wall surface 
coolant, corresponding values of the momentum 
thickness are determined. F rom graphs of variation 
of the momentum thickness, and velocity, temperature, 
and density of the main gas stream, and of the wall 
temperature along the immersed surface, values 
are determined for the derivatives of the quantities 
mentioned with respect  to the longitudinal coordinate, 
and then local values of the friction coefficient at 
various relative flow rates of the injected coolant are  
determined from the integral momentum equation. 
Local values of the heat t ransfer  coefficient are 
determined in a s imilar  way from the integral energy 
equation. 

In such a method of determining the friction and 
heat t ransfer  coefficients, graphical differentiation 
of the original test parameters  must be used, which 
leads to substantial e r ro r s  in calculation. The situ- 
ation is further complicated by the fact that with 
contemporary measurement  techniques it is difficult 
to obtain reliable data on velocity and temperature in 
the immediate vicinity of the wall, and, when differ- 
ent gases are injected, on the distributions of den- 
sity, viscosity, and thermal conductivity through the 
boundary layer.  Direct measurement  of friction 
forces on the wall is attended by great technical 
difficulties, and also is not free from appreciable 
e r ro r s .  

The majori ty of investigators, in processing their 
test data, determine heat t ransfer  coefficient values 
f rom the heat balance equation. It is usually assumed 
that under steady flow conditions all the heat reaching 
the wall f rom the main gas s t ream goes to heat the 
injected gas f rom the temperature at which it ar r ives  
at the porous wall to that of the immersed wall sur-  
face. In this case the heat flux is expressed by the 
equation 

In particular, this condition is satisfied in the experi-  
mental work of [24] with 6 _ 8 ram. Heat t ransfer  
inside the porous material  has been examined in 
[25, 2 6 ] .  

The beginning of the experiment, as in many 
actual processes,  proceeds under unsteady conditions, 
and the heat balance equation inside the porous wall 
has the form [86] 

Ost Ot Ot 
~,~. ~ c p ~  p ~ %  = c ~  - - ,  (6) 

O y ~ -~y O "r 

where y is the t ransverse  coordinate, calculated 
from the lower wall surface;  %0 is the heat capacity 
of unit area of the wall. The boundary and initial 
conditions for (6) are 

k~, Ot (0, .~) 

~ Ot ( ~, ~_.__~) 
Oy - q '  t(y,o)=t~, (7) 

where 6 is the thickness of the porous wall. A long 
time is required to achieve small enough values of 

~ ( ot - , .o  ). 
O'r \ OT " 

The operating time of high-power aerodynamic 
installations may not be long enough to achieve steady 
conditions. In this case it may prove very effective to 
use the regular thermal regime method which has 
been used with success to determine values of the 
heat t ransfer  coefficient on impermeable surfaces.  

We shall examine the main experimental work of 
Soviet and foreign authors. 

Data are obtained in [27] on the dependence of 
the heat t ransfer  coefficient on the intensity of air 
injection into an air s t ream inside a tube. From the 
heat balance in an element of the boundary layer  
consisting of turbulent core and viscous sublayer, 
a relation is obtained between the temperatures of 
the wall, the injected air, the free stream, and the 
velocity of injections: 

T w - - T c  F 
, ( s )  

T 1 - - T c  exp(r qb) + 1 + r 

q~ --cpw pwv~ (T~. -- Tc). (4) 

The dimensionless heat t ransfer  coefficient is 

where 

r = (T~ - - T ~ ) / ( T ~  - -  r.), ep = % %/a. 

St = Cp~ p~,v~(T~--T~)/Cp, plul(Te--T~,) .  (5) 

The assumption of equal temperatures of the in- 
jected gas leaving the porous wall and of the external 
wall surface requires experimental verification in 
each specific case, since the heat t ransfer  between 
gas and wall inside the porous material is influenced 
by the porosity, length of capillaries, ratio between 
capillary length and diameter, and coolant flow rate. 

To evaluate r the hypothesis is made that the dis- 
tributions of velocity and temperature are similar. 

Then Prandtl's data may be used, according to which 
for Re ~ 3 �9 I0 s ul/u I = 2.26Re -~ ~ 0.5. On the 

graph (r w - Tc)/(T 1 - T c ) -  f ( ~ )  the experimental 
points give good confirmation of (8) with r - 0.5. 

The authors of [28] investigated heat t ransfer  with 
injection of hydrogen and nitrogen into the boundary 
layer  of a porous tube along which passed the com- 
bustion products of liquid and gaseous fuel. The 
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experimental data were generalized in the form of 
the dependence 

(9) 

The analytical expression for this relation took 
the form 

Ol bL1 Cp a 
(I0) 

When injecting hydrogen and nitrogen, we have 
f rom (10), respectively,  

@=~--- 4050 p~v~_, @w = 348 p~v~. (II) 
pl ul Pl us 

The authors' experimental data confirm (11) only 
for small blowing vMues. At pwv~/plul > 0.001 (for 
hydrogen) and pwuo~/plul > 0.004 (for nitrogen), the 

experimental points lie below the theoretical lines 
of (11). 

Results are given in [29, 30-37] of experimental 
investigations of friction and heat t ransfer  with in- 
jection of air, helium, nitrogen, and other gases 
into the turbulent boundary layer of subsonic and 
supersonic air flows on a flat plate and cone. In 
the experiments the temperature of the immersed plate 
did not vary along the length. To achieve this it was 
made in sections and the flow rate of cooling gases 
was controlled according to the longitudinal coordinate. 

