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The t e m p e r a t u r e - r e c o v e r y  factor  and specific heat flux have been measured at the nose of a 
spher ical ly  blunted body in a low-densi ty supersonic  s t r eam of a n i t rogen -hydrogen  mixture.  
The experiments  were ca r r i ed  out in the t ransi t ion flow regime f rom continuous to f r e e - m o -  
lecular  flow. The measurements  show that the values of the r ecove ry  factor  and heat flax in 
the mixture are  l a rge r  than in the pure gases .  

Gradient flows of gas mixtures  are  charac te r ized  by flow nonequilibrium with respec t  to the t r ans l a -  
tional degrees  of f reedom, as is exhibited, in par t icu lar ,  by a change in the local  composit ion of the mix-  
ture due to diffusion separat ion of the components.  The role of diffusion p rocesses  is par t icu lar ly  s ig-  
nificant in raref ied gases ,  because the diffusion rate in this case can become comparable  with the flow 
velocity. For  a mixture composed of light and heavy part ic les ,barodiffusion is the predominant separat ing 
factor .  For  supersonic  flow past  blunt bodies diffusion influences the s t ructure  of the bow shock and the 
compressed  layer  ahead of the body. The h igh -p res su re  zone (nose region) is depleted of heavy par t ic les  
due to the p res su re  gradient  along the s t reaml ines  and due to the curvature  of the s t reaml ines  near  the 
stagnation point. Concentrat ional  diffusion and thermal  diffusion diminish the separat ion effect. The t r ans -  
lationally nonequilibrium gas in teracts  with the nose surface  of the blunt body. If the components of the 
mixture  have the same static t empera tu re  and t ransla t ion velocity in the f r ees t r eam,  an increase  in the 
concentrat ion of the heavy component in the stagnation zone increases  the total flow enthalpy in that zone 
relat ive to the undisturbed region.  This fact is responsible  for the singular features of the hea t - t r ans fe r  
p rocess  for bodies immersed  in a flow of ra ref ied  gas mixtures .  

The adiabatic stagnation t empera tu re  in a mixture  of gases with different molecular  masses  has been 
measured  in [1]. Most of the measurements  were ca r r i ed  out in a supersonic s t r eam of a mixture of argon 
and helium. The measuremen t  r ecovery  t empera tu res  at the nose of a blunt body turn out to be cons ider -  
ably higher than the stagnation t empera tu re  and higher than the limiting value for f r ee -molecu la r  flow of 
a pure gas past  bodies. The composit ion and tempera ture  on the stagnation line have been investigated in [2]. 

The objective of the presen t  study is to determine the charac te r i s t i c  differences between the heat 
t r ans fe r  in the flow of a gas mixture past  bodies under conditions such that separat ion of the components 
takes place and the heat t r ans fe r  in a pure gas.  In the experiments  we measured  the recovery  t emper -  
ature and specific heat flux at the nose of a spherical ly blunted body for various initial concentrat ions and 
stagnation p r e s s u r e s  of a mixture and a purc gas. 

The measurements  were ca r r i ed  out in the low-density wind tunnel descr ibed in [3]. The recovery  
tempera ture  Tr  was measured  with an adiabatic s tagnat ion- tempera ture  sensor  on a spher ical  model 8 mm 
in d iameter ,  s imi lar  to the one descr ibed in [1]. The nose tempera ture  was measured  with a N i c h r o m e -  
Constantan thermocouple,  which was separated from the copper sphere by a heat- insulat ing spacer .  The 
sphere was heated with a shielded heater  to prevent  heat-conduction losses ;  its surface tempera ture  was 
monitored with a second N ich rom e-Cons t an t an  thermocouplc ,  whose hot junction was placed in the im-  
mediate vicinity of the nose. The tempera tu re  obtained for identical readings of both thermocouples  was 
adopted as the stagnation tempera ture .  

Novosibirsk.  Transla ted f rom Zhurnal  Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, No. 6, pp. 88- 
91, November -December ,  1973. Original  ar t icle  submitted February  20, 1973. 

