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Fi lm cooling is a method by which a solid surface is protected f rom the influence of a hot gas s t r eam 
in the way that a coolant is locally released f rom the surface.  A cool layer  is in this way maintained for 
some distance downstream of the location of coolant ejection. This cooling method is being used in many 
advanced engineering applications and it has consequently been studied since 1953 at the Hea t -Trans fe r  
Labora tory  of the University of Minnesota. The following discussion will be concerned with the basic phys-  
ical p rocesses  and analytical approaches as they have evolved in the course  of these studies. It will be 
res t r ic ted  to situations in which the coolant as well as the fluid in the main s t r e a m  are gases and where 
the effect of proper ty  variat ions can be neglected. A complete list of papers and theses published by the 
Hea t -Trans fe r  Labora tory  on film cooling is attached. It also contains studies at supersonic velocities 
and for situations in which the coolant is a different gas than the air  in the main s t ream.  

Figure  1 shows various ways in which film cooling is applied. In Fig. la  the surface,  which is to be 
protected against the hot gas flowing over  it, is interrupted by a slot and the coolant gas is ejected through 
the slot in a downstream direction. Figure lb shows a s imi lar  arrangement ,  however, with a so-cal led  
stepdown slot. In Fig. lc the coolant gas is ejected through a porous section in the wall and protects in 
this way the solid portion downstream f rom the porous section. In Fig. ld the coolant gas [s generated 
f rom an ablating mater ia l  and in le  f rom a liquid fi lm so that the generated vapor protects  the downstream 
portion of the wall which is not covered by the liquid film. The ejection in Figs.  la  and b can be through 

*This paper is dedicated to the 60th birthday of Academician Aleksei Vasilievich Luikov who, through many 
years  in the past, has contributed significantly to the advancement of international r e sea rch  in heat and 
mass t ransfer .  The publisher thanks the author for providing the original manuscript .  
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Fig. 1. Various f i lm-cooling 
sys tems.  
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Fig. 2. Heat -source  model. 
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Fig. 3. Ratio of hea t - t r ans fe r  coefficient h 
with fi lm cooling to hea t - t rans fe r  coefficient 
h 0 without film cooling as a function of the di- 
mensionless distance x/s. 1) PsUs/peUe = 0.34; 
..2) 0.48; 3) 0.87. 

slots which are continuous normal  to the flow direction or it can be through a ser ies  of interrupted slots or 
a se r ies  of holes. Similar continuous or  interrupted ejection can be conceived with the ar rangements  p re -  
sented in Figs.  lc  and ld. It has been pointed out that the effect iveness  of film cooling decreases  in down- 
s t r eam direction and in many applications new slots are provided at a cer tain distance f rom the f i rs t  one 
in order  to renew the coolant layer.  

One has, therefore,  to deal with a large var ie ty  in the geometr ic  configurations of film cooling de- 
vices.  In addition, the film cooling process  will depend on the dimensionless pa ramete r s  describing the 
main flow as well as the coolant flow at the point of ejection. In the main flow, the charac te r i s t i cs  of the 
boundary layer  at the point of ejection are especial ly important, described, for instance, by a dimension- 
less expression for  the boundary- layer  thickness and by the state of turbulence within the boundary layer .  
Fi lm cooling is often applied to situations with very  large temperature  differences and the variat ion of 
proper t ies  throughout the flow field participating in the hea t - t r ans fe r  process  can also become an impor-  
tant factor  influencing the effectiveness of film cooling. 

The large number of pa ramete r s  which have, therefore,  to be considered require a very  extensive 
p rog ram if general  quantitative information of the film cooling process  is desired.  As a consequence, the 
effect of various of the pa ramete r s  is today not known accurately.  In the present  discussion, it will be as-  
sumed that the boundary layer  at the point of ejection is a fully-developed turbulent one, that the fluids in- 
volved are gases and, for most  of the discussion, that the temperature  differences are sufficiently small  
so that the thermodynamic and t ranspor t  proper t ies  involved can be considered constant. 