It has been established that the recovery  factor 
decreases  as blowing increases,  and the more so, 

'~the lighter the injected gases.  The transition from a 
laminar to a turbulent boundary layer has also been 
examined. On a porous cone in the absence of blowing, 
transition occurred ear l ier  than on a smooth imper-  
meable cone, but blowing of helium and air did not 
change the position of the transition point. This is 
apparently due to the fact that blowing thickens the 
boundary layer  and makes the flow less stable, while 
cooling stabilizes the boundary layer .  

The heat t ransfer  coefficient was determined from 
the heat balance equation. To determine the friction 
coefficient, P res ton ' s  method [38] was used. It was 
established experimentally that there is a logarithmic 
part  of the velocity profile, described in coordinates 
u/u~ ~ f  (lg Rey) by the straight-l ine equation 

u+/C = A lg (y+/C) -{- t3, (i2) 

where 

C =  ]/cfo/c~,  A = 5 ~ 6 ,  B=4.9 .  

F rom pressu re  tube measurements  of dynamic 
head at a fixed point in the logarithmic par t  of the 
velocity profile, and f rom the known parameters  of 
the injected gas and of the s t ream gas, the friction 
coefficient is determined using the equation 

5O3 

A lg (c/C~o) = (u - -  u~),/u~ Vcto/2 . (13) 

This method of determining cf is unreliable, since 
it is based on readings of a probe at one fixed location. 
The conversion of these readings to cf is based on a 
number of assumptions. Moreover, as shown in [39], 
the boundary layer  over a porous surface is nonuni- 
form in width. The authors of [39] conducted tests 
with injection of helium, air and Freon 12 into the 
turbulent boundary layer  formed by air flowing over 
a porous fiberglass cone. The skin-friction coef- 
ficient was determined from the drop in dynamic 
p ressure  along the immersed  model. The friction 
coefficient data of [39] proved to be in excess of those 
of other authors (Figs. 2, 4). It is evident that the 
drop in dynamic pressure  in the flow over the model 
examined is determined not only by surface friction, 
but also by internal friction, depending on the geo- 
metry  of the model and other factors .  

The author of [40] investigated the turbulent 
boundary layer of an incompressible fluid on a porous 
flat plate with air  injection. The friction coefficient 
was determined by Stanton tubes, using the Preston 
method. The velocity profiles were measured at 
several sections of the boundary layer, and it was 
shown that blowing alters them considerably. The 
data of [40], processed in the form of the relation 
cf /2 Re~ " 2 =f (Pw ua~/PlUl Re'Z), considerably over- 

estimate the effectiveness of blowing, in comparison 
with the data of other authors. One cause of this is 
the unreliability of the method of determining cf. 

An investigation was :made in [41] of the influence 
of injecting nitrogen, argon, and hydrogen, on heat 
transfer in a supersonic flow of air over a porous 
Plate, and over the front face of a porous cylinder 
aligned with the flow. The heat t ransfer  coefficients 
were determined from the heat balance equation. The 
test data were generalized in the form of the depen- 
dence of the distribution of the porous surface tem- 
perature and heat t ransfer  on relative mass  flow rate 
of the injected gases.  

.An investigation was made in [24, 42-44] of the 
subsonic turbulent boundary layer on a porous sur-  
face, with injection of air, helium, carbon dioxide, 
and Freon 12. The tests were made in a plane channel, 
in the lower wall of which a porous copper plate was 
embedded. The side walls could be moved, allowing 
positive and negative longitudinal pressure  gradients 
to be set up. The velocity and temperature distr i-  
butions were measured at several sections along the 

�9 plate" Heat t ransfer  coefficients were determined 
f rom the heat balance equation and from the integral 
energy relation. No i~ffluence of longitudinal p ressure  
gradient on heat t ransfer  was observed in the range 
of parameters  examined. The integral energy relation 
may be written in the form 

dReq~ ~R% ' 1 ~-x (T , - -T~)=  
dx (T,-- T~) 

= R e L (  St-L' CPwp~v~ p~U~ ~ (14) 
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Using the experimentally established dependence 
of heat t ransfer  coefficients on rate of injection of 
the various gases, equation (14) may be reduced to 
a differential equation of f i rs t  order  inRe(p, inte- 
gration of which offers a simple method of calculating 
the thermal boundary layer.  

Cr 

0.,9 

0.6 

0.4 

O2 

I x - -  f 
�9 0 - - 2  

o := J 

L~8 /,6 2A, 12 ~O 

Fig. 1. Influence of temperatue factor on skin 
friction with air  injection [B --- (pwvw/plul)(2/cfo)]. 
1) test values of c f  [75]; 2) c f  [75], correc ted  for 
nonisothermal conditions by means of equation 

(15); 3) data of [77]; 4) data of [10]. 

Skin-friction coefficients have been determined 
from the integral momentum relation, and also by 
a method which is  essentially as follows. Using 
semi-empir ica l  turbulence theory and a two-dim- 
ensional flow model, an equation is obtained for the ve- 
locity distribution in the form u/u 1 =f(Y ;To0; R ' / R  1; 
pwP~/PlUl; c f .  Then, for the values Tw; R'/Rlt; pwvw/ 
/plul obtaining in the tests, in coordinates u /u  I = 
= f (lg Rey),: a theoretical net of velocity profiles is 
constructed with cf as parameter .  The experimen- 
tally measured velocity profiles are plotted on this 
net. F rom coincidence of the given profile with one 
of the theoretical ones, the local value of the friction 
coefficient in the section examined is determined. 

Since the experiments Were conducted with dif- 
ferent  temperature factors, correct ions for lack of 
isothermal conditions were applied in generalizing 
the test data on friction coefficients. The relation 
obtained in [45] was used: 

2 (15) 

where cf is the experimental value of the friction 
coefficient; cf is the friction coefficient reduced to 
isothermal conditions. 