! �9 ~ 9 75 Plenum Publishing C~rp~rati~n~ 22 7 west ~ 7th Street~ New Y~rk~ N. Y ~ ~ ~ ~. N~ part ~f this publicati~n may be repr~duced~ ]. 
~ stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, microfilming, 

recording or otherwise, without written permission of the publisher. A copy of this article is available fi'om the publisher for $15.00. [ 
I I 

809 



J.O 
Q 

22 

$.5 

Fig .  1 

J~5 

r 

The speci f ic  heat  f luxes at the nose were  m e a s u r e d  by a nons ta t ionary  
method based  on the solution of the second boundary -va lue  p rob lem for the 
hea t -conduct ion  equation 

OT ~ OeT 
--~- = a ~ ( x > 0 ,  x > 0 )  (1) 

for a ha l f - space .  

Here  T is the t e m p e r a t u r e ,  r is  the t ime ,  x is the coord ina te ,  and a 
is the t h e r m a l  diffusivi ty .  The boundary condit ions a r e  

r(~, 0)=T~, r(o, z)=~p(T) 

where  r  is  the su r face  t e m p e r a t u r e  of the sphere  at the c r i t i c a l  point and is m e a s u r e d  with a th in - f i lm 
r e s i s t a n c e  t h e r m o m e t e r .  The p rocedu re  for  these  m e a s u r e m e n t s  is  d e s c r i b e d  in [41. The t h e r m o m e t e r  
was a plat inum fi lm with a th ickness  of ~ 0.5 ~ and an a r e a  of 0.5 • 1.5 ram. The sphe re  was made of 
3S-5 molybdenum g lass  and had a d i a m e t e r  of 32 ram. The contacts  were  formed by plat inum wi res  0.3 
mm in d i a m e t e r  fused into the g lass  and pol ished until  f lush with the su r face .  A shu t te r  was se t  up in f ron t  
of the sphere ,  in te rcep t ing  the flow. At a ce r t a in  t ime  taken as the in i t ia l  t ime  the shut te r  was opened and 
the read ings  of the r e s i s t a n c e  t h e r m o m e t e r  r e c o r d e d .  The r e c o r d s  were  i n t e r p r e t e d  by p r e c a l i b r a t i o n s  of 
the s enso r  and the obtained values of the t e m p e r a t u r e  ~p(r) at the nose in the following expres s ion  for  c a l -  
culat ion of the spec i f ic  heat  flux [4 ] :  

q = " [2tn* Y,t,,_,(2V~-I-~Vr+2V?-~+t)] (2) 

which is an approx imate  a r i t hme t i c  exp re s s i on  for the exact  solut ion of Eq. (1) in quad ra tu re s ;  in Eq. (2) n 
is  the number  of sub in te rva l s  into which the e xpe r i m e n t a l  dependence r is  par t i t ioned ,  Ar is the subin-  
t e r v a l  length, X and a a r e  the t h e r m a l  conduct ivi ty and t h e r m a l  diffusivi ty  of the g l a s s ,  and 

t, = r  (q~) - - T  w 

The s e n s o r s  were  p laced  on the axis  of the superson ic  j e t  f rom a sonic nozzle.  The d i a m e t e r  of the 
c r i t i c a l  sec t ion  of the nozzle was d = 2.25 and 9 mm in the expe r imen t s  to m e a s u r e  T r  and q, r e s pe c t i ve ly ,  
and the d i s tance  between the nozzle and the sphere  was l = 3d. 

In the p r o c e s s i n g  of the r e s u l t s  the f r e e s t r e a m  p a r a m e t e r s ,  des igna ted  by the subsc r ip t  ~,  were  c a l -  
culated f rom the condit ions for  i s en t rop ic  expansion [5]. The f r e e s t r e a m  Mach number  M~ was i n t e r p r e t e d  
as the value of that  quantity with al lowance for  the shock standoff d i s tance  [6]. Under the given e x p e r i m e n -  

ta l  condit ions Moo = 4.53. 

