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An experimental investigation has been made of the thermal interaction of the gas in a facility 
for testing heat shield materials. The results are presented in terms of the Nussett number 
at the stagnation point of a flat plate, accounting for turbulent fluctuations of the oncoming 
stream. The data obtained are compared with the theory of reference [4]. 

A possible method of investigating heat shield mater ia ls  is to test them on the flat r ea r  cover  plate of 
a s m a l l  model solid or liquid fuel gas generator .  To increase the velocity of the combustion products (and 
thereby increase the heat flux) one can use an intermediate channel of d iameter  less than that of the gas 
generator  chamber,  coupling the gas generator  to a short  pre-nozzle  section. 

Analysis of a qualitative picture of the flow in the short  section has shown that a subsonic turbulent iet 
forms there,  which intereacts  with the flat plate and discharges  through the supersonic nozzles.  In these 
c i rcumstances ,  therefore ,  the interaction within the short  section, in the vicinity of the stagnation point on 
the plate, reduces  to the problem of flow of a subsonic turbulent jet over an infinite two-dimensional obstacle 
normal  to the flow axis. 

The heat flux from a subsonic jet to a two-dimensional infinite obstacle,  within the entrace section, 
has been investigated in [1--4], whe re  it was shown that the measured heat flux exceeds that predicted by 
known corre la t ions  (e. g . ,  [5]), because the jet turbulence affects the heat t ransfer .  

References  [3, 4] used an analysis of experimental  heat flux data and measured turbulence cha rac t e r -  
is t ics  to derive a correla t ion for the heat t ransfer  coefficient, allowing for the turbulence of the incident 
s t ream.  Since one must know the turbulence intensity in order  to apply the theoretical  relat ions of [3, 41 to 
the above problem of the short  pre-nozzle  section, we attempted to determine the heat t ransfer  from the 
gas to the wall, and also to measure  the fluctuation cha rac te r i s t i c s  along the axis of the jet d ischarging 
into a short  section as shown in Fig. 1. 

The investigation of the gasdynamic and thermal pa ramete r s  of the flow in a model facility of this kind 
(Fig. 1) was carr ied  out with cold air. Air f rom a h igh-pressure  chamber  1 passed through channel 2 into 
a short  section 3 of inside d iameter  140 mm. To eliminate the effect of external conditions on the gas flow 
in the short  section, the gas discharged to the surrounding space via the supersonic nozzles 4, which had 
an equivalent sonic throat diameter  of 36 mm. 

The surface for the heat t ransfer  investigation was a flat plate, to whose inside surface was fastened 
a textolite obstacle ca r ry ing  a s t r ip  heating element 5; the heater  and the technique for determining the 
heat t ransfer  coefficient are descr ibed in [4]. Two variants  for the location of the heating element are 
provided for: in line with two nozzles,  and in between nozzles,  to allow us to obtain the distribution of 
local heat t ransfer  coefficient in the most  representat ive  directions of the gas flow over  the plate. 

The velocity fluctuations of the flow were measured using a constant temperature  hot wire anemo- 
meter .  

The investigation was car r ied  out in the following range of the basic  pa ramete r s  at the end of the 
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F ig .  1. S c h e m a t i c  d i a g r a m  of the e x p e r i m e n t a l  
f a c i l i t y .  

n o z z l e :  X e = 0.17 to 0.58, s t agna t i on  p r e s s u r e  1:) 0 = (3 to 21) �9 105 N / m  2, R e y n o l d s  n u m b e r  Re c - -XcasDcP 0 
/#  = (0.8 to 10) �9 106, channe l  d i a m e t e r  D c = 37 to 70 m m ,  d i s t a n c e  f r o m  end  of  nozz l e  to p l a t e  L = L / D  c = 1. 