It may be seen from Fig. 1 that when the above 
correct ion is included, the test data for air injection 
on a plate [75] show good agreement with the known 
results of isothermal flow. 

For  a laminar boundary layer  in flows with longi- 
tudinal p ressure  gradient, the velocity profile ob- 
tained by the Karman-Pohlhausen method depends 
uniquely on the parameter  B(pr P~/plul, dP/dx). Since 
it is  impossible to obtain an analytical expression for 
the velocity profile in the turbulent boundary layer  

in such circumstances,  it is assumed that the char-  
acter is t ics  of the layer will depend on some param-  

eter  K(pwvw/plu 1, dP/dx), s imi lar  in s t ructure to 
parameter  B. 

In the papers cited the boundary layer  shape 
factor was obtained, which takes into account s im- 
ultaneously the influence of longitudinal p ressure  
gradient and t ransverse  mass flow on the charac ter -  
istics of the turbulent boundary layer.  

K = 2 p~vw Re ~ O dul ReO.2~ . (16) 
pz ul ul dx 

The test data, processed in the form of the rel-  
ation [ = f(K), confirm the effectiveness of the param-  
eter  K. Friction data for a porous plate (dp/dx = 0; 
~'w ~ 0), and for diffusers with impermeable walls 
(Pw ~ 0; dp/dx ~ 0), processed in the form of re la-  

'tion ~ =f(K), fall on a single curve [24, 43] (~ --- 
= cf[2 Re~25). 

Thus, equation (16) confirms the conclusions of 
[46] and other authors, viz., that the influence of 
gas injection on the boundary layer character is t ics  is 
s imilar  to that of a positive longitudinal pressure  
gradient. For  a turbulent boundary layer with longi- 
tudinal p ressure  gradient and coolant injection, the 
integral momentum relation may be written in the 
form 

l d-(Re~2s) = 1.25 [~ --- (H 2r 1)/" ~-J], (17) 

where 

J = PwVw. Re ~ 
pl ul 

It has been shown from experimental data that the 
right side of (17) is a linear function 

This fact may be used to reduce (17) to a differential 
equation of f i rs t  o rder  in Re| integration of which 
yields a simple method of calculating the dynamic 
boundary layer  in the conditions examined. 

In [46-48] an investigation is made of the tur-  
bulent boundary layer  on a flat plate with injection 
of air and other gases into a subsonic and supersonic 
air s t ream. The tests were conducted on a porous 
plate with a working area  of 49 cm 2 (monel metal with 
40% porosity), mounted flush with the lower wall of 
a wind tunnel working section. The temperature and 
velocity profiles were measured over the boundary 
layer  (two independent methods: pitot tube and inter-  
ferometer),  together with the concentration of in- 
jected carbon dioxide (by means of sampling tubes 
and subsequent gas analysis). For various blowing 
values, it was found that the velocity and relative 
concentration profiles were approximately similar .  
The velocity profiles with identical blowing param-  
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Fig .  2. Inf luence of a i r  in jec t ion  on f r i c t ion :  [B - (PwVw/PlUl) x 

x (2/cf0)]:  i )  [30];(M 1 = 0.3); 2) [39] (M 1 = 0.7); 3) [39] (M 1 = 3.21); 
4) [39] (M 1 = 4.3); 5) [42]; 6) [40]; 7) [78]; 8) [79]; 9) [80]; 10) [12]; 

i l )  [7]; i2) [17]; iS) [10]; i4)  [45]. 

e t e r  and d i f f e r en t  lViach n u m b e r s  M 1 (M 1 = 0 mxd 
2.5) w e r e  s i m i l a r .  

The au thor  of [46] p r o p o s e d  an a p p r o x i m a t e  method  
of c a l cu l a t i ng  sk in  f r i c t i o n  and h e a t  t r a n s f e r  with a i r  
in jec t ion ,  b a s e d  on the fac t  t h a t  the inf luence  of 
b lowing  on the b o u n d a r y  l a y e r  c h a r a c t e r i s t i c s  is  
s i m i l a r  to the inf luence  of a p o s i t i v e  long i tud ina l  
p r e s s u r e  g r a d i e n t .  The m o m e n t u m  equat ion 

dO c r + _ _  

dx 2 

is  r e d u c e d  to the f o r m  

p~ U~ 

~ ) I / ' / 1  

(is) 

-x ( e  Re ~ = 1.25(~ -F J). (19) 

It was  shown e x p e r i m e n t a l l y  that  the r i g h t  s ide  of 
(19) m a y  be a p p r o x i m a t e d  by  the equat ion of the s t r a i g h t  
l ine  

F(J)  --: 1.25 (~ + J) = ad + b 

with va lues  of the cons tan t s  a = 0.91; b = 0.016. Thus 
(19) m a y  be i n t e g r a t e d  and a so lu t ion  ob ta ined  in the 
f o r m  

) 5 =  5 1 

w h e r e  

Jx = Pwv~ Pc~ 
91 U.i 

Subsequent  ca l cu l a t i on  i s  s i m i l a r  to that  fo r  a 
t u rbu l en t  bounda ry  l a y e r  with longi tud ina l  p r e s s u r e  
g r a d i e n t  on an i m p e r m e a b l e  s u r f a c e  [49]. L i n e a r  
e m p i r i c a l  d e p e n d e n c e s  of the hea t  t r a n s f e r  coef -  

f i c i e n t  on i n t ens i t y  of in jec t ion  of va r ious  coolan ts  a r e  
p r o p o s e d .  The conc lus ion  is  r e a c h e d  that  c o m p r e s -  
s i b i l i t y  has  no inf luence  on h e a t  t r a n s f e r  with blowing,  
but  the da ta  of o t h e r  au thor s  do not  suppo r t  this  con-  
c lus ion .  At  l a r g e  coolan t  flow r a t e s  on an i m p e r m e a b l e  
wal l ,  t e s t s  by  the au thor  showed the f o r m a t i o n  of a 
p r o t e c t i v e  l a y e r  of in jec ted  gas ,  f u r t h e r  i n c r e a s e  of 
i t s  flow r a t e  having l i t t l e  e f fec t .  