C o n t i n u o u s  E j e c t i o n  

The assumption of constant thermodynamic and t ranspor t  proper t ies  which follows f rom the conditions 
listed above introduces already a simplification, namely that the shape of the temperature  field and the ef- 
fectiveness pa ramete r  which will be introduced later  on are the same whether the ejected fluid is colder or 
hotter than the fluid of the main s t ream.  This fact has been utilized in experiments which are  eas ier  to 
pe r fo rm with a heated "coolant." Starting now from the consideration that the temperature  field in the 
boundary layer  and especially the temperature  of the wall downstream f rom the slot is the main concern,  
one can argue that a simplified analysis can be based on a model which simulates the heat addition mscpt s 
by the ejected s t r eam into the boundary layer  but neglects the influence of mass addition. This means that 
one replaces  the mass ejection through the slot by a line heat source  or sink arranged at the slot location 
[1]. Figure 2 then presents  this model with a turbulent boundary layer  start ing at a distance L upst ream 
of the line heat source whereas x measures  the downstream distance f rom the source.  Figure  2a indicates 
the heat-flux distribution along the surface with a heavy arrow represent ing the heat re lease  by the line 
source and the area  filled out with small  arrows an additional heat re lease  by a heat flux through the wall 
downstream f rom the source.  As long as propert ies  are considered constant, the energy equation of the 
turbulent boundary layer  is l inear.  Therefore  the law of superposition holds and the situation sketched in 
Fig. 2a can be analyzed by superposit ion of the two heat-flux distributions sketched in 2b and 2c. The con-  
nection between heat flux and wall surface temperature  in Fig. 2c is conventionally described by a heat-  
t ransfer  coefficient defined through the equation 

q~ = h (tw - -  t~). (1) 

The temperature  assumed by an adiabatic wall downstream f rom the slot, as indicated in Fig. 2b, may be 
denoted by taw and re fe r red  to as adiabatic wall temperature .  Superposition of cases 2c and 2b with proper  
boundary conditions leads after a simple calculation to the resul t  that the wail t empera ture  at the s imul-  
taneous p re sence  of the line heat source and the distributed heat sources ,  as indicated in 2a, is obtained 
f rom the equation 
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Fig. 4. Symbols for  f i lm-cooling analysis.  
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Fig. 5. Experimental  resul ts  and 
s t ra ight- l ine  corre la t ion  for/~ [9]: 

!) f rom [5]; 2) f rom [28]; 3) f rom 
[3]; 4) f rom [30]; 5) f rom the for -  
mula me/me0 = 1 + 0.15 " 10 -3 (Pc 
�9 usS/pe ) sin ~. 

qw = h (tw - -  t a w), (2) 

in which h is the same hea t - t r ans fe r  coefficient as for the case 2e 
without film cooling, t w is the actual wall temperature ,  and qw 
the actual heat flux in case 2a and taw the adiabatic wa[I t empera -  
ture for case 2b [1]. This holds for any distribution of qw along 
the coordinate x as long as it is the same in Figs.  2a and 2c. The 
validity of the superposit ton law for the actual film cooling process  
has been checked experimentally.  Figure  3 presents  as an example 
the ratio of the hea t - t r ans fe r  coefficient h obtained with film cool-  
ing (corresponding to case 2a) to the hea t - t r ans fe r  coefficient h 0 
without fi lm cooling (corresponding to case 2c) plotted over the 
dimensionless distance x/s downstream f rom the slot for the fi lm 
cooling sys t em of Fig. l a  [3]. The pa ramete r  on the curves is 
the ratio of the density Ps t imes exit velocity u s f rom the slot to 
the external mass velocity peUe in the main s t r eam outside the 
boundary layer.  The experiments were per formed on a flat plate 
with a constant velocity u e and a turbulent boundary layer  ar r iv ing 
at the slot. It can be observed that, s tar t ing with a distance x/s 
= 22, the two hea t - t r ans fe r  coefficients differ by less than 10% 
as long as the rat io PsUs/PeUe is smal le r  than 1. An approxima-  
marion of this o rde r  is often acceptable in engineering ca lcula-  
lations. Additional experiments  confirming the superposit ion rule 
have been reported in the hea t - t r ans fe r  l i te ra ture .  This means 