The expe r imen ta l  values  of the t e m p e r a t u r e - r e c o v e r y  fac tor  r = (T r - T J / ( T  0 - T~) and the r a t io  of 
the spec i f ic  heat  f luxes at the nose Q = q J q z  ~ m e a s u r e d  and de t e rmined  for  a gas mix ture  wi th  an equi :  
valent  t h e r m a l  conductivity but not subjec ted  to diffusion sepa ra t ion ,  a re  given in Fig .  1. The subsc r ip t  
indica tes  the gas mix tu re .  The data  r e f e r  to constant  values  of the Reynolds  number  with r e s p e c t  to the 
s tagnat ion p a r a m e t e r s  and s e n s o r  d i a m e t e r  (Re 0 ~ 372). The s tagnat ion t e m p e r a t u r e  was mainta ined  at 
room t e m p e r a t u r e .  The t e m p e r a t u r e  was m e a s u r e d  with a p r e s s u r e  P0 ~ 1.1 mm Hg in the p r e c h a m b e r .  
Fo r  the heat  flux m e a s u r e m e n t s  (in the range  f0  = 0 to 1, where f0  is  the mole  f rac t ion  of the heavy c o m -  
ponent) the p r e s s u r e  in the p r e c h a m b e r  was var ied  f rom 2.5 to 1.32 mm Hg. The s u b s c r i p t  0 r e f e r s  to the 
values of the quant i t ies  in the p r e c h a m b e r ,  and the subsc r ip t  w to the i r  values at  the model .  

The values of r a re  f a r  above the l imi t ing  value r = 1.17 for  d ia tomic  gases  under f r e e - m o l e c u l a r  
condi t ions.  The maximum value r = 1.77 is obtained for  f0  ~ 0.07. The m e a s u r e d  dependence qz(f0)  is  
analogous to the dependence r(.f0). We as sume  that  the l>randtl number  r e m a i n s  the same  for  flows of pure  
N2, pure  H 2, o r  a mix ture  of the two pas t  the body. Inasmuch as the values of the spec i f ic  heat  ra t io  v, M, 
and Re r e m a i n  invar ian t  in the given expe r imen t s  to m e a s u r e  qz ,  the following r e l a t ion  mus t  be sa t i s f i ed  
in the  p r e s u m e d  absence of barodi f fus ion  p r o c e s s e s :  
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Fig .  2 F ig .  3 

In the a b s e n c e  of  d i f fus ion  p r o c e s s e s  the  hea t  f lux in the  m i x t u r e  m u s t  be q 0 = qN XJXN2 . The  d e -  
p e n d e n c e  Q = q z / q  o p lo t t ed  in F ig .  1 i n d i c a t e s  the  he a t i ng  e f fec t  of  d i f fu s ion  s e p a r a t i o n .  ~ The  r and Q m a x -  
i m a  o c c u r  at  i d e n t i c a l  v a l u e s  of  f 0 .  

F i g u r e  2 g i v e s  the  r e s u l t s  of  the  r e c o v e r y  f a c t o r  and hea t  f lux m e a s u r e m e n t s  in a m i x t u r e  with f 0  = 
0.1 (points  1 and 2) and the h e a t  f lux m e a s u r e m e n t s  in p u r e  N 2 and p u r e  H 2 (points  3 and 4) with v a r i a t i o n  
o f  the  s t a g n a t i o n  p r e s s u r e ,  i n t h e  f o r m  of  d e p e n d e n c e s  r ( R e ~ )  and q / q F ( R e J .  The  R e y n o l d s  n u m b e r  Reoo 
was  c a l c u l a t e d  with r e s p e c t  to the  s e n s o r  d i a m e t e r ,  and q F  i s  the  f r e e - m o l e c u l a r  s p e c i f i c  hea t  f lux c a l -  
cu l a t ed  a c c o r d i n g  to [7] fo r  an a c c o m m o d a t i o n  c o e f f i c i e n t  ~ = 1, Moo = 4.53,  and T w / T  0 = 1. 