Study of the in f luence  of coo lan t  i n j ec t ion  on the 
to ta l  r e s i s t a n c e  of a body in a s u p e r s o n i c  flow is  
impor t an t ,  s i nce  in this  case ,  in  p a r a l l e l  with d e -  
c r e a s e d  f r i c t i o n  drag ,  t he re  m u s t  be i n c r e a s e d  wave 
d r a g  due to b o u n d a r y  l a y e r  th ickening .  I t  was  shown 
in [50] that, in a l a m i n a r  s u p e r s o n i c  flow o v e r  a cone, 
the to ta l  d r a g  d roppe d  c o n s i d e r a b l y ,  whi le  i n j ec t i on  
of a i r  p r o v e d  m o r e  ef fec t ive  than in j ec t ion  of h e l i u m .  
Data  of this  k ind have  not  been  pub l i shed  fo r  t u rbu l en t  
f low. 

The m o s t  e f fec t ive  m e a n s  of p r o t e c t i n g  a s u r f a c e  
f r o m  hea t ing  i s  e v a p o r a t i v e  cool ing ;  a l iquid  i s  i n -  
j e c t e d  through a p e r m e a b l e  s u r f a c e  and v a p o r i z e s  in the 
channe ls  of a po rous  body,  a b s o r b i n g  a l a r g e  amount  
of hea t  and e n t e r i n g  the flow as  a vapor .  The ef fec ts  
of gas  in jec t ion  and e v a p o r a t i v e  cool ing  on the hea t  
t r a n s f e r  p r o c e s s  in the bounda ry  l a y e r  a r e  s i m i l a r .  
However ,  in  this  case ,  the e f f e c t i v e n e s s  i s  q u e s t i o n -  

a b l e ,  s ince ,  a c c o r d i n g  to the da ta  of a n u m b e r  of 
e x p e r i m e n t a l  p a p e r s ,  the hea t  f lux to the wa l l  i n c r e a s e s  
when the re  i s  e v a p o r a t i o n  f r o m  the s u r f a c e .  

B a s e d  on an a n a l y s i s  of p a p e r s  [52-55] ,  the au thor  
of [51] c a m e  to the conc lus ion  that  i n t e ns i f i c a t i on  of 
h e a t  t r a n s f e r  with e v a p o r a t i v e  cool ing  does  not  con-  
f o r m  to r e a l i t y ,  s i nce  the e x p e r i m e n t a l  work  on 
which this  conc lus ion  was b a s e d  was e i t h e r  i n c o r -  
r e c t l y  i n t e r p r e t e d  o r  involved  l a r g e  e r r o r s .  

In tens i f i ed  hea t  t r a n s f e r  was  noted in  [56-59]  as  
a r e s u l t  of e v a p o r a t i o n  f r o m  the s u r f a c e .  An e x a m -  
ina t ion  was  made  in [56] of e v a p o r a t i o n  of l iqu ids  
{water,  ace tone ,  benzene ,  buty l  a l c o h o l ) f r o m  a 
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f r e e  su r f ace ,  c o v e r e d  with a s p e c i a l  g r id  to avoid 
wave  mot ion  of the l iquid .  I t  was e s t a b l i s h e d  that  
the i n t ens i ty  of m a s s  t r a n s f e r  was inf luenced by 
the humid i ty  of the ma in  s t r e a m  and the m o l e c u l a r  
weight  of the e v a p o r a t i n g  l iquid.  The r e l a t i v e  hum-  
id i ty  of the flow was  ~p = 10-80%.  The inf luence of 
evapo ra t i on  f r o m  the s u r f a c e  is  a l lowed for  ve ry  
wel l  by in t roduc ing  the m a s s  t r a n s f e r  number  Gu 
into the p a r a m e t r i c  equat ions  fo r  ca l cu la t ing  hea t  
and m a s s  t r a n s f e r .  
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Fig.  3. Inf luence of a i r  in jec t ion  on hea t  t r a n s f e r :  
[I - ( P w V w / P l U l ) ( 1 / S t o ) ] :  1) I421; 2) [27]; 3) [781; 4) 
[35]; 5) [29]; 6) [7];7) [12l;8) [10];9) [27];10) [45]. 

P a r a m e t r i c  equat ions  w e r e  ob ta ined  in [57] for  
ca l cu l a t i ng  hea t  and m a s s  t r a n s f e r  with evapora t ion  
of l iquid  f r o m  a porous  c e r a m i c  p la te .  Evapora t ion  
is a l lowed for  through the number  Bu o r  the r a t io  
Td /Tw,  where  T d and T w a r e  the d r y  and wet  bulb 
a i r  t e m p e r a t u r e s .  

An inves t i ga t i on  of e v a p o r a t i v e  cool ing in flows 
o v e r  bod ies  of va r i ous  shapes  ( sphere ,  cone, and 
disk)  was  made  in [58], and the data p r o c e s s e d  in 
the f o r m  of c r i t e r i a l  r e l a t i o n s .  I t  was found that  
the inf luence  of m a s s  t r a n s f e r  on hea t  t r a n s f e r  d e -  
pends  on body g e o m e t r y .  