The  d i s t r i b u t i o n  of  l o c a l  hea t  t r a n s f e r  c o e f f i c i e n t  (~ o v e r  the p la te  s u r f a c e  i s  shown in F ig .  2. I t  can 
be s een  tha t  the d i s t r i b u t i o n  d e p e n d s  on the gas  flow d i r e c t i o n  (between n o z z l e s  o r  in l ine  wi th  n o z z l e s )  and 
on the g a s d y n a m i c  p a r a m e t e r s  in the channe l  e n t r a c e  sec t ion .  In the r a n g e  of the b a s i c  p a r a m e t e r s  in -  
ve s t i g a t e d  a u n i f o r m  d i s t r i b u t i o n  of hea t  t r a n s f e r  c o e f f i c i e n t  in the v i c i n i t y  of the c e n t r a l  poin t  of the p la te  o c c u r s  
for  ~ = r / D c  < 0.3. Th i s  d i s t r i b u t i o n  r e s u l t s  f r o m  the v e l o c i t y  g r a d i e n t  and the t u r b u l e n t  i n t e n s i t y  be ing  
c o n s t a n t  in th i s  r e g i o n ,  and a l s o  f r o m  the fac t  tha t  the ef f lux  of  g a s  in to  the  n o z z l e s  has  t i t t l e  e f f ec t  on the 
flow in the v i c i n i t y  of the p l a t e  c e n t e r .  Thus ,  the r e g i o n  f < 0.3 can  be used  to t e s t  hea t  sh i e ld  m a t e r i a l s  
u n d e r  u n i f o r m  hea t  l o a d i n g  cond i t i ons .  

F o r  r > 0.3 the n a t u r e  of  the d i s t r i b u t i o n  of l oca l  hea t  t r a n s f e r  coe f f i c i en t  d e p e n d s  a p p r e c i a b l y  on both 
the flow d i r e c t i o n  and on the R e y n o l d s  n u m b e r .  The  flow in th i s  r e g i o n  i s  a p p r e c i a b l y  a f f ec t ed  by ef f lux  of  
gas  into the n o z z l e s ,  which  a c c e l e r a t e s  the f low,  thus  i n c r e a s i n g  the v e l o c i t y  g r a d i e n t ,  and in tu rn  the hea t  
t r a n s f e r .  The  e f f e c t  of  the ef f lux  on the hea t  t r a n s f e r  i n c r e a s e s  wi th  i n c r e a s i n g  R e y n o l d s  n u m b e r .  

F i g u r e  2 a l s o  shows  (b roken  l ine)  the d i s t r i b u t i o n  ofo~ o v e r  the s u r f a c e  of an inf in i te  t w o - d i m e n s i o n a l  
o b s t a c l e  w a s h e d  by a s u b s o n i c  a x i s y m m e t r i c  j e t  [4]. I t  can  be s een  tha t  in the c e n t r a l  r e g i o n  (~ < 0.3) the 
d i s t r i b u t i o n  of hea t  t r a n s f e r  c o e f f i c i e n t  a g r e e s  both q u a n t i t a t i v e l y  and q u a l i t a t i v e l y .  F o r  ~ > 0.3 the d i v e r -  
gence  in the d i s t r i b u t i o n  o f ~  a r i s e s ,  a s  was  noted  above ,  f r o m  the e f f ec t  of e f f lux  of gas  into the n o z z l e s ,  
a s  we l l  a s  f r o m  a n u m b e r  of  o t h e r  known p e c u l i a r i t i e s  of  flow of gas  in the s h o r t  s e c t i o n .  

A n a l y s i s  of  the e x p e r i m e n t a l  da t a  on hea t  t r a n s f e r  to the c e n t r a l  p a r t  of  the p la te  shows  tha t  the c o -  
e f f i c i e n t s  ob ta ined  a r e  c o n s i d e r a b l y  l a r g e r  than the c a l c u l a t e d  v a l u e s  a c c o r d i n g  to [5], and that  the e x c e s s  
i n c r e a s e s  wi th  i n c r e a s e  of  R e y n o l d s  n u m b e r .  As  was  po in ted  out above ,  the d e r i v a t i o n  i s  a s s o c i a t e d  with 
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Fig .  2. D i s t r i b u t i o n  of  l o c a l  hea t  t r a n s f e r  c o e f f i -  
c i e n t  (a) in l ine  wi th  n o z z l e s ,  and (b) b e t w e e n  n o z -  
z l e s ,  on the f l a t  p l a t e .  D c = 3 7 m m ,  L = I : I ) , R e  e 
= 1 .4 .106;  2) 2 .4 .  106; 3) 4 .3 -106;  4) 5 .2 .  106; 5) a f t e r  
[4]. oz. 10 -3, W/m2/OK. 
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Fig .  3 F ig .  4 