that fur ther  investigation can now be res t r i c ted  to the situation in which the wall downstream from the slot 
is adiabatic, since information on heat t ransfer  to solid surfaces  with the proper  heat-flux condition (case 
3c) is available. 

For  the adiabatic condition, some fur ther  information can be obtained f rom the heat source  model, 
applying again the law of superposition. A method [22] is available by which wall tempera tures  can be ca l -  
culated for any a rb i t r a ry  prescr ibed  heat-flux distribution. This method was applied upon my suggestion 
by Tribus and Klein to the heat source  model [22] and the following relation was obtained for  a turbulent 
boundary  layer  on a flat plate and for a Prandtl  number of 0.72 

( ~to l~ c,~ ( P~u~x t -~ (3) rh=:5.76Pr2/3Re~ ~ - /  %~-~ ~ - - !  a, 

~? is called f i lm-cooling effectiveness; the slot  Reynolds number Re s is defined as ms/Pc;  the pa rame te r  
a descr ibes  the effect of the boundary layer  development ups t ream f rom the slot. The following relation 
is obtained by the same method 

_ (  L t~176176 " 
a= [ 1 ~x4 L] (4) 

Sufficient experiments,  however, a re  not yet available to judge how well this relation descr ibes  the influence 
of the ups t ream boundary layer  and it will be set  equal to one for the following considerations.  A differen- 
tiation between coolant proper t ies  (Pc, Cpc) and ma in - s t r eam proper t ies  (Pe, Cpe) was achieved through 
the relation descr ibing the heat flux of the line source  in terms of the mass ejection and can be considered 
as tentative only. 
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Fi lm-cool ing  effectiveness for normal  injection 
[9]. Continuous curves  relate  to Eq. (16), a for Re s = 900, 
b for  Re s = 4500; dot-dash curve re la tes  to data of Tribus 
and Klein [22]: 1) Re = 982, PcUc/PeUe = 0.0127, [19]; 2) 
816, 0.0155, [19]; 3)4444, 0.517, [19]; 4)4361, 0.40, [17]. 

Equation (3) when applied to fi lm cooling neglects the effect of mass  ejection. One can therefore  ex- 
pect that it agrees best  with real i ty for vanishing values of the dimensionless pa ramete r  ms/PeUeX. This 
has been verified by the available experiments .  A number of analyses have been published which include 
the effect of mass  ejection in order  to obtain an expression for the f i lm-cooling effectiveness valid at l a rger  
values of this parameter  [24, 25, 26]. I will discuss here the analysts by Goldstetn and Haji-Sheikh [9] 
which leads to a good representat ion of experimental resul ts .  The mass flow m within the boundary layer  
through a plane a - a  in Fig. 4 is composed of ejected fluid m s or  fluid m e entering the boundary layer  f rom 
the main flow according to 

m = m s + m e . (5) 

The following energy balance must be fulfilled for steady state and an adiabatic surface when heat conduc- 
tion through the plane a - a  is neglected 

%ore,  (t~ - -  t~) = % m  (~--- re). (6) 

With the expression 

cpm ~- cpem s + cpetn e (7) 

and a symbol X as a dimensionless pa ramete r  describing the average fluid temperature  [ according to the 
equation 