An inves t iga t ion  was made  in [59] of e v a p o r a t i v e  

cool ing  of bodies  of va r ious  shapes  ( sphere ,  cone, 
d isk ,  and cy l i nde r )  in s t e a d y  tu rbu len t  flow, and in 
flow o s c i l l a t i n g  at  a f r equency  of 47 cps .  I n c r e a s e d  
hea t  t r a n s f e r  of 30-70% was noted, in c o m p a r i s o n  
with d ry  flow, the i n c r e a s e  d i f f e r ing  for  the d i f fe ren t  
s hapes .  In these  p a p e r s  the hea t  t r a n s f e r  coef f ic ien t  
was d e t e r m i n e d  f r o m  the hea t  ba lance  equat ion and 
the m e a s u r e d  flow r a t e  of coolant .  

In i nves t iga t ions  of e v a p o r a t i v e  cool ing  [60-66] ,  on 
the o t h e r  hand, a r e l a t i v e  r educ t i on  in hea t  t r a n s f e r  
was noted with i n c r e a s e  of m a s s  t r a n s f e r .  P a p e r s  
[60, 61] a r e  devoted  to an inves t iga t ion  of e v a p o r a t i v e  
cool ing  hea t  and m a s s  t r a n s f e r  on a porous  copper  
p l a t e  in a p lane  channel  with w a t e r  in jec t ion .  The 

h e a t  t r a n s f e r  coe f f i c i en t  was d e t e r m i n e d  f rom the 
hea t  ba l ance  equat ion.  The da ta  we re  p r o c e s s e d  in 
c r i t e r i a l  f o r m .  Heat  t r a n s f e r  to the wal l  d e c r e a s e d  
with i n c r e a s e d  in t ens i ty  of evapora t i on .  The t e s t s  
w e r e  c a r r i e d  out  with and without  a d e p r e s s e d  evap -  
o r a t i o n  zone .  

E v a p o r a t i o n  of w a t e r  f rom a po rous  c e r a m i c  made  

a c c o r d i n g  to the method d e s c r i b e d  in [62] was in-  
ves t iga t ed  in [63]. Evapo ra t i on  took p l ace  without  
d e p r e s s i o n  into the body of the p la te .  The ve loc i ty  
and t e m p e r a t u r e  f i e lds  w e r e  m e a s u r e d  a t  s e v e r a l  
s ec t i ons  along the su r f ace ,  and i n t e g r a l  c h a r a c t e r i s -  
t ics  computed .  The  hea t  t r a n s f e r  coef f ic ien t  was 
d e t e r m i n e d  f rom the hea t  ba l ance  equation, and 
f r o m  in teg ra t ion  of the ene rgy  r e l a t i on .  The sk in -  
f r i c t i on  coef f ic ien t  at  the wal l  was ca l cu l a t ed  with 
the aid of the solut ion of the i n t e g r a l  momen tum 
r e l a t i o n .  The c a s e  of a longi tudinal  p r e s s u r e  g r a d i e n t  
was a l so  inves t iga ted ,  and the e x p e r i m e n t a l  r e s u l t s  
w e r e  g e n e r a l i z e d  in the fo rm of d i m e n s i o n l e s s  r e -  
l a t i onsh ip s .  The conc lus ions  r eached  in the p a p e r  were :  
with i n c r e a s e  of t r a n s v e r s e  m a s s  flow the r e l a t i v e  
hea t  t r a n s f e r  coef f i c ien t  fa l l s ,  whi le  in the condi t ions  
of the e x p e r i m e n t  the p r e s s u r e  g r a d i e n t  has  l i t t l e  
inf luence  on hea t  and m a s s  t r a n s f e r .  

As was shown in [60-63] ,  the in t roduc t ion  into 
the d i m e n s i o n l e s s  equat ion of the p a r a m e t e r s  Gu, K 
o r  the p a r a m e t e r  b = p o ~ v w / p t u t  makes  s a t i s f a c t o r y  
a l lowance  for  the inf luence  of m a s s  t r a n s f e r  on hea t  
t r a n s f e r .  

In [64, 65] an inves t iga t ion  was made  of s k i n -  
f r ic t ion ,  hea t  t r a n s f e r  and m a s s  t r a n s f e r  in a flow 
of hot a i r  ove r  the f r ee  s u r f a c e  of a highly v i scous  
solut ion of p h e n o l - f o r m a l d e h y d e  r e s i n  in ethyl a l c o -  
hol .  The hea t  t r a n s f e r  and f r i c t i on  coef f i c ien t s  w e r e  
d e t e r m i n e d  f rom the i n t e g r a l  ene rgy  and momentum 
r e l a t i o n s .  The hea t  t r a n s f e r  coef f ic ien t  was  a lso  
d e t e r m i n e d  f rom the hea t  ba lance  equation,  and the 
m a s s  t r a n s f e r  coef f ic ien t  was found. The da ta  w e r e  
p r o c e s s e d  in the fo rm of the r e l a t i ons  St/St0 = f ( b T ) ;  

~ / C f o  = q0(b), and the d i m e n s i o n l e s s  e x p r e s s i o n  fo r  
e di f fus ion Stanton number  was found. 
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Fig.  4. Influence of in jec t ion  of he l ium and F r e o n  12 
on f r ic t ion:  [ B -  ( P w V w / P i U l ) ( 2 / c f o ) ] :  1-4)  {helium)-- 
see  Fig.  1; 5) (hel ium)--[42];  6 -9 )  (F reon  12) - - see  
1 - 4  of Fig.  1; 10} (F reon  12)--[42]; 11) [131; 12) [71; 

13) [7]; 14) [13]; 15) [17]. 

