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The quas i s teady  decomposi t ion  of a v i t rop las t i c  ma te r i a l  is analyzed in the case  of c a r -  
bon burnout  beth in the inner l aye r s  and at the su r face .  

Sta tement  of the P rob l em .  We cons ider  a ma te r i a l  which is a mechanical  mixture  of g lass  and 
phenolic r e s i n ,  and its quas is teady decomposi t ion  nea r  the cr i t ica l  point of an axial ly  s y m m e t r i c  body 
with a blunted su r face .  Chemica l ly  the ma te r i a l  will be a s sumed  to consis t  of  oxygen, carbon,  and hy-  
drogen only. It will a lso  be a s s u m e d  that  all  p r o c e s s e s  involving the pyro lys i s  of the binder (direct  p y r o l -  
ys is  as well as decomposi t ion  of hydrocarbons  [1]) occur  along one front  at a t e m p e r a t u r e  Tf  much lower  
than the t e m p e r a t u r e  of the hot su r face  T h. The content of the py ro lys i s  products  will be l imi ted  to solid 
carbon (coke) with gaseous  carbon monoxide and hydrogen,  which co r responds  to the case  of max imum 
coke yield. The he terogeneous  interact ion between g lass  and carbon is a complex mul t is tage  p r o c e s s .  
According to the data in [2, 3], the most  l ikely  end products  of this interact ion a r e  s i l icon monoxide and 
carbon monoxide,  i .e . ,  the total  reac t ion  can be desc r ibed  by the following equation 

SiO~ + C -~ SiO + CO. (1) 

The ra te  of reac t ion  (1) will be e x p r e s s e d  in t e r m s  of the Arrhenius  equation with the kinetic coef -  
f icients cor responding  to the upper l imi t  of the t e s t -va lue s  band in [2], namely:  

dKJ s ( 3 4 7 2 0  ) 
dt : - - K ~ e x p  - - + 15.477 . (2) 

T 

If one a s s u m e s  reac t ion  r to be the only p roce s s  which affects  the weight content of the ma te r i a l  
ingredients  in the y < 0 region,  then the equations of mass  conservat ion  for the individual compounds with-  
in the region [0, Yh] can be wri t ten as follows: 

OG~ 1 0 s s M 2 G~ exp ( 34720 ] 
Oy = x Ox (xK2u2) Ma v ~ - - - - - 1 5 , 4 7 7  (3) 

3 7" / 

0ln G~ l exp ( 34720 ') 
Oy v~ T ~, 15.477 , (4) 

M 3  L , 

M~ i -.c~] (6) G~ = ~ [c'~'" (1-~)( "~,' - '~ M , ,  ' 

G6 = Gz. = (1 - -  q~) vH, 1" (7) 

The flow of the viscous f i lm of molten si l icon dioxide due to shea r  forces  induced by the oncoming 
gas  s t r e a m  is usual ly  desc r ibed  by the equations of an incompress ib le  boundary l aye r  with the iner t ia  
t e r m s  omit ted  as negl igibly  s m a l l e r  than the viscous  t e r m s  [4]. If the var iab i l i ty  of ~ a c r o s s  the molten 
f i lm is a l so  d i s r ega rded ,  then the x -componen t  of the equation can b e  in tegrated once over  the l imi t s  [Y,Yh] 
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and then wri t ten as 

The veloci ty  of  solid carbon will be a s s u m e d  equal to the decomposi t ion ra te  of the mate r ia l :  

v~ -- vz, ~ = - -  6~. ~/p~, | (9) 

The ene rgy  equation for  the [0, Yh] region can be e x p r e s s e d  as 

6 

- -  AQ2-~-  exp 15.477 . (10) cp, i G~ -~V Oy v3 T 
i ~ 2  

We will consider  that  the d i sp lacemen t  r a t e  of the hot su r face  is de te rmined  by the nonequi l ibr ium 
evapora t ion  (condensation) of s i l icon dioxide and that  all  the carbon reaching  this  su r face  t r a n s f o r m s  into 
gas  while phys ica l ly  and chemica l ly  in terac t ing  with ingredients  of the boundary l aye r .  The boundary  con-  
dit ions can then be fo rmula ted  as  follows: 

at  y = Yh 

OT 
- -  ~, = qh (11 )  

Oil 

e~ = ~ (P~.h - -  P2,h~ ," (12) 
V-2nRTh/M ~ 

a t y = 0  

T = T], (13) 

G ~ = (14) 

( v m. ) (15) Ga=G_~(1 - - (p )  . v c " - -  o., M7 ] '  

1 O (xK~u:~) O, (16) 

OT 
- -  )~ ~ = Gx,| [ cp.z,. (T t - -  V=) -}- (1 - -  q~) AQ~ ]. (17) 

The quantit ies qh, P2,h, ~h,x a r e  de te rmined  f rom the solution to the equations of a l a m i n a r  f rozen 
boundary  l aye r .  One uses here  the Reynolds analogy as well as the analogy between hea t -  and m a s s - t r a n s -  
f e r  p r o c e s s e s .  The hot su r face  is a s sumed  ca ta ly t ic ,  i .e . ,  under the rmodynamic  equUibrium. 

