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An analys is  is made of the r e su l t s  obtained in an exper imenta l  study of heat t r a n s f e r  in 
both the main  and the t rans i t ion  s tage of f i lm cooling a plate. 

F i lm  cooling is lately used m o r e  often in var ious  b ranches  of indus t ry  as a pro tec t ion  of appara tus  
components  exposed to high t e m p e r a t u r e s .  

It is to be noted that numerous  s tudies ,  e.g.,  [1-3] have been made to de te rmine  the ef f ic iency of 
f i lm cooling when the cooling medium is injected through an or i f ice  para l le l  to the pro tec ted  sur face .  At 
the s a m e  t ime,  only a few studies [4-6] r ea l ly  have been concerned with the heat t r a n s f e r  during f i lm cool -  
ing. The data shown in ~hese r e f e r e n c e s  indicate that it may be poss ib le  to calcula te  the h e a t - t r a n s f e r  
coeff icient  during f i lm cooling at a f a r  dis tance f r o m  the point of coolant inject ion ( x / s  > 70), using the 
re la t ions  based on an analysis  of the heat  t r a n s f e r  during the flow of a turbulent  s t r e a m  over  a plate. In 
this case  the h e a t - t r a n s f e r  coeff icient  is calculated f r o m  the di f ference between the actual wail  t e m p e r a -  
ture and the equi l ibr ium t e m p e r a t u r e ,  the la t ter  being equal to the wall t e m p e r a t u r e  under adiabatic  con-  
dit ions.  We will show that for  par t s  of the sur face  fa r  r emoved  f r o m  the point of inject ion one m a y  use  
the da ta  in [7-10], which per ta in  to the heat  t r an s f e r  at su r f aces  located behind an in te rposed  h e a t - e x -  
changer  sec t ion  or behind a porous par t i t ion through which the coolant is passed.  It is not c o r r e c t  to use  
the r e su l t s  of these  s tudies  for  both the initial  and the t rans i t ion  s tage of the f i lm cooling p rocess ,  be -  
cause  the flow pat te rns  in these  regions  a re  v e r y  different  then. During the t rans i t ion  s tage of f i lm cool -  
ing there  occurs  a gradual  modif icat ion of the ve loc i ty  profi le  f r o m  one which is c h a r a c t e r i s t i c  of a jet 
along the wall  and thus pecul iar  to the initial  s tage to one which co r r e sponds  to a r egu la r  turbulent  bound- 
a ry  layer  in the main  stage.  With an interposed heat  exchanger  , the ve loc i ty  profi le a c r o s s  the en t i re  
protected su r face  is that of a r egu la r  turbulent boundary layer .  An inject ion of coolant  through a porous 
par t i t ion at low ve loc i t ies  also produces  some  dis tor t ion of the r egu la r  ve loc i ty  profi le .  La rge  quanti t ies  
of a i r  injected through the porous par t i t ion squeeze  out the boundary layer  completely ,  which is also v e r y  
much unlike the flow pat te rns  in both the init ial  and the t rans i t ion  s tage of f i lm cooling [10]. It  is to be 
noted that in this case ,  too, a calculat ion of the h e a t - t r a n s f e r  coeff icients  f r o m  the re la t ions  of flow over  
a f lat  plate is hard ly  reasonab le  if applied to su r face  a r ea s  immed ia t e ly  behind the porous  part i t ion.  

The purpose  of the study presented  here  was to obtain genera l iz ing  re la t ions  for  the heat  t r a n s f e r  
in both the ma in  and the t rans i t ion  s tage under z e r o - g r a d i e n t  conditions in both the main  and the injected 
s t r e a m .  

These problems were studied on a test stand consisting of an aerodynamic open channel with an air 
conditioning system (a receiver, a honeycomb moderator, and a mixer), the active segment equipped with 
measuring instruments, and electric heaters with a semiautomatic system for stabilizing the temperatures 
of both the main and the injected stream. The active segment was rectangular incross section, 150 • 120 
mm 2. The preheated air was injected through a special orifice panel made of asbestos cement. The ori- 
fice height was 3 ram. The orifice distributor cap was made of Textolite 1 mm thick and tapered to 0.i 
m m  at the end. In front  of the or i f ice  panel,  at a 0.05 m dis tance,  Was placed a suct ion chamber  to take 
in the boundary layer .  Behind the or i f ice  panel was placed a 0.61 m long measur ing  m e m b r a n e  made of 
asbes tos  cement .  The tes t s  were  pe r fo rmed  with hot a i r  injected into a cold main  s t r e a m ,  which is  
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Fig. 1. Heat transfer in the main stage: I) according to (2); II) 
according to Eq. (3); III) according to Eq. (4). Legend is given in 
Table 1. 

permiss ib le  because of the f i lm heating and the film cooling curves  being identical when the tempera ture  
difference between both s t r eams  is small .  