/--- t e= X(tow - -  te) (8) 

one obtains the following expression for the f i lm-cooling effectiveness 

1/X ~] . . . . .  . ( 9 )  
1 -} Cperne 

cpams 

The pa ramete r  X is now determined through the requirement  that Eq. (3) is an asymptotic expression 
for this equation at vanishing values of the mass flow m s. For  this case Eq. (9) can be simplified to the 
equation 

r l o ~  cpcms �9 (10) 
C pemeo )~ 

The subscr ipt  zero  indicates that this equation holds for vanishing values of the coolant mass  flow m s . The 
symbol me0 denotes then the mass entering the boundary layer  f rom the main s t ream for zero  injection; 
this means, the mass flow entering a turbulent boundary layer  on a solid surface.  Express ions  for  this 
mass  flow can be obtained f rom the l i terature,  for instance f rom Ecker t  and Drake [29], 

m~0 ~ 7 p~Ue6o, ( 1 1) 
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Fig. 7. F i lm-coo l ing  effect iveness  for  tangential  in- 
jection [9]. Curve r e l a t e s  to Eq. (16), the points to 
randomly se lec ted  data f r o m  [30, 31]: 1) S = 0.063 
inches, P e U e / P e U s  = 0.18, Re s = 620; 2) 0.25, 0.26, 
2420; 3)0.063,  0.39, 1380; 4)0.125,  0.39, 2720; 5) 
0.125, 0.58, 3970; 6)0.125,  0.88, 6220. 

t l  e 

~ ,,*r 

with the bounda ry - l aye r  thickness 50 given by the e x p r e s -  
s ion 

8_0 = 0.376 � 9  ( 1 2 )  
x (Rex) ~/5 

Introducing Eqs. (11) and (12) into Eq. (10) resu l t s  in the 
following express ion  for  the f i lm-cool ing  effect iveness  

Fig. 8. Coordinate  s y s t e m  for  point source .  
Cp.. c _ _  (al I 'rio = - ' - ~ R  s' \P~e /  Cpe\  ms ] 

and a c o m p a r i s o n o f  this equationwith Eq. (3) {with a = 1 ) indicates  the following express ion  for the p a r a m e t e r  k 

1 __ 1,9 Pr 2/a. (14) 
s 

It r ema ins  to de te rmine  the ra t io  me/me0 which will be denoted by ft. In [9] the following express ion  

I~= rne = i q-1.5.10 -4 R% rxc since. (15) 
me0 We 

has been obtained f rom the avai lable exper imenta l  information.  In this equation, c~ denotes the angle under 
which the coolant is ejected f r o m  the su r face  as indicated in Fig. 4. F igure  5 shows that this equation r e p -  
r e s en t s  sa t i s fac to r i ly  the avai lable exper imenta l  r e su l t s .  The f i lm-cool ing  ef fec t iveness  is then dese r ibedby :  

1.9 Pr ~/3 
~1 ~- c / u  \0.2 (peuex'~O.a (16) 

1 -t- 0,329 Re7 ~ -pc { re / - -  ! 
cpc \ ~te / k m s / 

Figures  6 and 7 compare  the f i lm effect iveness  obtained by this equation with exper imenta l  values for  no r -  
mal  ejection of the coolant through aporous  s t r ip  and for  tangential  injeetion through a stepdown slot, respec t ive ly .  
S imi la r  ag reement  is obtained with exper iments  by Nishiwaki [27], Wieghardt [28], Har tnet t  et al. [2, 3], and Eeker t  
and Birkebak [4]. It is, up to now, uncer ta in  whether  the influence of va r i ab le  p rope r t i e s  is exp res sed  c o r r e c t l y  in 
Eq. (16) because  information f r o m  exper iments  with la rge  t e m p e r a t u r e  d ifferenc es is not suff icient  to ve r i fy  it. 

