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IN C A S E  

Film cooling can be used to protect  sur faces  f rom the effects of h igh- temperature  and chemically 
aggress ive  gas s t reams.  In this case the cooling gas (liquid) is injected through a slot or  porous section 
into the boundary l ayer  on a surface.  

Most f i lm-cooling investigations have been concerned with the injection of a gas of the same kind 
(air into air). It is only in a few works [1-4] that the injection of a foreign gas on an adiabatic flat wall 
has been considered. 

It is known that porous cooling is more  effective when a gas of lower molecular  weight is injected [5]. 

A recent  investigation of film cooling [4] showed that the effectiveness of helium injection on an 
adiabatic wall is a little g rea t e r  than that of Freon  12 (with the same coolant flow rates  the weight concen-  
t ra t ion  of the injected component on the wall is a little higher for gases with lower molecular  weight). For  
the same value of the rat io w = eonst of the injection velocity through a slot W s and the mains t ream 
velocity W 0 the weight concentrat ion of coolant on the wall is higher for  a gas with higher molecular  weight. 

It was shown in [6] that the t r ansve r se  curvature  of the surface had a substantial  effect on the rate 
of heat and mass t r ans fe r  in a submerged (w --* oo) wall jet in the case of longitudinal flow over the external 
surface of a cylinder.  

The aim of the present  work was to determine the effectiveness of local injection of argon and helium 
in the initial section of a tube. 

The experiments  were  conducted on the apparatus descr ibed in detail in [7]. In this case we used 
special  working sections,  which are  shown schematical ly  in Fig. 1. The gas concentration on the wall was 
measured  when argon or  helium was injected through a tangential slot (Fig. la) and when helium was in- 
jected through an initial porous section (Fig. lb). When argon or helium was injected through the tangential 
slot (Fig. la), the working section consisted of two coaxial shaped nozzles 3 and 4, which ensured uniform 
veloci ty profi les of the air  and injected gas at the entrance to the duct 1. 

The mains t ream (air) entered the duct f rom an air  sys tem through the inner nozzle 3. The injected 
gas (argon or helium) flowed into the duct f rom cylinders through the slo t formed by nozzles 3 and 4. The 
d iameter  of the outlet section of nozzle 4 was 41 mm. The slot w id th s  was constant (2.08 ram) in all the 
experiments.  The thickness of the outlet lip of nozzle 3 was not more  than 0.3 mm. The mains t ream and 
the injected gas entered the duct with the same tempera ture  t o =t s =20~C. The gas was discharged from the 
duct into the a tmosphere .  The air  flow rate was measured  with an orif ice meter  and was 150-200 g /sec .  
The flow ra tes  of helium (0.49-3.34 g/sec)  and argon (6-43 g/sec)  were measured  with RS-5 and RS-7 
ro tamete r s .  The cyl indrical  duct with internal diameter  41 mm and length 400 mm was made of ebonite. 
Sixteen holes of d iameter  0.2 mm were  dril led in the wall along the duct for  the removal  of gas samples 
for analysis.  These holes were  in a helical line to ensure that the samples were  not affected by the p reced-  
ing samples.  
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When helium was injected through a porous insert,  we used the working section shown schematical ly  
in Fig. lb. The inner nozzle 3 was removed,and the a i r  flowed into the duct through nozzle 4. The hetium 
flowed in through a cyl indrical  porous inser t  5, made of PG-50 graphite, with a poros i ty  of 50%; a ref lec tor  
7 was mounted in the col lector  6. 

The concentrat ion measurements  were  made with a GSTL labora tory  chromatograph,  which has a 
br idge- type  measur ing  circuit .  One a rm  of the measur ing bridge is situated in the chamber  through which 
the investigated gas mixture passes .  The instrument  readings depend on the the rma l  conductivity of the 
gas mixture,  which depends on the concentrat ion of the individual components. The inst rument  was cal i-  
b ra ted  by the volume method. The gas samples  were  obtained through branches  2 on the wall. These  
b ranches  were  fitted with rubber  tubes, which were  filled with distilled water  before the experiment  and 
closed with c lamps.  Injection needles were  inserted in the other ends of the tubes, and the water  was 
forced out through these when the gas samples  were taken. When the par t icu lar  reg ime had been estab-  
l ished, all the c lamps were  opened simultaneously-, and the gas samples  were  taken. The volume of a 
sample was 30 ml. 