Data on the heat t r ans fe r  du~ng fi lm cooling were  obtained by the e lect r ical  ca lor imeter  method, 
which essent ia l ly  reduces  to a compar ison between the quantity of heat generated by conversion of e lect r ical  
energy to thermal  energy  on the heater  plates and the quantity of heat t ransmit ted convectively to the 
s t r eam under study plus the quantity of heat leaked conductively through the insulation. As heaters  for 
this study were used three s t r ips  of s tainless  steel 1.8 cm wide and 0.1 mm thick, two of which served for 
compensat ion and for  reducing the la teral  heat leakage to zero. In order  to prevent tempera ture  d i s to r -  
tions in the heaters  due to the heat conducted away to the heat sinks, the heater plates were made longer 
than the tes t  plate. The  heater  plates were  bonded to the Lest plate with a special adhesive. The heaters  
were  energized f rom the 220 V ac line through a voltage s tabi l izer  and a stepdown power t r ans fo rmer  for 
supplying 40-50 A at 12 V. For  a smooth regulation of the heater  power,  a voltage regulator  was con-  
nected in se r ies  with the p r i m a r y  winding of the t r ans fo rmer .  The tempera ture  of the heater  plates was 
recorded  by means of C h r o m e l - C o p e l  thermocouples  and electrodes  0.2 mm in diameter  welded with a 
capaci tor  welder to the heater plates on the inactive side behind the bonded area. Operating on alternating 
cur ren t  was proper ,  because the thermocouple emfs were measured  by the potentiometer with a model R-  
330 instrument.  The circuit  for measur ing  the power supplied to the heaters  was made up of an ins t rument-  
type current  t r ans fo rmer ,  a c lass  0.2 ammeter ,  and a class  0.5 vol tmeter .  In order  to account for pos-  
sible nonuniformity of the current  density, a special  c i rcui t  was set up along the heaters  consisting of 
switches,  a vol tmeter ,  and Copel thermoelec t rodes  with which the voltage drop across  heater  segments  be-  
tween neighboring thermocouples  could be measured.  

The test  procedure  for determining local values of hea t - t r ans fe r  coefficients was as follows. After 
the beginning of s teady state on the test plate under cer ta in  operating conditions had been noted on the basis 
of thermocouple readings,  the plate t empera ture  was measured  at 40 points. The heaters  were  turned off 
for this part  of the exper iment  and thus almost  adiabatic conditions were created at the test  plate surface 
(the heat dissipation f rom the surface  of the entire test  plate through the insulation was not more  than 3% 
of the excess  heat content in the injected s t ream).  The resul ts  of these measurements  were used for de te r -  
mining the equil ibrium tempera ture  and for the subsequent calculation of oz. Then, without changing the 
apparatus operating mode, the heaters  were turned on and, after a new steady state had been reached, the 
t empera tu res  of the Lest plate were recorded  again. In addition, the tempera ture  was also measured  at 
check points underneath the plate, and thus the downward heal leakage f rom the heaters  through the insula-  
tion could be calculated. Along with the other apparatus operating pa ramete r s  Were also measured  both 
the veloci ty and the tempera ture  profile in the exit sect ion of the orif ice and above it. The formula  for 
calculating the hea t - t r ans fe r  coefficients on the basis of this test  procedure  was 
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Fig .  2. Hea t  t r a n s f e r  in  the t r a n s i t i o n  s t age :  I) a c c o r d i n g  to Eq.  
(7). (Legend i s  g iven  in  T a b l e  1.) 

1 ( I U  T n - - T i )  (1) 
T~--Taw -F-- - -  %i ,h i " 

The maximum relative error here is 12-15%. 

