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An ana lys i s  of p r o b l e m s  r ega rd ing  the t r ans i en t  heat ing and breakdown of hea t - sh ie ld ing  m a -  
t e r i a l s  is  p r e sen t ed .  The l imit ing heat ing r a t e s  for  which al lowance for  the p r o c e s s e s  taking 
p lace  in the i n t e r i o r  of the hea t - sh ie ld ing  m a t e r i a l s  becomes  dec i s ive  a r e  es tab l i shed .  

Cons idered  f r o m  the point of view of heat  phys ics ,  r e in fo rced  (composite)  hea t - sh ie ld ing  m a t e r i a l s  
be long to  the ca t egory  of porous  subs tances  with va r i ab l e  s t r u c t u r e  and in te rna l  heat  evolution.  Both the 
manne r  in which the s t r u c t u r e  v a r i e s  and the in tens i ty  of in te rna l  heat  evolution depend v e r y  cons iderab ly  
on the  t e m p e r a t u r e  and the conditions of heat ing (magnitude of the t h e r m a l  flux, i ts  per iod  of action,  and 
so  on). It is  t h e r e f o r e  v e r y  impor tan t  to  e s t ab l i sh  the a c c u r a c y  with which the t he rmophys i ca l  p r o p e r t i e s  
of such m a t e r i a l s  should be  d e t e r m i n ~  and what p a r a m e t e r s  a r e  l ikely to  in t roduce inc reas ing  e r r o r s  of 
m e a s u r e m e n t .  

A spec ia l  c h a r a c t e r i s t i c  of r e in fo rced  hea t - sh ie ld ing  m a t e r i a l s  is the ex i s tence  of at  l eas t  two 
" f ron ts"  of m a s s  loss :  the lo s ses  at  the su r f ace ,  which d e t e r m i n e  the l inear  d imens ion  (thickness) of the 
heat  shie ld ,  and an  in te rna l  front  defining the depth of the l aye r  within which the s t r u c t u r e  has  b e e n - R e r e d .  
The re la t ionsh ip  be tween these  th i cknesses  decides  the o rde r  of impor t ance  of making p r e c i s e  d e t e r m i n a -  
t ions of p a r t i c u l a r  p a r a m e t e r s  (physicochemical  a t  the outer  su r f ace  or  t he rmophys i ca l  inside the hea t -  
shielding ma te r i a l ) .  In addit ion to  the many  ex te rna l  p a r a m e t e r s  such as  the t e m p e r a t u r e  and veloci ty  of 
the  incident gas  flow, the ambien t  p r e s s u r e ,  and the s i ze  of the ac tual  body, we may a l so  dis t inguish two 
in te rna l  p a r a m e t e r s :  the t e m p e r a t u r e  of the d i s in tegra t ing  su r f ace  T w and the r a t e  of change of the t e m -  
p e r a t u r e  of the l aye r  just  under  the s u r f ace  - -b  = (3T) /ar ;  these  may  const i tute  c h a r a c t e r i s t i c s  of the ex-  
t e r n a l  and in te rna l  p r o b l e m s  at  the s a m e  t i m e .  

F o r  example ,  in the q u a s i - s t e a d y - s t a t e  d i s in tegra t ion  of the hea t - sh ie ld ing  m a t e r i a l ,  when the ve loc-  
; 

i t ies  of al l  the i s o t h e r m s  inside the m a t e r i a l  coincide with the l inear  r a t e  of d i s in tegra t ion  vr we may 
e s t i m a t e  the m a x i m u m  heating r a t e  as  

b ~  -~'- m~ t~'" 

The depth 5 T at  which the i s o t h e r m  (T - -  To)/(T w --  To) = 0.05 is located m a y  be r e l a t ed  to the t h e r -  
mal  diffusivi ty a and the veloci ty  voo in the following way:  

8 r  = a a / v |  

Correspondingly ,  the th ickness  of the l aye r  c a r r i e d  away s - v~or where  r is the per iod  of quas i -  
s t e a d y - s t a t e  d i s in tegra t ion .  However ,  be fo re  the quas i - s t eady  s ta te  of d i s in tegra t ion  a t  a l inea r  r a t e w o  is 
achieved,  a t ime  per iod  of r V ~ a / v ~  e l a p s e s .  