If the samples  a re  takenrapidly,  the gas may be drawn not only f rom the surface but also from the 
core  of the boundary layer~ which may lead to significant e r r o r s .  Hence, we f irs t  investigated the effect 
of sampling t ime  on the accuracy  of measurement  of the helium concentrat ion on the wall. In these exper i -  
ments the helium slot injection conditions were  the same. The rat io of the velocity in the slot to the main-  
s t r eam veloci ty  w =0.1 was kept constant, and the sampling t ime was varied.  The gas samples were taken 
at two points on the wall at dis tances of 30 and 60 mm f rom the slot mouth. As these  experiments  showed, 
with sampling times from 14 to ii0 sec the results of measurement of the gas concentration on the wall 

were the same in the considered conditions. This can be attributed to the fact that the concentration gradient 
on an impermeable wall is zero, i.e., Ski/BY=0. 

In the subsequent experiments the gas sampling time was one minute. The main experimental condi- 
tions are given in T able I. 

Figure 2 shows the result of measurement of the volume concentration of helium (a) and argon (b) on 

the wall of the tube in the case of injection through a tangential slot. The numbering of the points in this 

figure and also in Figs. 3 and 5 corresponds to the experiments characterized in Table i. 
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In t h e s e  e x p e r i m e n t s  t he  m a i n s t r e a m  v e l o c i t y  w a s  120-160 m / s e c ,  and the  r a t i o  of  the  v e l o c i t y  in the  
s lo t  to  the  m a i n s t r e a m  v e l o c i t y  l ay  in the  r a n g e  0.1 <- w -< 0.7. As  t h e  g r a p h  shows ,  wi th  i n c r e a s e  in  d i s -  
t a n c e  x f r o m  t h e  s l o t  the  v o l u m e  c o n c e n t r a t i o n  of  i n j e c t e d  gas  n w on the  wa l l  d e c r e a s e d  exponen t i a l ly .  

F i g u r e  3 g i v e s  t h e  r e s u l t s  of m e a s u r e m e n t s  of  the  v o l u m e  c o n c e n t r a t i o n s  of  h e l i u m  on the  wa l l  of the  
tube  when  the  h e l i u m  w a s  i n j e c t e d  t h r o u g h  a p o r o u s  s e c t i o n  of  w id th  s ( taken as  a c h a r a c t e r i s t i c  length;  t he  
c o o r d i n a t e s  a r e  e x p r e s s e d  as  f r a c t i o n s  of t h i s  length) .  In t h i s  c a s e  the  l ong i tud ina l  c o o r d i n a t e  x = A x  was  
m e a s u r e d  f r o m  the  t r a i l i n g  edge  of the  p o r o u s  i n s e r t .  The  change  in the  v o l u m e  c o n c e n t r a t i o n  a long  t h e  w a l l  
in  t h i s  c a s e  w a s  aga in  exponen t i a l :  n w ~ (Ax) -~ 

E x p e r i m e n t s  in wh ich  h e l i u m  (w =0.5) o r  a r g o n  (w =0.7) w a s  i n j e c t e d  t h r o u g h  a t a n g e n t i a l  s lo t  c l e a r l y  
showed  the  e x i s t e n c e  of  an  i n i t i a l  s e c t i o n  in wh ich  the  gas  c o n c e n t r a t i o n  on the w a l l  i s  uni ty .  In e x p e r i m e n t s  
wi th  l o w e r  i n j e c t i o n  r a t e s  the  l eng th  of  t h i s  s e c t i o n  was  d e t e r m i n e d ,  a s  i n  [8], by  e x t r a p o l a t i o n  of the  o b -  
t a i n e d  d e p e n d e n c e  to  the  po in t  w h e r e  t he  c o n c e n t r a t i o n  of the  i n j e c t e d  gas  on t h e  w a l l  w a s  uni ty .  