Analysis  of the Phys ica l  Aspects  of Decomposi t ion.  If no he terogeneous  interact ion between g lass  
and carbon occurs ,  and if the sole source  of si l icon in the boundary l aye r  is the evaporat ion of SiO 2 mo le -  
cules f rom the hot s u r f ace ,  then the oxidation of carbon causes  a shif t  in the react ion  

SiO2 ~=~SiO + 0 .5Q (18) 

toward  the r ight  and, t he r e fo re ,  an inc rease  in the SiO 2 evapora t ion  ra te  (12). The occu r r ence  of r e a c -  
t ion (1), as  an additional means  of t r a n s f o r m i n g  e lementa l  s i l icon into a gas ,  does apprec iab ly  modify the 
mechan i sm of ma te r i a l  decomposi t ion  (Fig. 1), because  an injection of SiO vapor  into the boundary  l aye r  
shif ts  reac t ion  (18) to the left .  As a r e su l t ,  instead of the par t ia l  d issocia t ion of g lass  molecules  e v a p o r a -  
t ing at  the hot su r face ,  for  example ,  the re  may  take place an opposite reac t ion:  oxidation of SiO vapor  
to s i l icon dioxide. If reac t ion  (1) is suff ic ient ly  intensive,  f u r t h e r m o r e ,  then the par t ia l  p r e s s u r e  of s i l i -  
con dioxide on the hot su r f ace  may exceed the cor responding  s a tu r a t ed -vapo r  p r e s s u r e  leve l  and, instead 
of evapora t ing ,  s i l icon dioxide will condense (see fo rmula  (12)). The extent of reac t ion  (1), i .e. ,  the f r a c -  
tion of carbon F3, r which has had t ime  to r e a c t  with si l icon dioxide during heating depends on the t e m -  
p e r a t u r e  leve l  within the reac t ion  zone and on the t ime  t R the reagents  have been the re .  This t ime  t R is 
i nve r se ly  propor t ional  to the decomposi t ion r a t e  squared  because ,  as Gr. ,~ i n c r e a s e s ,  the react ion  zone 
becomes  n a r r o w e r  and the veloci ty  of reagen ts  pass ing  through it i nc r ea se s .  According to Fig.  1 (curve 
3), even under the m o s t  favorab le  conditions for  reac t ion  (1) a s sumed  in this study, a change in t R due to 
a dec r ea se  in GZ ,oo affects  the reac t ion  apprec iab ly  more  than the s imul taneous  drop of the t e m p e r a t u r e  
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Fig. 1. Gasif icat ion fac tor  of carbon and si l icon dioxide, as a 
function of the d imens ion less  decomposi t ion ra t e  of the ma te r i a l  
[solid l ines)  d i f ferent ia ted  burnout  of carbon;  dashed line) s u r -  
face burnout  of carbon;  dashed-dot ted  line) mechanical  wea r  of 
carbon mass]: 1) F2,r; 2) (1-F2,~); 3~ F3,r; 4) F3,h; 5) F2, h. 

Fig. 2. Dimensionless decomposition rate of the material and 
extent of glass melting, as functions of the surface temperature 
(~ [solid lines) G'-Z,~o; dashed lines) (I-F2, Y,)]: 1) differen- 
tiated burnout of carbon; 2) surface burnout of carbon; 3) me- 
chanical wear of carbon. 

level  due to this d e c r e a s e  in G--~,~o (Fig. 2). Fo r  this reason ,  at a suff ic ient ly  low value of Gx,co the in te r -  
action between g lass  and carbon has  usual ly t ime  to p roceed  till complet ion (i .e. ,  till the carbon is c o m -  
p le te ly  burned out). As the wea r  r a t e  i nc reases ,  however ,  the magnitude of F 3,r g radua l ly  decreases_ with 
more  and more  carbon burning out as a resu l t  of su r face  reac t ions .  At r a the r  low values of G Z ~  the 
e a r l i e r  mentioned poss ib i l i ty  of condensation of SiO 2 molecules  becomes  real  (Fig. 1, curve  5). The de -  
composi t ion of the ma te r i a l  is shown schema t i ca l l y  in Fig. 3. It is evident he re  that,  as g lass  molecules  
condense,  carbon pas ses  through the molten f i lm emerg ing  f rom the boundary  l aye r  and continues to 
mig ra t e  toward the gas -condensa t e  in terphase  boundary.  A mode of decomposi t ion is poss ib le ,  t he r e fo re ,  
where  more  g lass  in terac ts  with carbon than is contained in the worn l aye r  of ma te r i a l  (Fig. t ,  curve  1). 
The p rac t i ca l  sense  of this is that s o m e  S i O  2 molecules  have t ime  to r e a c t  with carbon s e v e r a l  t imes  (af ter  
enter ing into the boundary  l aye r  as s i l icon monoxide, which oxidizes into s i l icon dioxide, they prec ip i ta te  
on the su r f ace  and again in te rac t  with carbon).  Moreove r ,  

