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An experimental  study is made of the intensification of heat-exchange p rocesses  in an ins t ru-  
ment for testing heatproof  mate r i a l s  without considerable modernizat ion of existing ins t ru-  
ments through an increase  in the intensity of tubulence of the impinging s t r eam.  

The testing of heatproof mater ia l s  (HPM) is at present  a necessary  stage in the finishing and study of 
the heatproof coatings (HPC) of var ious instruments .  The widely known methods of testing HPM in a jet of 
h igh- tempera ture  gas directed normal  to the surface  of the specimen reproduce well enough the ae rodynam-  
ic heating of HPC at p r e s su re s  close to a tmospheric .  

However, in design prac t ice  one must  often deal with HPC which operate under conditions of increased 
p r e s su re s  at relat ively low gas flow velocit ies.  An experimental  ins t rument  for  conducting such tests  can 
consist  of a small  solid-fuel  or  liquid gas genera tor  whose combustion products escape from a channel into 
some res t r ic ted  space containing a ba r r i e r ,  mounted normal  to the s t ream,  on which the test  HPM is 
placed. However, the necess i ty  of obtaining high heat loads leads to a considerable increase  in the dimen- 
sions and energy consumption of such inst ruments .  

Therefore  a study was made of the intensification of heat-exchange p rocesses  without considerable  
modernizat ion of instruments  for test ing HPM. 

As experiments have shown in advance, the heat exchange from the gas to the wall in instruments  of 
this type depends considerably on the intensity of turbulence of the impinging s t r eam.  Two methods of in- 
creas ing the intensity of turbulence, and consequently the heat flux, were  studied: 

1) an increase  in the relat ive distance from the channel mouth to the cover;  

2) the use of turbulizing grids mounted within the channel at different distances from its mouth. 

The experiments were  conducted both on cold air  (the average and pulsation velocit ies of the s t r eam 
and the heat exchange between the a i r  and a preheated b a r r i e r  were measured)  and on a hot gas with a s tag-  
nation t empera tu re  of T O = 1000~ (the heat  fluxes f rom the gas to the wall were  measured) .  

The experimental study was conducted on an instrument  consist ing of a h i g h - p r e s s u r e  chamber  joined 
by a channel to a cylindrical  bounded space ending in a flat cover.  To eliminate the influence of external 
conditions on the gas flow in the bounded space the discharge of the lat ter  was accomplished through four 
supersonic nozzles in the cover with an equivalent diameter  of the cr i t ical  c ross  section of 38 mm.  In 

TABLE 1 

Grid i Diameter of Center-to-cen-] Number of I0 b~truction co- 
number Iopenings. mm mr distanCe,mm l openings [efficient 

' I 5 
2 I 4 

I 
10 37 ] 0,81 

10 31 t 0,90 
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F ig .  1. D i s t r i b u t i o n s  of N u s s e l t  n u m b e r s  a t  s t a g n a t i o n  po in t  and  i n t e n s i t y  of 
t u r b u l e n c e  as  a func t ion  of the  d i s t a n c e  L:  1) d c = 37 m m ,  R e  c = 2.4 �9 10 ~, a i r ;  
2) 43 r am,  5.5" 105, c o m b u s t i o n  p r o d u c t s ;  3) s u b s o n i c  f looded  je t ;  4) bounded 
s p a c e ,  d e = 37 r am,  Re  c = 2 .4 -  10 G. 

F ig .  2. D i s t r i b u t i o n  of l o c a l  hea t  e x c h a n g e  c o e f f i c i e n t s  "be tween  n o z z l e s "  on 
f l a t  c o v e r  (d c = 7 0 r a m ,  Re  c = 1 . 3 . 1 0 6 ,  ~ = 1 ) .  T u r b u l i z i n g g r i d s :  1) x = 0 ,  
g r i d  No. 1; 2 ) 0 ,  No. 2; 3 ) 0 . 5 ,  No. 1; 4 ) 0 . 5 ,  No. 2; 5 ) 1 ,  No. 1; 6 ) 1 ,  
No. 2; 7) 2, No. 1; 8) 2, No. 2; d a s h e d  l ine :  wi thout  g r i d s ;  a ,  W / m  2 .~  

s tudy ing  the  a v e r a g e  and p u l s a t i o n  v e l o c i t i e s  of  the  s t r e a m  and the  h e a t  exchange  be tw e e n  the  a i r  and  the  
p r e h e a t e d  b a r r i e r  c o m p r e s s e d  a i r  was  s u p p l i e d  to  t h e  h i g h - p r e s s u r e  c h a m b e r  by a wind tunne l  h a v i n g  a 
b r i e f  d u r a t i o n  of a c t i on .  In s tudy ing  h e a t  exchange  on a hot  gas  t he  c o m b u s t i o n  p r o d u c t s  of an a l c o h o l - - a i r  
m i x t u r e  wi th  a c o e f f i c i e n t  of  ox idan t  e x c e s s  of 1.6 f r o m  a l iquid  g a s  g e n e r a t o r  w e r e  s u p p l i e d  to the  s a m e  
c h a m b e r .  I n t e r m e d i a t e  i n s e r t s  w e r e  u s e d  to i n c r e a s e  the  d i s t a n c e  f r o m  the  channe l  mouth  to  t he  f i a t  
c o v e r ,  which  a l l owed  th i s  d i s t a n c e  to be  v a r i e d  f r o m  0.25 to  10 channe l  d i a m e t e r s .  An a s s e m b l y  of g r i d s ,  
whose  c h a r a c t e r i s t i c s  a r e  g iven  in T a b l e  1, was  p r o v i d e d  in the  channe l  70 m m  in d i a m e t e r  fo r  t u r b u l i z a -  
t ion  of the  s t r e a m  e m e r g i n g  into  the  bounded  s p a c e .  