Tab le  1 p r e s e n t s  an  e s t i m a t e  of al l  the p a r a m e t e r s  indicated for  the following speci f ied  va lues :  T w = 
2300~ a = 5 -10 -7 m 2 / s e c , a n d a  tota l  heating t i m e  of r = 50 s ec .  

Analys i s  of t hese  r e s u l t s  shows that  for  low r a t e s  of d i s in tegra t ion  Voo a much g r e a t e r  th ickness  of 
the heat  shield is  r a i s e d  to  a h igher  t e m p e r a t u r e  than that  which is c a r r i e d  away by the flow. For  loss  r a t e s  
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Fig. I. Density of fiber 
glass-reinforced plastic 
as a function of the tem- 
perature in the decompo- 
sition zone of the organic 
binder  for various heating 
r a t e s ,  b (~ 1) 
b ~  0; 2) b = l ;  3) 1.5; 
4) 5.2; 5) 7. p, k g / m  3, 
T, ~ 

of v~ > 0.3 mm/sec and, correspondingly, heating times of b > 400 deg/ 
sec, errors committed in determining the depth of heating 5 T are not de- 
cisive in relation to the final choice of the thickness of the heat-resistant 
layer, since the thickness of the layer s carried away is almost three 

times as great. 

Generalizing the situation, we may thus assert that, as regards 
heat-shielding materials, the effects of transient heating are important 
up to heating rates of b < 200-400 deg/sec. 

Let us consider how the heating rate influences the way in which 
the thermophysical characteristics of such materials vary, namely the 
thermal conductivity )~, the volumetric specific heat (pc)E, and the speci- 
fic heat of the gas Cg. This influence is associated with a displacement 
of the zones characterizing the physicoehemical transformations in the 
high-temperature direction as the heating time increases. Figure 1 
shows some experimental data regarding the influence of heating on the 
position of the zone of thermal decomposition for an organic binder in 
fiber glass-reinforced plastic. 

The displacement of the zones of physicochemical transformations 
inside the heated layer has the effect that the thermophysical properties 

corresponding to a specific temperature are no longer unique (Fig. 2a). This ambiguity is the more 
serious the more the corresponding thermophysical parameter depends on the structure or density of the 
material. 

It is well known that a reduction in the density of fiber glass-reinforced plastic by 10% reduces the 
thermal conductivity by 20-30%. With increasing temperature the imquence of porosity on the thermal 
conductivity also increases. 

The specific heat of nondisintegrating substances depends very little on the porosity; however, in 
the case of composite heat-shielding materials there is not only an increase in porosity in the reaction 
zone, but also a change in the chemical composition (in particular, the high-molecular components of 
g rea t e r  specific heat may volatilize).  This is, of course ,  to a cer ta in  extent ref lected in the specif ic  heat 
of the mater ia l  (Fig. 2b). We must a lso  allow for the fact that the specific heat enters  into the hea t -con-  
duction equation in the form of a product  with the density (pc)~. 

Thus for composite mater ia l s  both thermophys ica l  pa r ame te r s  form a cha rac te r i s t i c  "hys te res i s  
loop" on the graph relat ing them to t empera tu re  (Fig. 2, a and b); the width of this loop cor responds  to the 
possible displacement  of the react ion resul t ing f rom a change in the heating rate f rom zero  to severa l  hun- 
dreds  of degrees  per  second (when the role of surface dis integrat ion becomes  dominant). 

Finally, the specific heat of the gaseous decomposi t ion products Cg may vary  considerably as a func- 
t ion of the conditions of f i l t rat ion of these products within the porous heated layer .  The composi t ion of 
these products var ies  continuously, as indicated by the deposit  of pyrolyt ic  carbon on the sides of the 
pores  close to the decomposing sur face .  However,  calculations based on the assumpt ion of thermodynamic  
equil ibrium may yield resu l t s  far  removed  f rom the t ruth if we r e m e m b e r  the compara t ive ly  low decom- 
posit ion t empera tu re  of the organic binder and the high rate  of outflow of the gases  so formed.  

Summarizing all these phenomena, we may conclude that the study of the thermophys ica l  pa ram-  
e te rs  should be regarded as a complex problem, involving the simultaneous determination of many inter- 
related characteristics. Remembering the high temperature levels and heating rates, experiments in 
high-temperature aerodynamic tubes are probably best for this purpose. 