r o  r m a x  - V C , I  ~ V O . I  i~/i ~ "" " 
_. , q~ : H  3 

In o rde r  to evaluate the role  of react ion /1) in the mechan i sm of the ma te r i a l  decomposi t ion ,  we have 
plotted in Figs .  1, 2 curves  r ep re sen t i ng  the su r face  burnout  of carbon ~F3, r = 0, F3, h = 1) and the m e -  
chanical  wear  of carbon m a s s  (F3, r = 0, F3, h = 0). React ion (1) is highly endo the rmah  it r equ i r e s  ap -  
p r o x i m a t e l y  52,000 k J / k g  combust ib le  carbon.  As a consequence of that,  the t e m p e r a t u r e  prof i le  becomes  
s ignif icant ly  d is tor ted  and this in turn affects  the ra te  of g lass  melt ing,  inasmuch as the v i scos i ty  of the 
mel t  is s t rongly  t e m p e r a t u r e - d e p e n d e n t  [4] (Fig. 1, curves  2). The occu r r ence  of react ion  (1) may also 
d i s to r t  the relat ion between decomposi t ion  ra t e  and su r face  t e m p e r a t u r e ,  the l a t t e r  having a s ignificant 
effect  on the effect ive enthalpy of the ma te r i a l .  The s imul taneous  r i se  in the S i O  2 gasif icat ion ra t e  and 
drop in the melting r a t e  cause  the decomposi t ion to p roceed  s lower  within the t e m p e r a t u r e  range where  
melt ing of g lass  p redomina te s  and to p roceed  f a s t e r  where  melt ing is negligible (Fig. 2). The burnout 
of carbon makes  the G-~. ~o(T h) re la t ion become  bivalent  (Fig. 2). The explanation for  this is that,  be -  
ginning at a suff ic ient ly  ]high decomposi t ion  ra t e  (and at a cor responding  su r f ace  t e m p e r a t u r e  T~ based 
on Eq. (12)) the oxidation of carbon resu l t s  in a comple te  s i ng l e - s t age  dissocia t ion of glass  molecules .  
Meanwhile,  at  low wear  r a t e s  and under high p r e s s u r e  in the boundary l a y e r  or  dur ing apprec iab le  in-  
ject ion of SiO vapor ,  reac t ion  (18) may  become  "inhibited ~ up to t e m p e r a t u r e s  much above T~. 

A Study Concerning the Effect  of React ion (1), Based on the Mater ia l  Decomposi t ion  C h a r a c t e r i s t i c s .  
In this s tudy a body with a 0.007 m radius  at  the blunt end was p laced  in a superson ic  a i r  s t r e a m  with a 
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Fig. 3. Schemat ic  d i a g r a m  of ma te r i a l  decomposi t ion:  1) oncoming a i r  
s t r e a m ;  2) shock wave;  3) outer  edge of boundary l aye r ;  4) boundary  
l aye r ;  5) hot su r face ;  6) molten SiO 2 condensate;  7) molten or iginal  
SiO2; 8) f ront  of b inder  pyro lys i s ;  9) or iginal  mate r ia l ;  D carbon; solid 
line) T(y) curve;  dashed line) GS(y); dashed-dot ted  line) GS(y) curve .  

Fig. 4. Main p a r a m e t e r s  of ma te r i a l  des t ruc t ion  v e r s u s  stagnation 
enthalpy of incident a i r  flow (kJ /kg) :  solid curve) Ief; dashed curve)  
T h (~ 1) d i f ferent ia ted  combust ion of carbon; 2) su r face  combust ion 
of carbon; 3) mechanical  combust ion of carbon m a s s .  

p r e s s u r e  of 1 bar  in the boundary  l aye r .  The flow mode in the boundary l aye r  was a s sumed  l amina r .  The 
c h a r a c t e r i s t i c  cu rves  in Figs .  1 and 2 co r re spond  to these conditions of decomposi t ion as well .  The t h e r -  
modynamic  p r o p e r t i e s  of the chemical  ingredients  were  calculated accord ing  to [5] and, in addition, the 
following values of the m a t e r i a l  constants  we re  used: PZ,oo = 1700 k g / m  3, Cp, Z,~ = 1.0 k J / k g - d e g ,  2~ 
= 0.003 k W / m  -deg, AQ1 = 1200 k J / k g  of r e s in ;  AQ2 = 52,000 k J / k g  of carbon; ~ = 1; ~ = 0.7; VO, 1 = 0.17, 
VC ,1 = 0.77, VH,l = 0.06. The  following re la t ion  in [6] was used for  the v i scos i ty  of the melt :  

68800 
in ~ 22.29 N. sec/m z. 