A t e x t o l i t e  b a r r i e r  wi th  a b u i l t - i n  r i b b o n  h e a t i n g  e l e m e n t ,  f o r  which  a d e s c r i p t i o n  and the  m e t h o d  of 
d e t e r m i n i n g  the  c o e f f i c i e n t s  of  h e a t  e x c h a n g e  a r e  p r e s e n t e d  in  [1], was  f a s t e n e d  to  the  i n n e r  s u r f a c e  of the  
f i a t  c o v e r  to  m e a s u r e  t he  h e a t  exchange  of the  h e a t e d  p l a t e  wi th  co ld  a i r .  

H e a t - f l u x  p i ckups  of t he  c a l o r i m e t r i c  t y p e  w e r e  u s e d  to m e a s u r e  the  h e a t  exchange  of the  hot  gas  
wi th  the  wa l t .  The  h e a t  e x c h a n g e  c o e f f i c i e n t  a was  d e t e r m i n e d  f r o m  the  d a t a  of t he  h e a t  f lux m e a s u r e m e n t  
a t  known wal l  and g a s  t e m p e r a t u r e s  Tw and T 0, which  w e r e  a l s o  m e a s u r e d ,  f r o m  the  equa t ion  

q~ 

T O -- T~ 

The average and pulsation velocities of the stream were measured by a constant-temperature thermo- 

anemometer in which a tungsten filament 6.5/~ in diameter and 1 mm long was used as the sensitive ele- 

ment. At the selected degree of superheating of the wire N = 2 a time constant M = 4 �9 10 -6 sec provided 

for a frequency range of measurements up to 25 kHz. 

The s tudy  was conduc ted  with  t he  fo l lowing  r a n g e  of v a r i a t i o n  of  the  p r i n c i p a l  s t r e a m  p a r a m e t e r s :  
ga s  v e l o c i t y  c o e f f i c i e n t  a t  the  ex i t  f r o m  the  channe l  k c '=  0 .17-0 .58 ,  s t a g n a t i o n  p r e s s u r e  of s t r e a m  P0 = (3- 
21) - 105 N / m  2, R e y n o l d s  n u m b e r s  c a l c u l a t e d  f r o m  t h e  p a r a m e t e r s  a t  t he  channe l  m o u t h  Re  c = (0.8-10) �9 10 G, 
channe l  d i a m e t e r  d c = 37-70  m m ,  d i s t a n c e  f r o m  channe l  mou th  to  c o v e r  L = L / d  c = 0 .25-10,  d i s t a n c e  f r o m  
channel  mouth  to  g r i d  x = x / d  c = 0 -2  ( m e a s u r e d  i n s i d e  channe l ) .  

The  d i s t r i b u t i o n s  of  t he  N u s s e l t  n u m b e r s  at  the  s t a g n a t i o n  po in t  as  a func t ion  of the  d i s t a n c e  "L f r o m  
the  channe l  mou th  to  t he  f l a t  c o v e r  a r e  p r e s e n t e d  in F ig .  i ( cu rves  1 and 2). As  fo l lows  f r o m  the  g r a p h ,  
the  t h e r m a l  e f fec t  of the  gas  j e t  on the  b a r r i e r  i n c r e a s e s  wi th  g r e a t e r  d i s t a n c e  f r o m  the  channe l  mouth ,  
r e a c h i n g  i t s  m a x i m u m  at  L ~- 8.5, w h e r e  t he  h e a t  exchange  c o e f f i c i e n t  i s  i n c r e a s e d  t h r e e f o l d  (at Re  c = 2.4 

10 G) in  c o m p a r i s o n  with s m a l l  d i s t a n c e s  f r o m  the  channe l  mou th  to  the  f la t  c o v e r .  The  i n c r e a s e  in h e a t  
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Fig. 3 Fig. 4 

Fig. 3. Dependence of Nusse l t  number  at stagnation point on dis tance L 
with instal lat ion of turbul izing grid (dc = 70 mm,  x = 0.5, gr id  No. 1): 1) 
Re c = 1 . 3 . 1 0 6 ;  2) 2.4.106 . 