D i s t r i b u t i o n  of t u rbu l en t  i n t e n s i t y  a long  the ax i s  of  the s h o r t  
s ec t ion :  1) D e = 52 m m ,  L = 1, Re c = 106; 2) 52, 1, 1 .6-106;  3) 70, 1, 
0.8.1061 4) 70, 1, 1 .3 .106;  5) 37, 1, 1 .4-106;  6) 37, 1, 2 .4 .106;  7) 

a f t e r  [7]. 

F ig .  4. N u s s e l t  n u m b e r  a s  a funct ion of R e y n o l d s  n u m b e r  in the 
c e n t r a l  p a r t  of  the f la t  p l a t e .  E x p e r i m e n t :  1) D c = 70 m m ,  % = 1; 2) 
52, 1; 3) 37, 1. C a l c u l a t i o n :  4) f r o m  [4]; c~--~ = 0.03; b) 0.02; c) 0. 

the e f f ec t  of t u rbu l ence  i n h e r e n t  in j e t  f lows.  

In o r d e r  to e l u c i d a t e  th is  e f f ec t  we m e a s u r e d  the i n t e n s i t y  of t u r b u l e n c e  a long  the ax i s  of the s h o r t  
s e c t i o n ,  and s o m e  of the r e s u l t s  a r e  shown in F i g .  3. I t  can  be seen  tha t  the t u r b u l e n t  i n t e n s i t y  at  the 
channe l  ou t le t  v a r i e d  f r o m  1 to 1.5%. The  low l e v e l  of f l uc tua t i ons  at  the channe l  ex i t  in c o m p a r i s o n  wi th  
ful ly  d e v e l o p e d  p ipe  t u rbu l ence  (a = 5%, [6]) can  be e x p l a i n e d  by the s m a l l  r e l a t i v e  length  of  the channe l  
( l e s s  than ten d i a m e t e r s ) .  As  we a p p r o a c h  the wa l l  e i n c r e a s e s ,  and r e a c h e s  2 to 3% c l o s e  to the wa l l .  
Th i s  v a r i a t i o n  of e a long  the ax i s  of the s h o r t  s e c t i o n  c o r r e s p o n d s  to the d i s t r i b u t i o n  of  t u rbu l en t  i n t e n s i t y  
in the c a s e  of flow of a subson ic  a x i s y m m e t r i c  j e t  o v e r  a t w o - d i m e n s i o n a l  in f in i te  o b s t a c l e  (Fig .  3, b roken  

l i ne ,  [7]). 

F i g u r e  4 shows  the e x p e r i m e n t a l  r e s u l t s  for  hea t  t r a n s f e r  in the c e n t r a l  p a r t  of  the p l a t e ,  in c o r r e l a -  
t ion f o r m ,  as  a funct ion of the t u r b u l e n t  i n t ens i t y .  The  d i f f e r e n t  v a l u e s  of  hea t  t r a n s f e r  fo r  d i f f e r e n t  c h a n -  
ne l  d i a m e t e r s  can  be e x p l a i n e d  by the e f f ec t  of  the flow t u r b u l e n c e .  Since the t u rbu l en t  i n t ens i t y  v a r i e s  a s  
D c v a r i e s  (see F i g .  3) ,  but r e m a i n s  p r a c t i c a l l y  c o n s t a n t  o v e r  a r a n g e  of one channe l  d i a m e t e r ,  the e x p e r i -  
m e n t a l  v a l u e s  of  N u s s e l t  n u m b e r  a r e  g rouped  into a f a m i l y  of  c u r v e s  w h e r e  the turbulent :  i n t e n s i t y  e a p p e a r s  
a s  a p a r a m e t e r ,  i . e . ,  Nu = f(Re) fo r  e -- cons t .  The  s i m i l a r i t y  noted  above  a s  r e g a r d s  the d i s t r i b u t i o n  
of hea t  t r a n s f e r  coe f f i c i en t  and the t u rbu l en t  i n t e n s i t y  be tween  the flow in the s h o r t  s e c t i o n  and with i n t e r -  
ac t ion  of a subson ic  a x i s y m m e t r i c  j e t  f lowing o v e r  a t w o - d i m e n s i o n a l  in f in i te  o b s t a c l e  n o r m a l  to i t  i u s t i f i e s  
o u r  use  of the r e l a t i o n  [4]: 