F i g u r e  4 shows  the  l eng th  of  t h e  i n i t i a l  s e c t i o n  a s  a funct ion  of the  r e l a t i v e  i n j e c t i o n  v e l o c i t y  w. The  
e x p e r i m e n t a l  r e s u l t s  o b t a i n e d  fo r  t a n g e n t i a l  i n j e c t i o n  of h e l i u m  (poin ts  D a n d  a r g o n ( p o i n t s  2) in to  a i r  can  be  
a p p r o x i m a t e d  by  t h e  s i m p l e  d e p e n d e n c e  

x0 = 28  w z.~s ( 1 )  

T h e  s a m e  f i g u r e  shows  the  l eng th  of the  i n i t i a l  s e c t i o n  d e t e r m i n e d  by  Seban  [8] fo r  t h e  c a s e  of i n j e c -  
t i on  of  a i r  into a i r  (points  3) on a p l a t e .  Curve  4 c o r r e s p o n d s  to  c a l c u l a t i o n  f r o m  Eq. (1), and c u r v e  5 to  c a l -  
cu l a t i on  f r o m  A b r a m o v i c h ' s  f o r m u l a  [9] fo r  a f r e e  p l a n e  j e t  wi th  w < 1; 

w 0 ] - i  
W ~  [0.t12+0.036 (2) 

It i s  c l e a r  t ha t  the  length  of t he  i n i t i a l  s e c t i o n  in t he  c a s e  of i n j e c t i o n  o f  h e l i u m  o r  a r g o n  t h roug h  a s lo t  
i s  p r a c t i c a l l y  the  s a m e  a s  t he  l eng th  of  the  i n i t i a l  s e c t i o n  when a i r  i s  i n j e c t e d  into a i r .  
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In most investigations of film cooling [I, 4, 8] the ex- 
perimental data are correlated by the dimensionless group 

/' V.o \-o.~5 R~ ( ~o '~.~5 

Treatment  of the volume-concentrat ion data shows p r o -  
nounced stratif ication of the experimental  data in relation to 
the molecular  weight of the injected gas. In Fig. 5 the ex- 
per imental  resul ts  for the injection of argon and helium 
through a tangential slot are  shown in the form of a plot of 
the weight concentration of the injected gas on the wall 
against Rx*. The main experimental  conditions are  given in 
Table 1. 

We use the following relationship between the weight and 
volume concentrat ions of the injected component: 

K'w= Mo--n w(Mo-Ms) (4) 

where M 0 and Ms are the molecular  weights of the mains t ream 
and the injected gas. As the graph shows, for the same helium 
and argon flow rates  close to the slot, injection of a gas with 
lower molecular  weight is more effective. At a large distance 
from the slot the resul ts  of the experiments  converge a symp-  
tot ical ly and merge into a single curve. This is due to the 
fact that for equal flow rates  of the injected gas the veloci ty 
ratio w in the slot will be g rea te r  in the case of a lighter gas. 
As Fig. 4 indicates, the length of the initial section, where 
K w = 1, will be grea ter .  

In Fig. 6 the same experimental  data are  plotted against 
the group 

in which the Reynolds number is determined with the initial section (Ax =x-x0) taken into account. This 
figure sums up the experimental data on the effectiveness of film cooling. Curves i and 2 are obtained from 
Eqs. (6) and (7). Points 3 and 4 (tangential injection of argon and helium) and points 5 (injection of helium 
through a porous section) are the results of our experiments. The other points are taken from [4] and 
correspond to tangential injection of Freon 12 into air (points 6), hydrogen into air (points 7), and helium 
into air (points 8). Points 9 are the results of measurements of helium concentration on a wall in the case 
of injection through a porous section [2]. In this case the longitudinal coordinate Ax is measured from the 
trailing edge of the porous section. It should be borne in mind, however, that at high (supercritical) injec- 
tion rates there may be a region beyond the porous section in which the concentration of the injected com- 
ponent K w = I. 