The  m e a s u r e m e n t  r e s u l t s  fo r  n i t r o g e n  and h y d r o g e n  i n d i c a t e  a s m o o t h  d e c r e a s e  of  q / q F  as  Reor i s  
i n c r e a s e d .  Th i s  b e h a v i o r  i s  a t t r i b u t a b l e  to the  r e d u c t i o n  o f  the  r e c o v e r ) ,  f a c t o r  f r o m  the e x t r e m e  value  r = 
1.17 u n d e r  f r e e - m o l e c u l a r  cond i t i ons  to a va lue  r ~ 0.9 in the  c o n t i n u o u s - f l o w  r e g i m e .  The  r e c o v e r y  f a c -  
t o r  m e a s u r e m e n t s  fo r  the  m i x t u r e  i n d i c a t e  the  o c c u r r e n c e  of  a m a x i m u m  at Reoo ~ 75. Th i s  b e h a v i o r  o f  r 
c o r r e s p o n d s  to the  c u r v e  with  a m a x i m u m  for  q / q F  in the  m i x t u r e .  A c o m p a r i s o n  of  the  q / q F  c u r v e s  fo r  
the  m i x t u r e  and the  p u r c  c o m p o n e n t s  e n a b l e s  us  to d e t e r m i n e  the r a n g e  o f  R e y n o l d s  n u m b e r s  10 < Reoo < 
2000 in which d i f fus ion  s e p a r a t i o n  s i g n i f i c a n t l y  a f fec t s  the  hea t  t r a n s f e r .  The m e r g i n g  of  po in t s  2, 3, and 4 
fo r  Reoo < 10 c o r r e s p o n d s  to a va lue  of  q / q F  = 0.5 u n d e r  f r e e - m o l e c u l a r  c o n d i t i o n s .  Th i s  va lue  c l e a r l y  
i m p l i e s  tha t  the  t r u e  t h e r m a l  a c c o m m o d a t i o n  c o e f f i c i e n t  fo r  m o l e c u l e s  on the s u r f a c e  of  the  m o d e l  is  ~ 
0.5. 

Thc  va lue s  of  the  Stanton  n u m b e r  St c a l c u l a t e d  a c c o r d i n g  to the  e x p r e s s i o n  

St = q= / p~,: ,U~, ,c ,x  (T,,.: - -  T~)  

for  f 0  = 0.1 Co, U, and Cp a r e  the  d e n s i t y ,  v e l o c i t y ,  and s p e c i f i c  hea t  at  c o n s t a n t  p r e s s u r e )  a r e  g iven  in F ig .  
3 a s  a func t ion  of  k 2 = Recr fo r  c o m p a r i s o n  with the  d a t a  of  [4], w h e r e  

c = p T ~ / a ~ T ,  
T - -  (To : Tw) /2  

and p is  the  d y n a m i c  v i s c o s i t y  c o e f f i c i e n t .  

The  ha t ched  r e g i o n  e n c o m p a s s e s  the  e x p e r i m e n t a l  po in t s  g iven  in [4] fo r  T w / T  0 = 0.1 to 0.43, Moo = 3 
to 24, and the s o l i d  c u r v e  r e p r e s e n t s  the  c a l c u l a t e d  va lue  [8] ( theory  of  a th in  shock  l a y e r )  fo r  c~ = 1, Tvc/T 0 = 
0, and Moo = Ooo The d a s h e d  l ine  on the l e f t  next  to the  o r d i n a t e  ax i s  i n d i c a t e s  the  va lue  o f  the  n u m b e r  St fo r  
f r e e - m o l e c u l a r  cond i t i ons  wi th  Moo = 4.53,  T w / T  0 = 1, and a: = 0.5. 

Tak ing  the m e a s u r e m e n t  e r r o r  into accoun t ,  we in fe r  f r o m  F ig .  3 tha t  t h e r e  i s  no f u n d a m e n t a l  d i f -  
f e r e n c e  b e t w e e n  the  h e a t - t r a n s f e r  m e c h a n i s m  fo r  a body in f lows o f  p u r e  g a s e s  o r  t h e i r  m i x t u r e s  when a 
f low zone with an a p p r e c i a b l e  t r a n s l a t i o n a l  n o n e q u i l i b r i u m  is  p r e s e n t  in f ron t  of  the  body .  The  e x p e r i m e n -  
t a l l y  o b s e r v e d  h e a t i n g  e f f ec t  of  b a r o d i f f u s i o n  s e p a r a t i o n  of  the  m i x t u r e  i s  a ccoun ted  fo r  by the  Stanton n u m -  
b e r ,  p r o v i d e d  tha t  the  r e c o v e r y  t e m p e r a t u r e  i s  t a k e n  as  the  r e f e r e n c e  v a r i a b l e .  

The  s a t i s f a c t o r y  a g r e e m e n t  o f  the  d a t a  c o m p a r e d  h e r e  c o n f i r m s  the c o n c l u s i o n  [4] tha t  St is  i n d e p e n -  
den t  of  T w / T  0 fo r  k 2 = 1 to 10 and T w / T  0 = 1. 

The  a u t h o r s  a r e  g r a t e f u l  to Io Fo Z a v a r z i n a  and Po G. I t in  fo r  a s s i s t a n c e .  
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