These  r e l a t i o n s  w e r e  used  to so lve  the i n t eg ra l  
m o m e n t u m  and e n e r g y  equat ions  fo r  the bounda ry  
l aye r ,  on whose  so lu t ion  was  based  a p r o p o s e d  method 
of ca l cu la t ing  f r i c t ion ,  hea t  t r a n s f e r ,  and m a s s  t r a n s -  
f e r  fo r  the condi t ions  examined .  M e a s u r e m e n t  of the 
f i e lds  of ve loci ty ,  t e m p e r a t u r e ,  and concen t r a t i on  
of e thyl  a lcohol  vapor  at  s ec t i ons  of the bounda ry  
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layer indicated that these fields are noncongruent. 

Experimental data were presented in [66] on evap- 

orative cooling of a copper plate, using water and 

ethyl alcohol as coolants. The evaporation zone was 
depressed 2-3 mm into the plate. The heat transfer 

coefficient was determined from the heat balance 
and from the integral energy equation. Heat transfer 

decreased as the intensity of evaporation increased. 

The data on cooling with ethyl alcohol were in good 
a g r e e m e n t  with the r e s u l t s  of [64]. 

An a n a l y s i s  was  given in [67] of hea t  and m a s s  
t r a n s f e r  with s u r f a c e  evapo ra t i on .  The conc lus ion  
was  r e a c h e d  that  a p p r e c i a b l e  r educ t ion  of hea t  t r a n s -  
f e r  was  p o s s i b l e  only a t  l a r g e  hea t  loads ,  which do 
not o c c u r  in d r y i n g  p r o c e s s e s .  The au thor  of this  
p a p e r  showed that  the inf luence  of m a s s  t r a n s f e r  on 
hea t  t r a n s f e r  m a y  be neg l ec t ed  in d ry ing .  I t  was 
e s t a b l i s h e d  that  with a d e p r e s s e d  e v a p o r a t i o n  s u r f a c e  
the h e a t  t r a n s f e r  coe f f i c i en t  is  i n c r e a s e d .  I t  was  
shown that  b e c a u s e  of the d y n a m i c s  of the p r o c e s s e s  
of s o r p t i o n  and deso rp t ion ,  i t  was  p o s s i b l e  fo r  d rops  
of l iquid to be c a r r i e d  into the bounda ry  l a y e r  and 
subsequen t ly  e v a p o r a t e d ;  due to p r o c e s s e s  of nuc lea te  
condensa t ion ,  some  of the l iquid d r o p l e t s  m a y  be 
c a r r i e d  away f r o m  the e v a p o r a t i o n  s u r f a c e .  

In the f ina l  eva lua t ion  of e x p e r i m e n t s  on e v a p o r -  
a t ive  cooling,  i t  is  e x t r e m e l y  complex  to account  fo r  
a l l  the noted f a c t o r s ,  and this  m a y  exPlain  the con-  
t r a d i c t o r y  n a t u r e  of the a t t e s t e d  r e s u l t s .  

The conc lus ion  was  r e a c h e d  in [68], b a s e d  on a 
c o m p a r i s o n  of e x p e r i m e n t a l  and t h e o r e t i c a l  da t a  on 
hea t  t r a n s f e r  with in j ec t ion  of coolan t  into a l a m i n a r  
bounda ry  l a y e r ,  that  the s y s t e m a t i c  d i s c r e p a n c y  
be tween  the e x p e r i m e n t a l  and t h e o r e t i c a l  da t a  with 
h e l i u m  in j ec t ion  can only be expla ined  by the inf luence  
of t h e r m a l  d i f fus ion and the Dufour effect .  The p a p e r  
gave  an ana ly t i c a l  me thod  of ca l cu la t ing  the inf luence  
of t h e r m a l  d i f fus ion  and the Dufour  ef fec t  on hea t  
t r a n s f e r .  A f u r t h e r  s tudy of this  ques t ion  was  made  in 
[67-72] ,  in which an a n a l y t i c a l  d e t e r m i n a t i o n  was 
made  of the inf luence  of the above f a c t o r s  on hea t  
t r a n s f e r  and f r i c t i o n  in a l a m i n a r  bounda ry  l a y e r .  I t  
was  e s t a b l i s h e d  that  the Dufour ef fec t  has  a g r e a t  
in f luence  on h e a t  t r a n s f e r ,  whi le  the inf luence  of 
t h e r m a l  d i f fus ion  on f r i c t i o n  is  s m a l l .  The Dufour 
ef fec t  was  m o s t  s i gn i f i c an t  fo r  i n j ec t ion  of l igh t  
g a s e s  (H2; He), i t s  inf luence  be ing  s m a l l  fo r  bIowing 
of heavy  g a s e s .  With i n j ec t ion  of l igh t  g a s e s  the 
Dufour  e f fec t  i n c r e a s e d  the hea t  f lux to the wall ,  
d e c r e a s i n g  i t  with heavy  gas  in jec t ion .  To al low for  
the Dufour  e f fec t ,  i t  was  s u g g e s t e d  that  the d i f f e r -  
enee  (T e - T w) be used  i n s t ead  of (T 1 - Tw) in 
the equat ion fo r  the hea t  t r a n s f e r  coeff ic ient ,  w h e r e  T e 
is  the e q u i l i b r i u m  wal l  t e m p e r a t u r e .  H e r e  the d e -  
pendence  of T e on the i n t ens i t y  of b lowing of the 
va r ious  coo lan t s  is  d e t e r m i n e d  ana ly t i c a l l y .  

An a t t emp t  was made  in [70] to d e t e r m i n e  e x p e r i -  
m e n t a l l y  the dependence  of Te on the b lowing of 
h e l i u m  through the wal l  of a c y l i n d e r  washed  with a 
t r a n s v e r s e  flow of a i r .  The r e s u l t s  ob ta ined  a g r e e  wel l  
with the analytical solution of [68]. 