I n t e r r u p t e d  E j e c t i o n  

F r o m  a s t r e s s  standpoint,  it is often p r e f e r a b l e  to eject  the coolant through a s e r i e s  of holes or  of 
shor t  s lo ts .  This ejection method is more  difficult to analyze because  the veloci ty and t empe ra tu r e  fields 
involved are  3-dimensional .  It  is a lso found in exper iments  that the ejected coolant s t r e a m  does not a l -  
ways flow along the su r face  but pene t ra tes  s o m e t i m e s  into the boundary l ayer  or  even par t ia l ly  through the 
boundary layer .  The number  of configurat ions with holes or  slot  a r r a n g e m e n t s  is, of course ,  ve ry  la rge  
and this makes  it des i rab le  to genera l ize  exper imenta l  resu l t s  by an analytical  model. The success  of the 
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Fig. 9. Tempera ture  field on surface created by point source .  
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Variation of adiabatic 
wall t empera ture  along normals  
to flow direction for ejection of 
coolant through a c i rcu la r  hole 
with axis normal  to surface [17], 
UeP/V e = 0.9.105 , 6*/D = 0.05, 

M = 0.1: 1) x/D = 1.37; 2) 3.06; 
3) 4.98; 4) 10.07; 5) calculated. 

l ine-source  model as representat ion of continuous ejection suggests  
to use point heat sources  or sinks located proper ly  within the f i lm- 
cooled surface for  the present  situation. 

A simple analytical expression is available which descr ibes  the 
temperature  field created in a semi-infini te  solid by a heat source 
moving along the surface in a s t ra ight  line with a velocity u e [29]. 
The following equation descr ibes  the temperature difference 0 = t 
- re, with t denoting the local temperature  in the solid. 

O ( x , y , z ) :  q exp [ - - U e ( r - - x ) ] .  (17) 
2~pc~zr  L 2cz j 

The coordinate sys tem used for the point source model is indicated in 
Fig. 8. The symbol r = 4x 2 + y2 + z 2 denotes the distance between 
the location in the solid with the temperature  t and the heat source,  
the symbol e~ denotes the thermal  dtffusivity. The temperature  field 
on the surface of the solid in a coordinate sys tem which moves with 
the heat source  is presented in Fig. 9. 

Equation (17) can also be used to descr ibe  the temperature  field 
in a fluid moving with uniform velocity and homogeneous turbulence 
along a surface when a point source is located in the surface.  The 
thermal  diffusivity c~ has in this case to be replaced by the turbulent 
diffusivity e. The Eq. (17) can, in addition, be simplified when the 
dimension x is large compared to y and z. With these changes, the 
temperature  field is descr ibed by the equation 

(x, 0, o) 

The turbulent Peclet  number, Pet, stands in this equation for the expression UeX/e. 

The excess t empera tu re  on the plate surface along a line in downstream direction s tar t ing at the heat 

source is given by the following equation 

0 (x, O, O) -- q (19) 

In applying the point hea t -source  model to fi lm cooling, the heat flux q issuing f rom the point source has to 
be obtained f rom the relation 

q = p cpm h (t c - -  te). (20) 

Equation (18) gives an expression for  the local f i lm-cooling effectiveness when the coordinate y is 
set equal to zero.  Figure 10 compares  this pa ramete r  calculated using Eq. (18) with resul ts  of measu re -  
ments which are  described in detail in [16]. In the experiments,  a i r  was discharged through a cylindrical  
hole of diameter  2.35 cm with its axis normal  to the surface into an air s t r eam which moved with a velocity 
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Fig. 11. Variation of adiabatic wall temperature along 
lines in downstream direction through center of circular 
hole  wi th  axis  n o r m a l  to s u r f a c e  [17], UeD/V e = 0 .9 .105 ,  

6 * / D  = 0.05:  1) M = 0.1; 2) 0.2; 3) 0.5; 4) 0.75; c u r v e s  
a r e  the  c a l c u l a t e d  v a l u e s  fo r  the r e s p e c t i v e  v a l u e s  of M. 
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Fig .  12. T h e r m a l  d i f f u s i v i t i e s  
f o r  j e t  m ix ing  [17], u e = 60.7 m 
/s ,  D = 2.35 cm,  5 * / D  = 0.05. 
S ingle  hole wi th  ax i s  n o r m a l  to 
s u r f a c e :  1) d t f fus tv i ty  b a s e d  on 
l a t e r a l  s p r e a d i n g ;  2) the s a m e  
on ax i a l  s p r e a d i n g ;  3) c a l c u l a t e d  
v a l u e  (see  text) .  