841 



0,~ - r 
O,7 g 

, a I 
qS O 200 ~ 6OO tYO0 IO00 

/ 
cF 

3OO6 

gSO~ / 

20~ 

b 
ISO# 0 gO0 

Fig.  2. T e m p e r a t u r e  dependence of the t h e r m a l  conductivity (a) 
and speci f ic  heat  (b) of asbotextol i te  for  var ious  heating r a t e s :  1) 
b ~ 0 ;  2) b = 5 .  x, W / ( m . ~  0c, k J / ( m  a '~  

The complexi ty  and in t e r r e l a t ed  nature  of the phys ica l  p r o c e s s e s  taking p lace  during the t r ans ien t  
heating of hea t -sh ie ld ing  m a t e r i a l s  p r e s en t s  the r e s e a r c h  worke r  with the p r o b l e m  of de te rmin ing  a la rge  
number  of t he rmophys i ca l  p r o p e r t i e s  at the s a m e  t ime .  Correspondingly ,  it is e s sen t i a l  to develop spe -  
c ia l  methods of analyzing the r e s u l t s  of the m e a s u r e m e n t s  capable  of providing such complex  informat ion .  

In the ea r ly  y e a r s  of r e s e a r c h  into h i g h - t e m p e r a t u r e  hea t - sh ie ld ing  m a t e r i a l s ,  methods based  on the 
so -ca l l ed  "equivalent"  t he rmophys i ea l  p r o p e r t i e s  w e r e  widely developed.  The e s sence  of these  methods 
amounted  to the fact  that  the  many phys icoehemica l  p r o c e s s e s  and t r a n s f o r m a t i o n s  taking place  inside the 
h e a t - r e s i s t a n t  compos i te  m a t e r i a l s  we re  desc r ibed  by the c l a s s i ca l  Four i e r  equation, although the t h e r m a l  
diffusivity had the fo rma l  s ignif icance of a matching coeff icient .  It is not difficult to show that  the d i f fe r -  
ence between the equivalent t h e r m a l  diffusivi ty aeq  and the r e a l  one a = (a /pc)  may be e x t r e m e l y  subs tan-  
t ia l ,  and a l so  di f ferent  in di f ferent  t e m p e r a t u r e  r anges .  

Thus even for  constant  values  of the t rue  t h e r m a l  conductivi t ies  X, densi ty p, and speci f ic  heat  c 
within the coke -enc rus t ed  l aye r  of the hea t - sh ie ld ing  m a t e r i a l  T * <- T -< T w (where T * is the coking t e m -  
p e r a t u r e  and Tw is the t e m p e r a t u r e  of the d is in tegra t ing  sur face)  we have the following in the case  of 
q u a s i - s t e a d y - s t a t e  heating and d is in tegra t ion:  

__a__a = ! + r  T - T * ( c ~ _ I ~ .  ~ *  
aeq T--T-----o \ c : l �9 c(T_:.To ) (1) 

Here  F is the m a s s  p ropor t ion  of m a t e r i a l  pass ing  into the gas  on coking and AH* is the t h e r m a l  effect  of 
this  p r o c e s s  (for T -< T *  r = AH* --- 0). 

Equation (1) shows that the effects  of the individual components  of heat  t r a n s f e r  d i f fer  in both extent 
and c h a r a c t e r .  

Whereas  the t h e r m a l  effect  of the  coking reac t ion  AH* affec ts  the equivalent  t h e r m a l  diffusivity mos t  
of al l  c lose  to the t e m p e r a t u r e  of the r eac t i on  front  T = T *, the absorp t ion  of heat  by the f i l ter ing gases  
in tensi f ies  on moving i n t h e  h i g h - t e m p e r a t u r e  d i rec t ion.  

We note that  under  conditions of t r ans i en t  heating the ro le  of heat  a b s o r p t i o n  by f i l t ra t ion,  and a l so  
the t h e r m a l  effect  AH*,  may be intensif ied by a l a rge  number  of t imes ,  s ince the veloci ty  of the coking 
front  may  g rea t ly  exceed the q u a s i - s t e a d y - s t a t e  value.  Hence the d i f ference  between aeq  and a ,  or,  in 
genera l ,  the d i f ference  between the "equivalent"  t he rmophys i ca l  p a r a m e t e r s  of the m a t e r i a l s  and the i r  
r ea l  va lues ,  may be ve ry  cons iderab le .  