An inves t i ga t i on  of the inf luence  of the Dufour e f fec t  
on the e q u i l i b r i u m  wal l  t e m p e r a t u r e  fo r  a long i tud in -  
al  t u rbu len t  f low o v e r  a c y l i n d e r  and h e l i u m  in jec t ion  
was p e r f o r m e d  in [73, 74]. It was  shown in [73], that  
the Dufour  ef fec t  m a y  a p p r e c i a b l y  i n c r e a s e  the equ i l -  
i b r i u m  t e m p e r a t u r e  even in tu rbu len t  f low.  At  m o d -  
e r a t e  b lowing in tens i ty ,  the d i s c r e p a n c y  be tween  the 
flow t e m p e r a t u r e  and the ad i aba t i c  wa l l  t e m p e r a t u r e  
r e a c h e d  40 ~ C. In [74] the dependence  of e q u i l i b r i u m  
wa l l  t e m p e r a t u r e  on b lowing i n t e n s i t y  was  obta ined .  
The t e s t  da t a  c o r r e c t e d  to a l low for  this  dependence  
a r e  in good a g r e e m e n t  with the t h e o r e t i c a l  so lu t ion  
(15) (Fig. 4). 

R e s u l t s  a r e  p r e s e n t e d  in  [75~ 76] of an e x p e r i -  
men ta l  d e t e r m i n a t i o n  of the dependence  of equ i l i -  
b r i u m  t e m p e r a t u r e  on the r a t e  of i n j ec t ion  of d i f -  
f e r e n t  g a s e s  (hel ium, argon,  ca rbon  dioxide ,  F r e o n  
12) into a tu rbu len t  bounda ry  l a y e r  of a i r  on a p l a t e .  

I t  is  shown in [71, 72] that  the Dufour ef fec t  a l so  
o c c u r s  in e v a p o r a t i v e  cool ing .  T h e r e  the in jec t ion  
of w a t e r  vapor  into a bounda ry  l a y e r  i n c r e a s e d  the 
e q u i l i b r i u m  t e m p e r a t u r e ,  t t  was  no t iced  that  the 
flow t e m p e r a t u r e  and the Re n u m b e r  inf luenced the 
dependence  of e q u i l i b r i u m  t e m p e r a t u r e  on blowing 
intensity. However, there are no theoretical or 

experimental data to reflect this dependence in tur- 

bulent flows. 
It may be seen from an analysis of [68-76], that 

the Dufour effect, which occurs with injection of 

coolant other than the main stream, has an apprec- 
iable influence on the heat transfer process. The 

relative influence of the diffusion heat flux on the 
total heat flux increases with increase of injected 

coolant. With decrease of conveeted heat flux, the 

relative influence of diffusion heat flux on the total 

heat flux also increases. 
A comparison is given in Fig. 2 of the theoretical 

and experimental data of the various authors on the 
effect of blowing air into the turbulent boundary layer 

of an air stream. It can be seen that the experimental 

data are quite scattered, the data of [40] being the 

lowest. At b > 2 even negative values of the friction 

coefficient are obtained, which is not very probably, 

since cf < 0 indicates reverse flow at the wall. The 

data of [39], obtained at M i = 3.21 and M~ = 4.3, lie 

above the others, indicating that blowing efficiency 

diminishes as M i increases. 
Figure 3 shows the data of various authors on the 

effect of blowing air on the heat transfer coefficient. 

The scatter of the experimental points falls within 

the limits of the possible accuracy of experiment at 

the present time. The data of all the investigators 
indicates that the heat transfer coefficient decreases 

as the intensity of blowing increases. 

A comparison is made in Fig. 4 of the effects of 
injecting helium and Freon 12 on the surface friction 

coefficient. It can be seen that blowing of helium is 

considerably more effective than blowing Freon 12. 

As M i increases (data of [39]), the effectiveness of 

blowing decreases. 
It can be seen from Fig. 5 that helium injection 
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Fig .  5. Influence of in jec t ion  of he l ium,  ca rbon  dioxide,  and 
F r e o n  12 on hea t  t r a n s f e r  [I -= (PwVw/PiUL)(1/Sto)]: 1) (Freon  
12)--[42]; 2) (CO2)--[42]; 3) (hel ium)--[35];  4) (He)--[421; 5) 
(F reon  12)--[7]; 6) (hel ium)--[74];  7) [80]; 8) [7]; 9) [771; 

10) [15]. 

g ives  the g r e a t e s t  d e c r e a s e  in hea t  t r a n s f e r  coef -  
f ic ient ,  but  the da ta  of va r ious  au thors  on the in -  
f luence  of he l i um in jec t ion  show c o n s i d e r a b l e  d i -  
ve rgence .  I t  is  not  p o s s i b l e  to give a c o m p r e h e n s i v e  
explana t ion  of the c a u s e s  of this  d ive rgence ,  s ince  
not  a l l  of the p a p e r s  include a d e s c r i p t i o n  of the 
e x p e r i m e n t a l  p r o c e d u r e  o r  the p r o c e s s i n g  and g e n e r -  
a l i za t ion  of the r e s u l t s .  

F r o m  the a n a l y s i s  p e r f o r m e d  the fol lowing con-  
c lus ions  may  be drawn: 

1. In jec t ion  of coolants  into the boundary  l a y e r  
d e c r e a s e s  f r i c t i o n  and hea t  t r a n s f e r  on the s u r f a c e  
washed  by the gas  s t r e a m ,  and in jec t ion  of g a s e s  
with lower  m o l e c u l a r  weight  and g r e a t e r  hea t  c ap -  
ac i ty  g ives  a g r e a t e r  ef fec t .  I t  may  be cons id e r e d  
that the d i s c r e p a n c y  in the da ta  of the va r ious  au thors  
on the inf luence of blowing on f r i c t i o n  fa l l s  within 
the p r e s e n t  l i m i t s  of e x p e r i m e n t a l  a c c u r a c y .  