The validity of this procedure for determining the local heat-transfer coefficients was confirmed by 
a series of control tests from which data were obtained on the heat transfer at a fiat plate with a turbulent 

boundary layer and without coolant injection. A comparison of these test results with values calculated by 

the well-known formula [ii] 

08 043 Nux = 0.0296 Rex" Pr ' , (2) 

has  shown tha t  the  m a x i m u m  d i f f e r e n c e  b e t w e e n  t h e m  is  12%, the  t e s t  v a l u e s  be ing  g e n e r a l l y  s o m e w h a t  
h i g h e r  than  the  c a l c u l a t e d  ones .  

A long  s e r i e s  of t e s t s  was  then  p e r f o r m e d  to d e t e r m i n e  Ioca l  h e a t - t r a n s f e r  c o e f f i c i e n t s  in  both  the  
m a i n  and the t r a n s i t i o n  s t a g e  of  f i l m  cool ing ,  wi th  the  b a s i c  p a r a m e t e r s  v a r i e d  as  f o l l o w s :  Re  S f r o m  5000 
to 45,000,  m f r o m  0.2 to 1.06, and 0 f r o m  1.0 to 1.2. 

The d a t a  f o r  the m a i n  s t a g e  have b e e n  e v a l u a t e d  in  c r i t i c a l  t e r m s ,  n a m e l y  in t e r m s  of the l o c a l  Nu S 
n u m b e r  as  a func t ion  of the Re x n u m b e r .  The  wa l l  t e m p e r a t u r e  unde r  a d i a b a t i c  cond i t i ons  s e r v e d  as  the 
r e f e r e n c e  t e m p e r a t u r e  h e r e .  The  t e s t  r e s u l t s  have been  p lo t ted  in  th is  f o r m  in F ig .  1, w h e r e  the  d a s h e d  
- d o t t e d  c u r v e  r e p r e s e n t s  r e l a t i o n  (2) and the d a s h e d  c u r v e  r e p r e s e n t s  the  t h e o r e t i c a l  r e l a t i o n  a c c o r d i n g  to 
[11] wi th  P r  = 1: 

Nux = 0.0296 Re ~ (3) 

The solid curve generalizes the experimental data with a 10% dispersion; its analytical equation is 

Nu~ = 0.028 R d  '8. (4) 

Relation (4) applies within the following variation limits for the basic parameters characterizing the main 
stage of film cooling: Re s from 5000 to 45,000, m from 0.2 to 1.06, 0 from 1.0 to 1.2, and Re x from 
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T A B L E  1. B a s i c  P a r a m e t e r s  of the Studied Modes  

Legend I 
numbers Re~- 10 -4 Rex.lO-5 

I 
2 
3 
4 
5 
6 
7 
8 
9 

10 
I1 
12 
13 
14 
15 
16 
17 
18 
19 
2O 
21 
22 
23 
24 
25 
26 
27 
28 
29 
3O 
31 
32 
33 
34 
35 
36 
37 
38 
39 

0,881 
0,768 
0,430 
0,192 
0,266 
0,530 
0,760 
0,917 
0,892 
0,725 
0,600 
0,386 
0,862 
0,512 
0,944 
0,435 
1,067 
1,053 
0,572 
0,204 
0,968 
1,040 
0,988 
0,2100 
0,881 
0,714 
0,492 
0,904 
0,740 
0,518 
0,289 
0,920 
0,740 
0,210 
0,837 
0,825 
0,816 
0,834 
0,845 

2,36 
2,30 
2,32 
2,28 
4,00 
3,98 
3,98 
3,98 
1,15 
1,17 
1,16 
1,16 
4,47 
4,47 
0,52 
1,42 
1,38 
2,81 
2,81 
2,81 
4,20 
2,29 
1,19 
3,95 
3,95 
4,01 
4,01 
2,30 
2,30 
2,30 
2,30 
l , l l  
l,lO 
1,12 
2,86 
2,35 
1,65 
2,63 
2,03 

1,008 
1,01 
1,018 
1,018 
1,005 
1,003 
1,000 
1,000 
I, 005 
1,004 
1,005 
1,005 
1,002 
1,004 
1,038 
1,028 
1,008 
0,988 
0,988 
1,007 
1,000 
1,003 
1,003 
1,095 
1,124 
1,125 
1,115 
1,149 
I,I19 
I,I12 
I,I03 
. l , l lo 
t,089 
1,093 
1,177 
1,170 
1,I65 
1,105 
1,105 