Nu = 0.8 Pr~ (~-~176 (1 + 0.8e,_iRecO.28) Re co.5, 

w h e r e  Nu = (~Dc/X; Re = UcDc/V; P r  = Cpft /k;  e = uv/~/Uc for  c a l c u l a t i o n  of hea t  t r a n s f e r  in the c e n t r a l  
p a r t  of  the p l a t e .  F i g u r e  4 shows  the r e s u l t s  of  c a l c u l a t i o n s  u s i n g  th i s  r e l a t i o n  ( c u r v e s  a,  b, and c) fo r  
the v a l u e s  of i nc iden t  s t r e a m  t u r b u l e n t  i n t e n s i t y  given in F ig .  3. I t  can  be seen  tha t  t h e r e  i s  s a t i s f a c t o r y  

a g r e e m e n t  be tween  the m e a s u r e d  and c a l c u l a t e d  v a l u e s .  

T h i s  i n v e s t i g a t i o n  of  the flow and hea t  t r a n s f e r  in f a c i l i t i e s  fo r  t e s t i n g  hea t  sh ie ld  m a t e r i a l s  a l l ows  

the fo l lowing  c o n c l u s i o n s  to be d rawn:  

When c a l c u l a t i n g  hea t  t r a n s f e r  in a s h o r t  s e c t i o n  of  channe l  one m u s t  take  into account  the t u rbu l ence  
of the inc iden t  s t r e a m ,  o t h e r w i s e  the hea t  f lux v a l u e s  wi l t  be too s m a l l  (by a f a c t o r  of  about  two). 

One can  c a l c u l a t e  the a p p r o x i m a t e  hea t  t r a n s f e r  in the c e n t r a l  p a r t  of the f ac i l i t y  (9 < 0.3) f r o m  the 
c o r r e l a t i o n  ob ta ined  in [4] fo r  flow in the v i c i n i t y  of the s t agna t ion  po in t  of  a subson ic  i e t  i m p i n g i n g  n o r -  
m a l l y  on an inf in i te  o b s t a c l e .  

The  t u r b u l e n t  i n t e n s i t y  e r e q u i r e d  for  the c a l c u l a t i o n  of the hea t  t r a n s f e r  should  be d e t e r m i n e d  n e a r  
the f l a t  end  p l a t e  of  the f ac i l i t y  in each  s p e c i f i c  c a s e ;  for  an e s t i m a t e  of a one can use  a v a i l a b l e  da ta  for  
f r ee  j e t s  w h e r e  the end of the nozz l e  i s  f a r  f r o m  the o b s t a c l e .  
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N O T A T I O N  

l and r 
L 

= r /Dc ;  L/Dc;  
D c 

g 

oz 
Nu, Re,  and P r  
k 

Cp 

are  the cyl indr ica l  coordinates ;  
is the dis tance f rom the end of the channel to the plate; 

is the channel d iamete r ;  
is the velocity;  
is the root  mean square  veloci ty fluctuation; 
is the intensi ty of turbulence;  
is the heat  t r a n s f e r  coeff ic ient ,W/m2/deg;  
a r e  the Nussel t ,  Reynolds ,  and Prandt l  numbers ,  r espec t ive ly ;  
is  the t he rm a l  conductivity; 
is the k inemat ic  v iscosi ty ;  
is the dynamic viscosi ty;  
is the specif ic  heat at constant  p r e s s u r e ;  

S u b s c r i p t s  

c r e f e r s  to p a r a m e t e r s  at the end of the channel. 
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