2. At l a r g e  blowing p a r a m e t e r s ,  a p r o t e c t i v e  f i lm 
of i n j ec t ed  coolan t  i s  f o r m e d  on the p e r m e a b l e  wall ,  
and f u r t h e r  i n c r e a s e  of the b lowing r a t e  is  inef fec t ive .  
In this  r ange  of flow r a t e s ,  however ,  t he re  a r e  not 
m a n y  e x p e r i m e n t a l  da ta ;  m o r e o v e r ,  the t h e o r e t i c a l  
so lu t ions  do not u sua l l y  extend to this  r eg ion .  

3. A longi tud ina l  p r e s s u r e  grad ien t ,  and a l so  the 
Reynolds  number ,  e x e r t  a notable  inf luence on the 
coolant  flow r a t e  and the wal l  t e m p e r a t u r e .  Under  a 
nega t ive  p r e s s u r e  g r a d i e n t  the in t ens i ty  of hea t  t r a n s -  
f e r  at  the wal l  i n c r e a s e s  by a l m o s t  a f ac to r  of two in 
c o m p a r i s o n  with a f l a t  p l a t e .  The p r e s e n c e  of even a 
s m a l l  pos i t i ve  p r e s s u r e  g r a d i e n t  l eads  to an a p p r e c i a b l e  
reduc t ion  in hea t  f lux in c o m p a r i s o n  with the f l a t  p la te ,  
The s u r f a c e  f r i c t i o n  coef f ic ien t  v a r i e s  s i m i l a r l y ,  the 
only d i f f e r ence  be ing  that i t  is  m o r e  s ens i t i ve  to a 
longi tudinal  p r e s s u r e  g rad ien t  than is the heat  flux. 

4. The influence of in jec t ion  of g a s e s  on the c h a r a c -  
t e r i s t i c s  of the dynamic  boundary  l a y e r  is  s i m i l a r  to 
the inf luence  of a pos i t ive  p r e s s u r e  g rad i en t .  

5. The da ta  of d i f f e ren t  au thors  on the inf luence 
of c o m p r e s s i b i l i t y  on blowing e f f ec t iveness  a r e  con-  

f l i c t ing .  T h e r e  a r e  few r e l i a b l e  da ta  on the inf luence 
of the t e m p e r a t u r e  f ac to r  on f r i c t i on  and hea t  t r a n s f e r  
in blowing.  

6. Since porous  m a t e r i a l s  a r e  u sua l ly  rough, the 
effect  of roughness  on blowing e f f ic iency  should be 
inves t iga ted .  

7~ The re  a r e  few r e l i a b l e  da ta  on the inf luence of 
blowing on the t r a n s i t i on  f r o m  a l a m i n a r  to a tu rbu len t  
boundary  l a y e r .  

8. The e x p e r i m e n t a l  da t a  for  in jec t ion  of l iquids  a r e  
ve ry  confl ict ing,  this  be ing  due to the complex i ty  of 
the hea t  ba lance  in such e x p e r i m e n t s .  

9. The a s sumpt ions  about  s i m i l a r i t y  of t e m p e r a t u r e ,  
veloci ty ,  and concen t ra t ion  f ie lds ,  made  in the t h e o r -  
e t i ca l  so lu t ions ,  a r e  based  on insuf f i c ien t  e x p e r i m e n t a l  
m a t e r i a l .  In addi t ion to da ta  conf i rming  these  a s s u m p -  
t ions [47, 48, 52], t h e r e  a r e  p a p e r s  w h e r e  i t  is  d e m -  
o n s t r a t e d  that  the re  is  no such s i m i l a r i t y  [64, 65]. 

10. F o r  mul t i componen t  boundary  l a y e r s  with 
r e l a t i v e l y  s m a l l  convec t ive  hea t  f luxes ,  neg lec t  of 
the di f fus ion hea t  f lux m a y  lead to l a r g e  e r r o r s .  T h e r e  
have been a l m o s t  no e x p e r i m e n t s  to d e t e r m i n e  these  
hea t  f luxes .  

11. T h e r e  is  a need to g e n e r a l i z e  ex i s t ing  e x p e r i -  
men ta l  da t a  on the inf luence of coolant  t h e r m o p h y s i c a l  
p r o p e r t i e s  on the e f f ec t iveness  of blowing, as  wel l  
as  to accumula t e  e x p e r i m e n t a l  da ta  at  high va lues  of 
the p a r a m e t e r s  M1, Re, T I; PwVw/PtUt �9 

NO TA TION 

x, y - - long i tud ina l  and t r a n s v e r s e  c o o r d i n a t e s ;  
u, v - - longi tudina l  and t r a n s v e r s e  components  of flow 
ve loc i ty ;  t, T - - t e m p e r a t u r e ;  Too = T w / T l - - t e m p e r -  
a t u r e  f a c t o r ;  R - - g a s  cons tan t ;  T- - f r ic t ion  s h e a r  s t r e s s ,  
t ime ;  c f - - d i m e n s i o n l e s s  f r i c t i on  coeff ic ient ;  St--  
Stanton number .  Subsc r ip t s :  1 - - p a r a m e t e r s  at ou t e r  
edge of boundary  l a y e r ;  w - - p a r a m e t e r s  at  wa l l :  0 -  
p a r a m e t e r s  on an i m p e r m e a b l e  p la te ;  a p r i m e - - d e -  
notes  p a r a m e t e r s  of the in jec ted  gas  in the boundary  
l a y e r .  
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