of 60.7 m / s e c  o v e r  a f l a t  p l a t e  c r e a t i n g  a t u rbu len t  b o u n d a r y  l a y e r  which  at  the l oca t i on  of the i n j ec t ion  hole 
had a d i s p l a c e m e n t  t h i c k n e s s  equal  to 0.05 t i m e s  the d i a m e t e r  of the in jec t ion  hole .  The R e y n o l d s  n u m b e r  
b a s e d  on the hole  d i a m e t e r  was  0 .9-  105. F i g u r e  10 p r e s e n t s  the t e m p e r a t u r e ,  m e a s u r e d  at the a d i a b a t i c  
wa l l  on a l ine  n o r m a l  to the f low d i r e c t i o n ,  n o r m a l i z e d  by  the t e m p e r a t u r e  at the s a m e  d o w n s t r e a m  d i s -  
t ance  x m e a s u r e d  on a l ine  in d o w n s t r e a m  d i r e c t i o n  f r o m  the c e n t e r  of the in j ec t ion  hole .  The c o o r d i n a t e  
z is n o r m a l i z e d  by  the d i s t a n c e  zl/2 at which the t e m p e r a t u r e  is  0.5 t i m e s  the m a x i m u m  t e m p e r a t u r e  at 
the s a m e  d o w n s t r e a m  d i s t a n c e  x. The  d a t a h a v e b e e n o b t a i n e d  at  a m a s s  v e l o c i t y  o r  b lowing  r a t i o  

