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A method to determine the heat flux in a nozzle at s t r eam tempera tu res  above the nozzle 
wall melting point is elucidated. An experimental  distr ibution of the local heat flux along 
the nozzle contour is presented.  

One of the most  s t r e s sed  elements of a hypersonic  wind tunnel is the nozzle.  Up to now there  have 
been no rel iable methods of measurement  and, consequently, no methods to compute the thermal  loads in 
nozzles at s t r eam stagnation t empera tu res  above 1500~ Technical  difficulties of investigating heat ex- 
change in nozzles a re  associa ted  with the need to measure  variable heat fluxes along the length of a nozzle 
whose inner contour should certainly be smooth.  Disposit ion of sensors  on the inner nozzle surface  or use 
of heat- insulat ing spacers  should bee l imina ted ,  since the flow field and the heat-f lux distr ibution a re  
hence dis tor ted.  

To investigate the local heat exchange, a copper conical supersonic  nozzle with a smooth subsonic 
entrance sect ion was fabricated.  A cyl indrical  sect ion with 7 mm diameter  and 47 mm length was disposed 
in the zone of the cr i t ical  sect ion with a conical par t  with a 4 ~ half-angle following it. The nozzle outer 
d iameter  was 75 mm. By using deep 3-mmowide c i rcu la tors ,  the nozzle was divided into sections by an 
11- and a 22-mm-wide  r ing (Fig. 1). The bu lky r ings  were  heat accumula tors  and increase  the wall heat-  
ing t ime.  The wall is heated to a higher t empera tu re  at the c rossp ieces ,  which hinders heat overflow 
along the nozzle contour.  Taking s y m m e t r y  conditions into account,  half an element consisting of two 
cylinders can be considered as a ca lo r imete r  insulated f rom the other r ings .  

C h r o m e l -  Copel thermocouples ,  whose readings were recorded  on an oscil lograph, were fixed at 
different points of each element .  The depth of fixing the thermocouples  was determined by means of the 
depth of the prepared  hole. The thermocouples  were fastened by using the press ing  of cylindrical  copper 
plugs [1]. 

The inverse  problem of nonstat ionary heat conduction was solved in process ing  the test  resu l t s ,  i . e . ,  
the heat flux on the hea t - rece iv ing  surface  is reproduced by means of the measured  change in tempera ture .  
To do this,  the two-dimensional  heat-conduct ion equation 
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under the following boundary conditions: the heat flux depends only on the t ime for r = R 1 and 0 -< x -< xl, 
hence 
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Fig,  1. D i a g r a m  of the e xpe r i m e n t a l  nozzle :  a) d i a -  
g r a m  of t he rmocoup l e  locat ion;  b) typ ica l  comput ing 
e lement ;  I) t he rm oc oup l e .  

was so lved  in app l i ca t ion  to  an i so la ted  e l emen t  by the he a t - ba l a nc e  method.  Al l  the r ema in ing  boundar ies  
of the i so l a t ed  annular  e lement  a r e  heat  insu la ted .  The body t e m p e r a t u r e  is  constant  a t  a l l  points  a t  the 
in i t i a l  ins tan t .  The coeff ic ients  of t h e r m a l  d i f fus iv i ty  a and t h e r m a l  conduct iv i ty  A a r e  constant .  

The t e m p e r a t u r e  at  the point where  the the rmocoup le  is  fixed was d e t e r m i n e d  at  a given t i m e  r as  a 
r e s u l t  of solving the equa~on and was c o m p a r e d  to the m e a s u r e d  t e m p e r a t u r e  which had f i r s t  been  i n s e r t e d  
into the m e m o r y  of the BES1V[ compute r .  If the coord ina te  where the t he r m oc oup l e  had been fixed did not 
coincide  with the node of the pa r t i t i on  mesh  where  the t e m p e r a t u r e  was ca lcu la ted ,  l i n e a r  in t e rpo la t ion  
was in t roduced .  When the t e m p e r a t u r e s  did not a g r e e ,  a c o r r e c t i o n  to  the hea t - exchange  coeff ic ient  was 
in t roduced  by means  of the formula  

t - -  t i 
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where  i is  the number  of the i t e r a t ion ,  and the computa t ion  was r epea t ed  unt i l  the  t e m p e r a t u r e s  a g r e e d  to  
a g iven  a c c u r a c y  t - -  t i < e. The las t  value of the coeff ic ient  ~ was taken  as  the  ac tua l  value at  the  t ime  
r i .  The value of the t e m p e r a t u r e  hence obtained at  the computa t ional  nodes of the  c a l o r i m e t r i c  e lement  
was t aken  as  the in i t i a l  value for  the computa t ion  of the t e m p e r a t u r e  at the end of the  next t ime  spac ing .  
The t e m p e r a t u r e  was de t e rmined  at  1 - s e c  i n t e r v a l s .  

The a c c u r a c y  of the h e a t - b a l a n c e  method depends on the number  of pa r t i t i ons ,  m, n pe r  volume e l e -  
ment  along the x and r axes .  F o r  m = 6 along the x axis  (Ax = 0.75 ram), the p a s s a g e  f rom n = 7 to n = 14 
along the r ax is  (Ar = 5 and 2.5 mm) r e s u l t e d  in  a 2.5% change in the hea t - exchange  coeff ic ient .  Hence, 
t h e r e  was no fu r the r  i n c r e a s e  in  the number  of computa t ional  points .  