In this treatment the experimental data for tangential injection of argon and helium are in good agree- 
ment with one another and with the results obtained for injection of helium through a porous section. The 
obtained results can be approximated by the following dependence: 

K~ = [~ + 0 .~R~]  -0-8 (6) 

The same graph shows the experimental  data of other authors for the concentration of hydrogen, 
helium, and Freon 12 after  a tangential slot [4] and helium after a porous section [2]. These investigations 
were made in a boundary layer  on a flat plate. We consider  only experiments  in which the velocity of the 
gas injected through the slot is less than the mains t ream velocity (w < 1). This condition corresponds to 
the physical  model adopted in [3, 5, 10] for calculation of the effectiveness of a gas curtain. 
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Figure  6 also gives the calculated values of the effectiveness of a gas curtain from the formula  ob- 
tained in [5]: 

0 -  (Ki) ~  (Ki)s = [t -[- 0.24RA~] -~ (7) 

Here (Ki)0, (Ki)s, and (Ki) w are the weight concentrations of the i- th component in the mainstream, 
the slot, and the wall. If the concentration of the injected gas in the mains t ream is zero  (Ki) 0 =0, its concen- 
t ra t ion on the wall determines  the film-cooling effectiveness 0 =K w. Prac t i ca l ly  all the experimental  data 
lie between the two theoret ical  curves.  

The resul ts  of the present  work, obtained in the initial section of a tube (x /d  < 10 and s /d  =0.508), 
lie a little below the resul ts  for a flat plate. The effect of t r ansve r se  curvature  of the surface may in- 
c rease  with inc rease  in the rat io of the slot height s to the tube diameter  d. 

In the experimental  data given in Fig. 6 the enthalpy factor  in the slot i s / i  0 var ied  from 0.51 for  argon 
injection to 15 for  hydrogen injection. They are  all correlated,  however, without consideration of the non- 
isothermal i ty  factor ,  which confirms the conclusion, made in [11], that nonisothermali ty  has little effect on 
the effectiveness of film cooling of an adiabatic wall. 

L I T E R A T U R E  C I T E D  

1. J . L .  Stollery and A. A. E1-Ehwany, "A note on the use of a boundary- layer  model for corre la t ing 
f i lm-cooling data," Int. J .  Heat Mass Trans fe r ,  8, No. 1, 55 (1965). 

2. R . J .  Goldstein, R. B. Rask, and E. R. G. Eckert ,  "Fi lm cooling with helium injection into an incom- 
press ib le  air  flow," Int. J .  Heat Mass Transfe r ,  9, No. 12, 1341 (1966). 

3. ]~. P. Volchkov, E. G. Zaulichnyi, S. S. Kutateladze, and A. I. Leont 'ev,  "Fi lm cooling by injection of 
a foreign substance into a turbulent boundary layer,  n Zh. Prikl .  Mekhan. i Tekh. Fiz. ,  No. 2 (1967). 

4. W . K .  Burns and J. L. Stollery, "The influence of foreign gas injection and slot geometry  on film 
cooling effectiveness,"  Int. J. Heat Mass Transfe r ,  1_~2, No. 8,935 (1969). 

5. Heat and Mass T r a n s f e r  and Frict ion in a Turbulent Boundary Layer  [in Russian], Izd-vo SO AN SSSR, 
Novosibirsk (1964). 

6. V .S .  Mania. ,  T. W. McDonald, and R. W. Besant, "Heat t r ans fe r  measurements  in cylindrical  wall 
jets ,"  Int. J. Heat Mass Trans fe r ,  1__22, No. 6, 673 (1969). 

7. A . I .  Leont 'ev,  ]~. P. Volchkov, E. G. Zaulichnyi, and E. I. Sinaiko~ "An experimental  determination of 
graphite ablation rate in significantly nonisothermal conditions," Fiz. Goreniya i Vzryva,  3, No. 2 
(1967). 

8. R . A .  Seban, "Heat t r ans fe r  and effectiveness for a turbulent boundary layer  with tangential fluid injec-  
tion," Trans .  ASME, Ser. C., 8__22, No. 4 (1960}. 

9. G.N.  Abramovich,  Theory  of Turbulent Je ts  [in Russian], Fizmatgiz,  Moscow (1960). 
10. ]~. P. Volchkov and V. Ya. Levchenko, "Effect iveness of a gas curtain in a turbulent boundary l a y e r ;  

Zh. Prikl .  Mekhan. i Tekh. Fiz. ,  No. 5 (1965). 
11. ]~. P. Volchkov, S. S. Kutateladze, and A. I. Leont 'ev,  "Effect of compressibi l i ty  and nonisothermali ty 

of gas on effectiveness of film cooling in a turbulent boundary layer ,"  Zh. Prikl .  Mekhan. i Tekh. Fiz., 
No. 4 (1966). 

1016 