M ~- p~u~ _--__ 0,1. 
~Oette 

It can  be  o b s e r v e d  that  in th is  p r e s e n t a t i o n  the  t e m p e r a t u r e  p r o f i l e s  m e a s u r e d  at  v a r i o u s  l o c a t i o n s  x / D  c o r -  
r e l a t e  on a s ing le  c u r v e  as  r e q u i r e d  by  Eq. (18) and that  they a g r e e  f a i r l y  we l l  with the c u r v e  r e p r e s e n t i n g  
Eq. (18). E x c e s s  t e m p e r a t u r e s  m e a s u r e d  in the ad i aba t i c  wa l l  s u r f a c e  a long a l ine  d i r e c t e d  d o w n s t r e a m  
f r o m  the c e n t e r  of the in j ec t ion  hole  a r e  p lo t t ed  in F ig .  11. The e x c e s s  t e m p e r a t u r e s  have  been  n o r m a l i z e d  
b y  the e x c e s s  t e m p e r a t u r e  O c = t c - t e.  The m e a s u r e d  po in t s  can be  c o m p a r e d  with  the c u r v e s  c a l c u l a t e d  
wi th  Eq. (19). The t u r b u l e n t  d t f fus iv i ty ,  e, r e q u i r e d  fo r  th is  c a l c u l a t i o n  has  been  ob ta ined  by  a m a t c h  of 
the c a l c u l a t e d  v a l u e s  wi th  the e x p e r i m e n t a l  ones  at x / D  = 3. The  a n a l y t i c a l  v a l u e s  a g r e e  again  r e a s o n a b l y  
we l l  with the e x p e r i m e n t a l  ones .  The fac t  that  at  l a r g e r  va lue s  of x / D  the e x p e r i m e n t a l  v a l u e s  a r e  s o m e -  
wha t  h i g h e r  m a y  b e  a t t r i b u t e d  to a p r o b a b l e  d e c r e a s e  of the t u r b u l e n t  d i f f u s i v i t y  wi th  i n c r e a s i n g  d i s t a n c e  
f r o m  the in jec t ion  hole .  F i g u r e  12 p r e s e n t s  as t r i a n g l e s  the d i f f u s i v i t y  v a l u e s  ob ta ined  f r o m  the m a t c h i n g  
p r o c e s s  at  x / D  = 3. T u r b u l e n t  d i f f u s i v i t y  v a l u e s  m a y  a l so  be  ob ta ined  f r o m  the l a t e r a l  s p r e a d i n g  of the 
wa l l  s u r f a c e  t e m p e r a t u r e .  The  r e s u l t s  a r e  i n s e r t e d  in F ig .  12 as  the round  s y m b o l s ,  It is i n t e r e s t i n g  to 
note that  the d i f fu s tv t t i e s  d e t e r m i n e d  in both ways  do not  a g r e e  fo r  M v a l u e s  of 0.5 and 0.75. Th i s  i nd i ca t e s  
tha t  the h e a t - s o u r c e  a n a l y s i s  b r e a k s  down beyond  a c e r t a i n  v a l u e  of M, p r o b a b l y  b e c a u s e  the coo lan t  j e t  has  
s e p a r a t e d  f r o m  the s u r f a c e .  F o r  the s a m e  r e a s o n  the e f f e c t i v e n e s s  p a r a m e t e r  which  at f i r s t  i n c r e a s e s  wi th  
i n c r e a s i n g  M, d e c r e a s e s  aga in  beyond  M = 0.5 as can  be o b s e r v e d  in F ig .  11. V i sua l  o b s e r v a t i o n  as  wel l  
as  m e a s u r e d  v e l o c i t y  f i e lds  in the a i r  s t r e a m  ind i ca t ed  as  we l l  that  the coo l ing  a i r  j e t  l i f t s  off the wa l l  
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Fig :  13. Flow v i sua l i za t ion  of  jet  e j ec ted  f r o m  
c i r c u l a r  hole  with axis  n o r m a l  to su r f ace  m i x -  
ing with main  flow: a) exposure  t ime 1 /1000 
sec;  b) 1 /8  sec .  M = 9.9. 
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Fig .  14. F i l m - c o o l i n g  e f fec t iveness  of je ts  e jec ted  f r o m  
single  hole o r  t r a n s v e r s e  row of holes with axis under  35 ~ 
toward  waU s u r f ace  [21] as r e l a t ed  to x /D  (a) and M (b) 
(ueD/V e = 0 .22.  105; 5*/D = 0.124): a) 1) z / D  = 0; 2) 1.5; 
b) z / D  = 0: 1) x /D  = 5.19; 2) 11.11; 3) 31.47; 4) 80.67. 
Empty  symbols  s tand fo r  s ingle  holes ,  sol id symbols  s tand 
fo r  rows  of holes of 3D spacing.  

s u r f a c e  when a ce r t a in  value of M is exceeded.  It appea r s  f r o m  avai lable  expe r imen ta l  r e su l t s  that the 
l i f t -off  o c c u r s  around a value M --- 0.5. 

The turbulent  dif fustvi ty  va lues  at M = 0.1 and 0.2 at which Lift-off has  not ye t  o c c u r r e d  can be c o m -  
p a r e d  with turbulent  di f fusivi t ies  r epor t ed  in the l i t e r a tu re  for  c i r c u l a r  or  2 -d imens iona l  je ts .  Values  of 
150 cm2/sec and of 220 cm2/sec  r e s p e c t i v e l y  a r e  r epo r t ed  fo r  c o m p a r a b l e  condi t ions .  The turbulent  d i f -  
fusLvity in a n o r m a l  turbulent  boundary  Layer on a sol id f lat  plate  at the c o r r e s p o n d i n g  Reynolds  n u m b e r  can 
be  ca lcu la ted  to have the value 26 cm2/sec .  The va lues  p r e sen t ed  in Fig.  12 at M = 0.1 and 0.2 ag ree  quite 
well  with the ones for  je ts  and ex t rapola t ion  to M = 0 Leads to a value  which again a g r e e s  with the one fo r  
the turbulent  boundary  layer .  
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An interest ing insight into the mixing process  of the coolant jet with the main flow has been obtained 
by flow visualization. Figure 13 presents  two photographs of the coolant jet for the lift-off condition: one 
photo obtained with an exposure time of 1/8 of a second and the other one with 1/1000 of a second. It may 
be observed that the impress ion of the jet mixing obtained with a longer exposure time, or  for that mat ter  
with instruments which average over a longer time period, can be quite misleading. The shor t - t ime photo, 
on the other hand, crea tes  a c lear  impression of the strong, l a rge-sca le  turbulence in this mixing process .  

