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A p a r a m e t e r  for  a s s e s s m e n t  of the p e r f o r m a n c e  of a v i t reous  hea t - sh ie ld  mate~rial subjected 
to radia t ive  and convective heat ing is proposed.  

When radiat ion p redomina tes  in the hea t  flux, h e a t - s h i e l d m a t e r i a l s  (HSM) based on fused quar tz  a r e  of 
g rea t  i n t e re s t  owing to the i r  abil i ty to re f l ec t  a cons iderable  p a r t  of the incident radiat ion.  F o r  ins tance ,  t e s t s  
of u l t r apure  fused quar tz  have shown that  in the wavelength range  0.3-2.6 ~m m o r e  than 80% of the incident 
radiat ion is re f lec ted ,  and at  a wavelength of 0.7 pm about 95% is re f lec ted  [1]. Mate r i a l s  of the quartz c e r a m -  
ic type a r e  bu lk- re f lec t ing ,  s ince ref lec t ion does not take place  at  the su r f ace ,  but is due to sca t t e r ing  of the 
radia t ion by optical  inhomogenei t ies  within the ma te r i a l .  If  the radia t ion mean  f ree  path is comparab le  with 
the th ickness  of the me l t  f i lm,  the ra te  of mel t ing  depends grea t ly  on the thermoopt ica l  p r o p e r t i e s  of the m a -  
t e r i a l  [2, 3]. 

The thermoopt ica l  c h a r a c t e r i s t i c s  of a s e m i t r a n s p a r e n t  m a t e r i a l  can be p r e s c r i b e d  in the case  of a 
spher ica l  s ca t t e r ing  indicatr ix  by three  p a r a m e t e r s :  the r e f r a c t i v e  index nr ,  the  absorp t ion  coeff icient  o~ and 
the sca t t e r ing  coeff ic ient  ~. Calculat ions show that none of these  p a r a m e t e r s  in i t se l f  is dec is ive  for  the ra te  
of dest ruct ion.  

F o r  p r a c t i c a l  p u r p o s e s ,  however ,  it is des i rab le  to have a p a r a m e t e r  that  depends on the optical  p r o p e r -  
t ies  of the m a t e r i a l  and c h a r a c t e r i z e s  the p e r f o r m a n c e  of a p a r t i c u l a r  HSM subjected to radia t ive  and convec-  
t ive heating. To d i scove r  such a p a r a m e t e r  we c a r r i e d  out calculat ions of the des t ruc t ion  of a v i t reous  HSM 
in the case  of a hyperson ic  flow of a i r  pas t  a blunt body. The convective heat  flux to the undamaged sur face  
va r i ed  in the range  2.6-13.5 MW/m 2, and the incident radia t ion flux was 7.5-23.5 MW/m 2. The f rac t ion  of 
radiat ion in the total  heat  flux inc reased  f r o m  0.35 to 0.9, the r e f r ac t ive  index va r i ed  f r o m  1 to 2.3, the a t tenu-  
ation coefficient  f r o m  50 to 5000 m -1, and the ra t io  of the sca t t e r ing  coefficient  to the absorp t ion  coefficient  
f r o m  ze ro  to 104 . 

A s y s t e m  of equations r ep re sen t ing  the des t ruc t ion  p roce s s  was given in [3]; the method of solution was 
given in [4]. The m a s s  evapora t ion  ra te  was calculated f r o m  the K n u d s e n - L a n g m u i r  formula  [5]. The bound- 
a ry  l ayer  of gas was a s sumed  to be t r a n s p a r e n t  for  radia t ion and in chemical  equi l ibr ium. The effect  of i n j e c -  
tion of vapor  on the convective heat  t r a n s f e r ,  f r ic t ion ,  and m a s s  t r a n s f e r  was taken into account  by means  of 
the re la t ion  in [6]. A compar i son  of the r e su l t s  of calculat ions by this approx imate  method with the resu l t s  of 
numer ica l  calculat ions [2] showed that in the case  of a total  hea t  flux of 8:2 MW/m 2 to the undamaged sur face  
and a f r ic t ion  force  gradient  of 90 kN/m 3 at the c r i t i ca l  point the di f ference in the m a s s  mel t ing  ra te  did not 
exceed 1570 when the r ad ia t ion -conduc t ion  p a r a m e t e r  N = 7~J4~n2T3 w was l e s s  than 0.5. When N > 0.5 the d i s -  
ag reemen t  of the r e su l t s  inc reased  to 23%. When the total heat  flux was inc reased  to 640 MW/m 2, the incident 
radiat ion flux to 580 MW/m 2, and the f r ic t ion  fo rce  gradient  to 600 kN/m 3, the d i f ference  in mel t ing  ra te  did not 
exceed 1070 for  N < 0.3 and 36% for  N > 0.3. The absorpt ion coeff icient  in these calculat ions va r i ed  f r o m  102- 
10 -4 m - i ,  and the sca t t e r ing  coefficient  f r o m  zero  to 104 m -1. Thus ,  the approx imate  method gives sufficiently 
accura te  r e su l t s  for  p rac t i ca l  purposes  in cases  where  the contribution of radiat ion to the heat  t r a n s f e r  within 
the m a t e r i a l  is substant ia l .  