T 

The essen t ia l  calculated r e su l t s  a r e  shown in Fig. 4. It will be noted he re  that  at high values of the 
stagnation enthalpy, when the injection effect  is the main cont r ibutor  to the heat  balance at the su r face ,  
taking into account the carbon burnout  yields a lower  su r face  t e m p e r a t u r e  (especia l ly  in the case  of di f -  
fe ren t ia ted  burnout),  because  then a lower  t e m p e r a t u r e  T h is n e c e s s a r y  for  ensur ing the requ i red  g a s i -  
f icat ion r a t e  of the ma te r i a l  (Fig. 2). At low values  of the stagnation enthalpy, most  pronounced becomes  
the heat  of carbon oxidation which is r e l ea sed  at the su r face  and which causes  the su r face  t e m p e r a t u r e  
to r i s e .  A drop in the decomposi t ion  r a t e ,  which occurs  under these  conditions of mass  wear  while r e a c -  
tion (1) is in p r o g r e s s ,  has  a m o r e  apprec iab le  effect  on reducing this t e m p e r a t u r e  r i s e  at the su r face  
than during mechanica l  wea r  of carbon.  Since the melt ing ra t e  of  g lass  is reduced by react ion  (1), when 
the l a t t e r  occu r s ,  and this should r e su l t  in a higher  effect ive enthalpy of the ma te r i a l ,  hence an a p p r e -  

m 
ciable i nc r ea se  in the l a t t e r  is to be expected  at  GZ, ~ ~ 0.5 (Fig. 1). The reduct ion of F2, Z which a c -  
companies  a reduct ion in the decomposi t ion  r a t e ,  c o m p e n s a t e s  to a l a rge  extent the pos i t ive  effect  of r e a c -  
tion (1), and the effect ive enthalpy appea r s  to depend r a t h e r  l i t t le  on the mode of carbon burnout.  
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N O T A T I O N  

a r e  the coordinates  r e f e r r e d  to the su r face  of binder  py ro lys i s :  x -ax i s  d i rec ted  along this 
su r f ace  f rom the c r i t i ca l  point as or igin,  y -ax i s  no rma l  to it into the cold mate r ia l ;  
a r e  the x and y components  of the ve loc i ty  vector ;  
is the t e m p e r a t u r e ;  
is the 

is the 
is the 
is the 
is the 
is the 
is the 

p r e s s u r e ;  
density; 
f r ic t ional  s t r e s s ;  
weight content p e r  unit volume; 
m a s s  r a t e  of flow toward hot sur face ;  
gas i f ica t ion factor ;  
m o l e c u l a r  m a s s ;  
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is the weight content of  g lass  in the original  ma te r i a l ;  
m the weight content of j - t h  chemical  e lement  in i - th  ingredient  of the mater ia l ;  
m the t h e r m a l  effect  of r es in  pyro lys i s ;  
m the t he rm a l  effect  of react ion  (1); 
m the f rac t ion  of ma te r i a l  su r f ace  filled with g lass ;  
m the accommodat ion  coefficient;  
m the t ime;  
m the dynamic  viscosi ty;  
m the effect ive t h e r m a l  conductivity; 
is the spec i f ic  heat;  
m the h e a t - t r a n s f e r  coefficient;  
is the d imens ion less  ra te ;  
is the universa l  gas constant;  
is the t h e r m a l  flux into the ma te r i a l  through the hot sur face ;  
is the stagnation enthalpy of the oncoming a i r  s t r e a m ;  
is the effect ive enthalpy of the ma te r i a l .  

S u b s c r i p t s  

h denotes the 
f denotes the 
r denotes the 
Z denotes the 
O denotes  the 
r denotes the 
x denotes  the 
1 denotes the 
2 denotes the 
3 denotes  the 
4 denotes the 
5 denotes the 
6 denotes  the 
7 denotes the 

hot su r face ;  
f ront  of res in  pyro lys i s ;  
cold ma te r i a l ;  
mixture ;  
i m p e r m e a b l e  sur face ;  
internal  p roces s ;  
dif ferent ia t ion with r e s p e c t  to x; 
res in ;  
s i l icon dioxide SiO2; 
carbon C; 
carbon monoxide CO; 
s i l icon monoxide SiO; 
hydrogen H2; 
oxygen O. 

S u p e r s c r i p t s  

* denotes  the 
s denotes the 

sa tu ra t ed  vapor;  
condensate  phase  of the ma te r i a l .  

1. 
2. 
3. 
4. 
5. 

6. 
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