Never the less ,  the introduct ion of the equivalent  p r o p e r t i e s  is justif ied in a l l  ca ses  in which they 
c h a r a c t e r i z e  the actual  hea t - sh ie ld ing  m a t e r i a l  (its s t ruc tu re  or  s ta te)  and not the heating p r o c e s s .  

Thus it is des i r ab le  to  desc r ibe  the t h e r m a l  conductivity of a p o r o u s  s t ruc tu re  by means  of a single 
coeff icient  X Z incorpora t ing  the t h e r m a l  conductivity of the solid m a t r i x  and the t h e r m a l  conductivity of 
the gas  filling it, and allowing for  rad ia t ive  t r a n s f e r  inside the po re s .  This  is due to the fact  that  al l  t h ree  
phenomena a r e  mainly  dependent on the t e m p e r a t u r e  and less  on the p r e s s u r e .  Thus a comple te ly  specif ic  
quantity X Z may be a sc r ibed  to each s ta te  of the ma te r i a l ,  quite independently of the heating p reh i s to ry .  

On the other  hand, heat  t r a n s f e r  by v i r tue  of the f i l ter ing gases  or  heat  absorp t ion  in the chemica l  
r eac t ions  depends not only on the pa r t i cu l a r  s ta te  of the ma te r i a l ,  but a l so  on the heating ra te  or ,  in 
genera l ,  on the previous  s t a t e s .  In this case  the introduct ion of the equivalent p a r a m e t e r s  cannot provide  
a p r o p e r  account  of al l  the mult i t ide of phys ica l  phenomena taking place  inside the hea t -sh ie ld ing  ma te r i a l .  
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Fig. 3. C o m p a r i s o n  between expe r imen ta l  data  re la t ing  
to the t e m p e r a t u r e  inside f iber  g l a s s - r e i n f o r c e d  p las t i cs  
with d i f ferent  contents (F) of gaseous  b inder  decompos i -  
t ion produc ts :  a) h 0 = 5 mm;  b) 7 m m ;  1) m a t e r i a l  No. 3; 
2) No. 1; 3) No. 3; 4) No. 2; c) with d i f ferent  s t r u c t u r e s  
of the f i l l e r  (glass f iber) ,  m a t e r i a l  No. 3, h 0 = 5 ram; I) 
t h r e e - d i m e n s i o n a l  s t ruc tu re  of the f i l ler ;  II) one -d imen-  
sional  (h 0 is the depth of the the rmocoup le  r e l a t ive  to the 
decompos ing  sur face)  T, sec ,  

qa 

/300 T 

Fig. 4. C o m p a r i s o n  between 
expe r imen ta l  data  re la t ing  to 
the t h e r m a l  conductivity of 
asbotexto l i te  obtained under  
conditions of un i fo rm (1) and 
un i la te ra l  (2) heating.  

On the other hand, the i m p o r t a n c e  of c o r r e c t l y  allowing for all  these  
ex t r a  components  of heat t r a n s f e r  is  demons t r a t ed  by the r e su l t s  of 
d i r ec t  m e a s u r e m e n t s  of the t e m p e r a t u r e  field in hea t - sh ie ld ing  m a -  
t e r i a l s  of like initial  composi t ion .  

F igure  3a ,b ,  and c i l l u s t r a t e s  the r e su l t s  of t e m p e r a t u r e  m e a -  
s u r e m e n t s  at a depth h = h 0 f r o m  the heated su r face  in f iber  g l a s s -  
r e in fo rced  p las t ic  with d i f fer ing values of F, the m a s s  p ropor t ion  of 
m a t e r i a l  pass ing into the gas  dur ing t h e r m a l  decomposi t ion .  The 
quantity F was 0.5 for m a t e r i a l  No. 1, 0.25 for  m a t e r i a l  No. 2, and 
0.15 for  ma t e r i a l  No. 3. For  c o m p a r i s o n  Fig. 3c shows the r e su l t s  
of t e m p e r a t u r e  m e a s u r e m e n t s  on m a t e r i a l  No. 3 under  the s a m e  ex-  
p e r i m e n t a l  conditions for  a t h r e e -  and one-d imens iona l  s t r u c t u r e  of 
the g l a s s - f i b e r  f i l ler .  We see  that  the influence of the f i l t ra t ion  of 
the gaseous  coking products  (for F > 0.15) is fa r  s t r onge r  than the 
influence of the d i rec t ion  of the g lass  f ibe r s  in the f iber  g l a s s - r e i n -  
forced p las t i c .  