It  is na tura l  to postulate  that  the p a r a m e t e r  connecting the ra te  of mel t ing  of the m a t e r i a l  with its optical  
p r o p e r t i e s  is the re f lec t iv i ty ,  since this p a r a m e t e r  de t e rmines  the amount  of radia t ion absorbed  by the 
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Fig. 1. Melt ing ra t e  ~ a s  funct ion of: A) re f lec t iv i ty  R (n r = 
1.5); B) p a r a m e t e r  11: 1) ~/= 100; 2) 315~ 3) 800 m - l ;  a) ~ = 100, 
/3 = 0 - 1 0 4 m  -1, N < 0 .5 ;b)  a = 1 0 2 - 1 0 3  , ~  = 0 ,  N < 0 . 5 ; c )  a =  
3.16. 103-104, ~ = 0, N > 0.5 [2]. 11 in m-~ m in kg/m 2. sec .  

ma te r i a l .  F igure  1A shows a plot  of the mel t ing  ra te  ~n against  the re f lec t iv i ty  R for  different  values  of the 
at tenuation coeff ic ient .  The p re sen ted  cu rves  show that  for  R = 0.55 and ~, = 100 m -1 the mel t ing  ra te  is 
g r e a t e r  than for  R = 0.35 and ~/= 800 m "1, although the amount  of radia t ion absorbed  in the second case  is 
1.4 t imes  that  in the f i r s t  case .  This  can be a t t r ibuted to the i nc rea se  in th ickness  of the me l t  f i lm with in-: 
c r e a s e  in the radiat ion mean f ree  path and,  consequently,  to the inc rease  in the ra te  of ablat ion in the liquid 
phase  [2, 3]. 

F igure  1B shows the r e su l t s  of the same calculat ions in re la t ion  to the p a r a m e t e r  

n = i i  + 

where  [3] 

�9 . y ~  I-------2-P R, = 1--___~p P = - -  R~ t - - r p '  l + p  ~ - ~ a  

and r 1 is the coefficient  of ref lec t ion  of radia t ion f r o m  the side sur face  of the body. The hatched s t r ip  on this 
f igure contains the r e su l t s  of calculat ions for  the above- indica ted  range of var ia t ion  of the optical  p rope r t i e s  
and for  a value of the r ad ia t ion -conduc t ion  p a r a m e t e r  N not exceeding 0.5. Despi te  the ve ry  l a rge  range of 
va r ia t ion  of these  p r o p e r t i e s  the theore t ica l  points l ie  in a fa i r ly  na r row band. 

S imi la r  r e su l t s  we re  obtained fo r  other  re la t ive  values  of the radia t ive  and convect ive heat  f luxes ,  and 
a l so  fo r  d i f ferent  values  of the shea r  fo rces .  We a l so  t r ea t ed  the r e su l t s  of calculat ions f r o m  [2], c o r r e s p o n d -  
ing to the case  where  the radia t ive  heat  flux is 6.15 MW/m 2 and const i tutes  75% of the total flux, in the f o r m  of 
a re la t ion  between the mel t ing  ra te  and the p a r a m e t e r  11. The value of the r ad ia t ion -conduc t ion  p a r a m e t e r  N 
in these calculat ions was 0 .02-4.4 .  The g rea t e s t  d i f ference  in the mel t ing ra te  for  the s ame  values of the 
p a r a m e t e r  1I and N < 0.5 does not exceed  9%. These  r e su l t s  a re  a lso  given in Fig. lB.  

Thus ,  numerous  calculat ions show that  the p a r a m e t e r  11 can s e r v e  as  an index of the e f fec t  of the opt ical  
p r o p e r t i e s  of a m a t e r i a l  on its mel t ing  ra te  in the case  where  the radia t ive  heat  flux is m o r e  than one- th i rd  of 
the total  heat  flux. This  appl ies  to m a t e r i a l s  with r e f r ac t i ve  index up to 2.3, ra t io  of s ca t t e r ing  coefficient  
to absorp t ion  f r o m  ze ro  to 100, and r ad ia t ion -conduc t ion  p a r a m e t e r  f r o m  0.005 to 0.5. 
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is the m a s s  mel t ing  ra te ;  
is  the r ad ia t ion -conduc t ion  p a r a m e t e r ;  
is the r e f r ac t i ve  index; 
is the ref lec t iv i ty ;  
is the ref lec t ion  coeff icient  on side su r face  of body; 
a re  the coeff icients  depending on optical  p r o p e r t i e s  of ma te r i a l ;  
is  the absorpt ion coefficient;  
is the sca t t e r ing  coefficient;  
is the at tenuation coefficient;  
is the t h e r m a l  conductivity; 
is the p a r a m e t e r ;  
is the S te fan-B01tzmann constant;  
is the su r face  t e m p e r a t u r e .  
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C O R R E L A T I O N  OF T H E  T E M P E R A T U R E  C O E F F I C I E N T  

OF L I Q U I D  H E A T  C O N D U C T I O N  AND T H E  S P E E D  OF 

SOUND 
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Underlying the correlation under consideration are the known relationships between the temperature 
coefficients of the heat conduction, the density, and the speed of sound 

dT ~, d T  p 

dp I do 1 
dT  p dT  v 

(1) 

, (2) 

where n and m are constants. 

These relationships express the connection between the heat conduction and the density [1, 2] and the 
known Rao rule [3] in differential form. 

It should be noted that (1) and (2) can be written in dimensionless form 

1 d p 
= n '  (3) 

(4) 

In this form they express the similarity between the reduced temperature coefficients of the heat conduc- 
tion and density on the one hand, and the temperature coefficients of the density and the speed of sound on the 
other. 

It follows from (1) and (2) that 

d~ 1 do 1 (5) 
n m  - -  

dT ~ dT  v 

Translated from Inzhenerno-Fizicheskii Zhurnal, Vol. 36, No. 4, pp. 591-596, April,  1979. Original 
ar t icle  submitted May 11, 1978. 
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