The preceding discussion has shown that a point -source  model can be used to obtain f i lm-cool ing ef- 
fectiveness values in reasonable agreement  with experimental  ones for small  ejection rates M. Within this 
range of applicability, the model has considerable advantages because many different f i lm-cooling a r r ange -  
ments can be analyzed simply by superposit ion of the temperature  field as created by a single point source .  
The tempera ture  fields generated by a t r ansverse  row, or  even by severa l  rows, of holes as well as by in- 
terrupted slots can be obtained in this way. Some experimental  resul ts  reported in [18] will be used to 
check on the applicability of this method. The experiments were performed with heated air  ejected through 
a cyl indrical  hole inclined in downstream direction under an angle of 35 ~ against the surface  of a flat plate 
and through a row of holes inclined under the same angle and arranged in a row normal  to the main-flow 
direction with a spacing of three hole d i a m e t e r s .  Fi lm-cool ing effectiveness values measured for two lo- 
cations z /D are plotted in Fig. 14a for two values of the ejection pa ramete r  M. The superpostt ion rule r e -  
quires that the V values measured at z /D --- 0 are  almost  equal for  the single hole and for the row of holes. 
This is quite well verified in Fig. 14a. At z /D = 1.5, the effectiveness values should be twice as large for 
the row of holes as for  the single hole, according to the superposit ion rule. This is in approximate agree-  
ment with the experimental  values for  M = 1. However, it is not the case for M = 0.5. No explanation can 
be offered for this behavior  at the present  time and no experiments are  present ly  available for M values 
sma l l e r  than 0.5 for which one would expect the superposit ion rule to hold. Figure 14bpresents  the f i lm- 
cooling effectiveness as a function of the blowing rate M with x,/D as parameter .  One observes  that the 
f i lm-cooling effectiveness for the single hole as well as for the row of holes increases  at f i rs t  with in- 
c reas ing  M and decreases  again for M values beyond 0.5. This again indicates the lift-off of the coolant 
jets occur r ing  at l a rge r  blowing rates .  
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N O T A T I O N  

Ls the specific heat at constant pressure; 
Ls the diameter of ejection hole; 
ts the film heat-transfer coefficient; 
ts the starting length of boundary layer; 
ts the mass flow (for the slot per unit length); 
ts the blowing rate; 
ts the turbulent Peclet  number; 
is the Prandtl  number; 
Ls the heat flux; 
ts the radial distance; 
~s the slot Reynolds number; 
ts the m a in - s t r e am Reynolds number; 
ts the slot width; 
ts the temperature;  
Ls the velocity; 
are  the coordinates;  
ts the ejection angle, thermal  diffusivity; 
Ls the boundary- layer  thickness; 
ts the displacement  thickness; 
Ls the turbulent diffusivtty; 
Ls the film-cooling effectiveness; 
Ls the excess temperature; 
ts the temperature parameter (Eq. 8); 
ts the viscosity; 
[s the kinematic viscosity;  
Ls the density. 
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S u b s c r i p t s  

aw denotes the adiabatic wall; 
c denotes the coolant; 
e denotes the external; 
h denotes the hole; 
0 denotes at vanishing mass ejection; 
s denotes the slot; 
w denotes at wall surface. 
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