In conclusion, we may cons ide r  one fur ther  p rob l em rega rd ing  
the t he rmophys i ca l  study of hea t - sh ie ld ing  ma te r i a l s  which undergo  
coking. This  is the p rob lem of matching  the data obtained under  con- 

ditions of un i fo rm and un i la te ra l  heating.  It is well  known that  the ma jo r i ty  of t he rmophys i ca l  inves t iga -  
tions a r e  c a r r i e d  out on sma l l  s am p l e s  of the pa r t i cu l a r  ma t e r i a l  p laced in a therm_ostated volume,  a fu r -  
nace,  in which the coking products  a r e  able to leave the sample  in all  d i rec t ions  with an a lmos t  equal p r o b -  
abil i ty.  Fo r  the p r a c t i c a l  opera t ing conditions of hea t - sh ie ld ing  m a t e r i a l s ,  however ,  the gaseous  p r o -  
ducts a r e  only able to  leave  in a d i r ec t ion  opposite to the t h e r m a l  flow, and they have  to ove rcome  the hy-  
d rodynamic  r e s i s t a n c e  of the coked l aye r .  In addit ion to  this ,  the heating t i m e  in furnaces  is usual ly 
much g r e a t e r  than the actual  working t ime  of the hea t - sh ie ld ing  m a t e r i a l s .  All this  probably- has the effect  
that  the t h e r m a l  conductivity m e a s u r e d  in the furnace d i f fers  f r o m  the r e a l  value not only inside the zone 
of decompos i t ion  of the organic  consti tuent ,  but a l so  over  a wider  t e m p e r a t u r e  range  (Fig. 4). 

An ana lys i s  of al l  the foregoing p rob l ems  of t r ans ien t  heat  t r a n s f e r  in hea t - sh ie ld ing  composi te  m a -  
t e r i a l s  leads to the conclusion that  the solut ion of such p rob l ems  will r equ i r e  new methods of p rocess ing  
expe r imen ta l  data .  Whereas  in e a r l i e r  t r e a t m e n t s  of many the rmophys i ca l  p r o b l e m s  at tent ion could be 
r e s t r i c t e d  to analy t ica l  re la t ionsh ips  obtained by s tandard  or r egu l a r  methods of heating, in the p resen t  
ease  the solut ion of the i nve r se  p rob l em s  is often r equ i r ed .  It is s imply  impor tan t  that  the formula t ion  
of the i nve r se  p rob l ems  should s t a r t  f r o m  a fa i r ly  genera l  phys ica l  model ,  allowing for  the mos t  i m p o r -  
tan t  phys icochemiea l  t r a n s f o r m a t i o n s  inside the hea t - sh ie ld ing  m a t e r i a l  which accompany  its  heating [4]. 

The advantage of ca r ry ing  out t h e r m o p h y s i c a t  m e a s u r e m e n t s  during the ac tual  cou r se  of t r ans i en t  
decompos i t ion  l ies in the fact  that in this  way the quest ion of modeling the s t r u c t u r e  of the m a t e r i a l  or the 
c h a r a c t e r  of the in terna l  p r o c e s s e s  taking p lace  is e l iminated .  However ,  a whole s e r i e s  of diff icul t ies  of 
a methodica l  nature  a r i s e s ,  and, in pa r t i cu l a r ,  that  of the d i s c r e t e n e s s  of the t e m p e r a t u r e  data .  That  is ,  
the m e a s u r e d  t e m p e r a t u r e  field fails  to  p rov ide  a continuous prof i le  of the t e m p e r a t u r e  in the solid.  This  
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impedes the solution of the reciprocal problems of heat conduction and requires the use of various special 
mathematical devices [5, 6, 7]. As data regarding the physics of the processes taking place and the ther-  
mophysical properties of heat-shielding materials accumulate, we shall probably discover the answer to 
the main question, namely, whether such properties are uniquely related to the temperature, or at least 
to what extent this assertion is valid. 
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