The a c c u r a c y  of giving the t e m p e r a t u r e  curve  and the inf luence of a r andom t e m p e r a t u r e  p e r t u r b a -  
t ion  on the r e s u l t s  of de t e rmin ing  the hea t - exchange  coeff ic ient  were  ve r i f i ed .  F o r  a t e m p e r a t u r e  g iven  
as  a smooth  curve  and the t e m p e r a t u r e s  in  a g r e e m e n t  to  e = 0.5 and 0.I ~ a c c u r a c y ,  the  d i f f e rence  be tween 
the  coeff ic ients  ~ did not exceed 0o5-1%o F o r  t e m p e r a t u r e s  g iven  with a ~=3 ~ d i f f e r ence  f rom the smooth 
curve ,  the hea t -exchange  coeff ic ients  we re  d e t e r m i n e d  with a ~10% devia t ion  f rom the mean  value.  The 
influence of a r andom pe r tu rba t i on  of the t e m p e r a t u r e  g iven  by the smooth curve  on the next value of the 
coeff ic ient  ~ extended over  1-2 t ime  i n t e r v a l s .  Hence, outstanding points must  be e l imina ted  in p r o c e s -  
s ing the expe r imen t a l  da ta .  

A to ta l  of t h r e e - f o u r  i t e r a t i ons  a r e  suff ic ient  to d e t e r m i n e  the hea t -exchange  coeff ic ient  when t h e r e  
is  a subs tan t i a l  d i f fe rence  between the in i t i a l  and final heat  fluxes and a g r e e m e n t  be tween  the t e m p e r a t u r e s  
to  ~ = 0.1 a c c u r a c y .  A d i r e c t  check on the va l id i ty  of c a r r y i n g  out the ca lcu la t ions  i s  a c o m p a r i s o n  b e -  
tween  the t e m p e r a t u r e s  m e a s u r e d  at  va r ious  points of the c a l o r i m e t e r  e lement  and those  ca lcu la ted  by 
means  of the  heat  flux found f rom read ings  of one of the t h e r m o c o u p l e s .  
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Fig.  2 Fig.  3 
T e m p e r a t u r e  d is t r ibut ion  in a typica l  nozzle  e lement  (t 

is  the t e m p e r a t u r e ,  ~ r i s  the  t ime ,  sec ;  At is  the t e m p e r a -  
t u r e  d i f fe rence ,  deg,  be tween the computed and expe r imen ta l  
t e m p e r a t u r e s  a t  the points 2 and 3; cu rves  1-3) computed cu rves  
of the t i m e  va r i a t i on  of the t e m p e r a t u r e  at  points where  the t h e r -  
mocouples  1-3,  r e spec t ive ly ,  a r e  fixed; 4- 5) exper iment ) .  

Fig.  3. Reynolds number  Re and heat  flux q, MW/m 2, d i s t r ibu-  
t ions along the nozzle x, m m :  1) Reynolds number ;  2) heat flux, 
P0 = 37 b a r s ;  3) heat flux, P0 = 27 b a r s ;  4) cyl indr ica l  nozzle s e c -  
t ion. 

P re sen t ed  in Fig. 2 a r e  r e s u l t s  of a computa t ion  and m e a s u r e m e n t s  which show that the d i f ference  
be tween  the m e a s u r e d  and calcula ted t e m p e r a t u r e s  does not exceed 3 ~ . The heat  flux was calculated by 
means  of the rmocoup le  No. 1, c loses t  to  the heated s u r f a c e .  

Shown in Fig.  3 a r e  the hea t - f lux  and Reyno lds -number  d is t r ibut ions  along the nozzle  axis  for  a total  
p r e s s u r e  of P0 -- 37 and 27 b a r s  in the p r e c h a m b e r  a t  a t e m p e r a t u r e  T o = 1700~ at the t i m e  r l  = 6 sec .  
The  m a x i m u m  beat  flux in the c r i t i c a l  nozzle sec t ion  r eached  8.0 and 5.6 MW/m 2, r e spec t ive ly .  Measu re -  
ments  showed that  despi te  the p r e s e n c e  of a cyl indr ica l  sec t ion  m o r e  than  6 ca l ibe r s  long, th~ heat  flux in 
the zone of the c r i t i ca l  sec t ion  is variat) le  and has a definite m a x i m u m  which does not ag ree  with the pos i -  
t ion of the m a x i m u m  Reynolds number .  

N O T A T I O N  

t ,  t e m p e r a t u r e ;  T, t ime ;  r , x ,  cy l indr ica l  coord ina tes ;  a t ,  inner  rad ius ;  ~ ,  a ,  A, coeff icients  of 
hea t -exchange ,  t h e r m a l  diffusivity,  and t h e r m a l  conductivity,  r e spec t ive ly ;  Tad,  t e m p e r a t u r e  of the 
ad iaba t ica l ly  dece le ra t ed  gas ;  Tw, wall  t e m p e r a t u r e  at  r = Ri; P0, to ta l  gas  p r e s s u r e ;  q, speci f ic  heat  
flUX. 
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