22,6--42,8 
19,3--43,0 
10,3--43,4 
3,89--42,8 
t0,7--74,9 
25,5--74,0 
33,3~74,3 
46,9--74,3 
9,65~21,5 
8,12~21,8 
5,78--21,8 
3,49--21,6 
50,5--83,2 
28,7--83,2 
4,11--9,70 
5,29--26,8 
14,2--25,7 
34,5--52,3 
18,0~52,3 
4,76~52,3 
53,3--78,0 
27, O--42,8 
1 l, 6~22,1 
10,3--72,0 
47,6--69,7 
35,8--68,0 
24,7~71,5 
24,8--39,2 
18,6--39,2 
13,8--40,0 
6,53--40,4 
10,4--19,3 
6,72--19,4 
3,10~19,8 
26,0--46,8 

�9 22,4--38,6 
15,2--27,9 
26,2--45,3 
19,6--35,3 

Rexs. lO'a 

2.68--13,8 
1,83--13,9 
0,75~4,16 
0,31--0,61 
0,76--2,20 
1,50--9,40 
3, 15--23,8 
5,00--41,0 
1,07--8,08 
0,76--5,46 
0,47--2,93 
0,32--1,20 
5,36--41,8 
1,66--10,3 
0,44--3,50 
0,45--2,30 
1,91--14,2 
5,00--36,2 
1,15--7,55 
0,42--0,811 
7,08--51,2 
3,30--27,0 
1,62--10,9 
0,48--1,49 
4,53---45,8 
3,43--27,4 
l, 29--9,70 
2,68--23,9 
1,68--14,2 
0,78--5,31 
0,44--1,78 
1.34--9,70 
0,49--3,55 
0,20--0, 77 
3,00--23,5 
2,42~20,0 
1,67--13,2 
2,74--22,4 
2,15--16,9 

310,000 to 8 ,320,000.  A c o m p a r i s o n  b e t w e e n  the c u r v e s  in  F ig .  I po in t s  c l e a r l y  to a c l o s e  a g r e e m e n t  b e -  
t w e e n  the r e s u l t s  of th i s  s tudy  and the  d a t a  in  [4-10] ,  w h e r e  i t  has  b e e n  s u g g e s t e d  tha t  the hea t  t r a n s f e r  in  
the  m a i n  s t a g e  be  c a l c u l a t e d  by  the f o r m u l a s  for  a p la te  wi th  a t u r b u l e n t  b o u n d a r y  l a y e r .  

The d a t a  fo r  the  t r a n s i t i o n  s t a g e  have  b e e n  e v a l u a t e d  in  t e r m s  of the l o c a l  Nu x n u m b e r  as  a func t ion  
of the  Rex ,  S n u m b e r ,  t h i s  r e l a t i o n  hav ing  been  c a l c u l a t e d  f r o m  the i n j e c t e d  s t r e a m  v e l o c i t y  at  the r e f -  
e r e n c e  t e m p e r a t u r e  (the wa l l  t e m p e r a t u r e  unde r  a d i a b a t i c  cond i t ions ) ,  and t h e i r  a n a l y s i s  h a s  shown that  
the  r a t e  of hea t  t r a n s f e r  s t i l l  d e p e n d s  on the i n j e c t i o n  f a c t o r  m.  The t r e n d  of the Nu x = fORex, S) c u r v e s  
p lo t t ed  in  l o g a r i t h m i c  c o o r d i n a t e s  i n d i c a t e s  tha t  Nu x m u s t  be the  fo l lowing  func t ion  of the d i m e n s i o n l e s s  
p a r a m e t e r s  m and Rex ,  s :  

Nux = c  1 ~ s  , wher~ c = f ("0; n = ~ (•) 

A f u r t h e r  e v a l u a t i o n  y i e l d e d  an a n a l y t i c a l  f o r m  f o r  e = f(m) and n = f (m).  
w r i t t e n  as  f o l l o w s :  

--0.55 
c = 0.25 m ~ n =  0.66m , 

so  tha t ,  f i na l l y ,  
b e c o m e s  

(5) 

The r e s u l t i n g  e x p r e s s i o n s  can  be 

(6) 

the  f o r m u l a  fo r  c a l c u l a t i n g  the  r a t e  of hea t  t r a n s f e r  in  the t r a n s i t i o n  s t a g e  of f i l m  cool ing  