Fig. 4. Dependence of Nusse l t  number  on Reynolds number  in cent ra l  pa r t  
of f lat  cover  (d c = 7 0 m m ,  L = I ) .  Exper iment :  1) x = 0 ,  gr id  No. 2; 2) 0, 
No. 1; 3)0.5, No. 2; 4)0.5, No. I; 5)I,  No. 2; 6) i ,  No. i; 7)2, No. 
2; 8) 2, No. 1; 9) without grids; calculation: i0) after [1], a) e = 0.32; b) 
e= 0.23; c) e = 0.11; d) e= 0.08; e) a = 0.06; f) e = 0.03. 

exchange in this case is explained by the increase in turbulence of the impinging stream with larger 
(see Fig. 1, curve 4), which also leads to high Nusselt numbers at the stagnation point with a maximum 
corresponding to the transitional section of the let (-L ~- 8.5). Since, as the results of preliminary studies 
showed, the gas temperature in front of the cover in the range of variation of the distance from the channel 
mouth to the flat cover studied remains approximately constant and equal to the stagnation temperature at 
the channel mouth, the nature of the variation in heat flux is analogous to the nature of the variation in the 
heat exchange coefficient. 

A certain difference in the positions of the maxima of the Nusselt number Nu and of the intensity of 
turbulence e (the maximum of the Nu number is located closer to the channel mouth) can be explained by 
the fact that along with e the velocity gradient in the vicinity of the stagnation point affects the value of Nu. 
The velocity gradient outside the initial section of the jet CL = 4-5) does not remain constant but has a ten- 
dency to decrease. The joint influence of these two opposing effects leads, as indicated above, to a shift 
in the Nusselt number maximum. 

As follows from Fig. 1, where the distribution of u ~  in the free, axiall~L_~ymmetrical, flooded tur- 
bulent jet (curve 3) is presented along with the variation in velocity pulsation ~u ' '  near the flat cover of 
the instrument studied (curve 4), the distributions of velocity pulsations have a common nature in the two 
eases. This property confirms the similarity of the interactions in the vicinity of the stagnation point in a 
bounded space and at an unbounded barrier. 

The method of intensification of heat exchange examined above makes it possible with the same gas 
parameters to increase the coefficient of heat exchange and consequently the heat flux by three times. Ob- 
taining even higher specific fluxes requires the artificial turbulizing of the gas, which can be obtained 
with the help of turbulizing grids mounted in the supply channel at different distances from its mouth. 

As the study conducted showed, the intensity of turbulence e c at the channel mouth varies as a func- 
tion of the position of the grid in the channel with respect to its mouth from 6 to 23% at x = 2-0 for grid No. 
1 and from 9 to 28% at ~ = 2-0 for grid No. 2. The mounting of grids directly at the channel mouth leads 
not only to a high initial intensity ec but to considerable dynamic irregularity of the stream emerging into 
the bounded space. However, this property does not have much effect on the distribution of heat exchange 
coefficients ~ over the surface of the cover in the investigated range of variation of the principal stream 
parameters, which is confirmed by the results of the experimental study presented in Fig. 2. Thus, the 
installation of turbulizing grids leads to an increase in specific heat fluxes while preserving the uniform 
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distr ibution of ~ in the central  par t  of the flat cover .  This pe rmi t s  the use  of turbulizing grids to inc rease  
the heat flux in ins t ruments  for HPM test ing.  

The considerable  inc rease  in the heat exchange coefficient at a fixed distance f rom the channel mouth 
to the cover  (Fig. 2) upon the approach of the gr id  to the channel mouth allows one to regulate the thermal  
load on the HPM while retaining the original  s t r eam p a r a m e t e r s .  

On the other hand, the heat exchange coefficient also var ies  considerably at a fixed x with variat ion 
in the distance L f rom the channel mouth to the flat cover  (Fig. 3). The heat t r ans fe r  is increased upon 
the approach of the flat cover  to the channel mouth. The grea tes t  increase  in heat flux is observed when 

< 2. The increase in heat exchange in this region can be explained by a growth in the intensity of turbu- 
lence at the stagnation point with a decrease in the distance from the cover to the grid. 

A general izat ion of the resu l t s  of the presen t  study in cr i te r ia l  form is presented  in Fig. 4. The r e -  
sults of a calculation af ter  [1] for the speci f ic turbulenee  intensities obtained in the present  study a re  plotted 
here  (curves a, b, c, d, e, f). As seen f rom the figure, the use of turbulizing grids allows one to con- 
s iderably  (by 10 t imes) increase  the heat exchange coefficient and consequently the heat flux f rom the gas 
to the wall. 

The sa t i s fac tory  agreement  of the calculation with the experiment  allows one to es t imate  the heat 
flux from the gas to the tes t  HPM from the known pa rame te r s  of the turbulizing gr ids .  

r 
L 
r = r / dc ;  

_dc 
u 

Nu, Re, Pr  
c 

= L/dc ;  

NOTATION 

is the radial distance from stagnation point along cover; 
is the distance from channel mouth to cover; 

is the channel diameter; 
is the velocity; 
is the root-mean-square value of velocity pulsation; 
is the intensity of turbulence; 
is the heat exchange coefficient, %u 2- ~ 
are the Nusselt, Reynolds, and Prandtl numbers; 
are the parameters at channel mouth. 

1. I~ A. Belov, G. 
(1971). 
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