~ 6 .15~  0,66rn - 0 ' 5 5  (7)  
Nux ~ u.zorn Kex, s �9 

In F ig .  2 a r e  shown t e s t  d a t a  which  have  been  ob ta ined  f o r  the t r a n s i t i o n  s t a g e ,  wi th  the b a s i c  p a r a m e t e r s  
v a r i e d  as  fo l lows :  Re S f r o m  5000 to 45,000,  m f r o m  0.2 to 1.06, 0 f r o m  1.0 to 1.2, and Rex,  S f r o m  20,000 
to 5,000,000.  I t  i s  ev iden t  h e r e  tha t  f o r m u l a  (7) ob ta ined  f r o m  t h e s e  t e s t s  and shown in F ig .  2 in  l o g a r i t h m i c  
c o o r d i n a t e s  

I 

Nu~ 
0.25:~ 6~ ]o = N; R%,s, 

66m 0 555 
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Fig. 3. Comparison of data on heat 
t r ans fe r  in the t ransi t ion stage: 1) 
according to relat ion (9) obtained in 
this study for m = 0.2; 2) 0.5; 3) and 
1.0; 4) according to the data in [4- 
10]. 

genera l izes  the test  data with a maximum dispers ion of 15-18%. In Fig. 3 we compare  relat ion (7), which 
has been obtained in this study, with those suggested in [4-10] for calculating the hea t - t r ans fe r  coefficients.  
For  this purpose,  with the aid of the relat ion 

R%, s = rn Re~ (8) 

express ion  (7) was t rans formed  into 

Nu~ = 0.25 m 6' ~+~176176176 

I t  is c lear ly  evident here  that in the transi t ion stage of f i lm cooling the hea t - t r ans fe r  coefficients may, 
depending on the injection factor  m, be l a rger  or smal le r  than calculated for  a flat plate. 

We note that the boundaries between the main stage and the t ransi t ion stage should be defined by the 
values of the pa ramete r  A = At.SRew176 for example, in [3] - these values defining the 
boundaries of both s tages as far  as the efficiency of film cooling is concerned,  with 1 _< A _< 11 for the 
t ransi t ion stage and A > 11 for the main stage. 

We note, in conclusion, that relat ions (4) and (7) obtained as a resul t  of this study, as well as the 
resul ts  in [3], make it possible to calculate the values of hea t - t r ans fe r  coefficients in both the main and 
the t ransi t ion stage, with the basic  pa ramete r s  varying as follows: 

Re s = (0,5--4.5).105; m=0.2--1.06; 0 = 1.0--1,2. 

(9) 

U 

P 
T 
S 
X 

m = PsUs/PoUo 
o = TS/To 
Re S = PoUoS/go 

Re x = PawUoX//~aw 

Rex, S = PawUSX/~aw 

X 

N O T A T I O N  

is the velocity,  m / s e e ;  
is the density, kg/m3; 
is the temperature ,  ~ 
is the orifice height, m; 
is the distance f rom the point of injection, m; 
is the dynamic viscosi ty ,  N. sec /m2;  
is the injection factor;  
is the tempera ture  paramete rs ;  
is the Reynolds number based on mains t ream paramete r s  and orif ice height; 
zs the Reynolds number based on mains t ream velocity, space coordinate x, and 
pa ramete r s  defined in te rms  of the adiabatic wall t empera ture ;  
is the Reynolds number based on the veloci ty  of the injected s t ream,  the space 
coordinate x, and the pa ramete r s  defined by the adiabatic wall t empera ture ;  
is the hea t - t r ans fe r  coefficient, W / m  2 �9 deg; 
is the thermal  conductivity, W / m - d e g ;  
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Nu x 

P r  

A 
F 

I 

V 

= a x / Z a w  is the Nusselt  number  based on space coordinate x and pa ramete r s  defined in t e rms  of 
the t empera tu re  of the adiabatic wall; 
is the Prandt l  number;  
is the p a r a m e t e r  charac te r iz ing  the effect  of the initial boundary layer  [3]; 
is the a rea  of hea t - t r ans fe r  surface ,  m2; 
is the insulation thickness,  m; 
is the hea te r  cur rent ,  A; 
is the voltage drop across  heater  segment,  V. 

S u b s c r i p t s  

0 r e f e r s  to main s t r eam;  
S r e f e r s  to injected s t ream;  
aw r e f e r s  to adiabatic wall and to  pa rame te r s  defined in t e rms  of the adiabatic wall t empera tu re  Taw; 
i r e f e r s  to insulation; 
n r e f e r s  to the wall when heaters  a re  turned on. 
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