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Analyzed a re  the bas ic  laws which govern  the decomposi t ion  of v i t rographi t i c  m a t e r i a l s  and 
the effect  of super f ic ia l  ca rbon  burnout  on the wear  c h a r a c t e r i s t i c s  of such m a t e r i a l s .  

The m a t e r i a l  under  cons idera t ion  is heat  r e s i s t a n t  g lass  with an organic  binder which at modera te  
t e m p e r a t u r e s  decomposes  into coke.  As was done in [1 ], we a s sume  that the su r face  l ayer  of this m a -  
t e r i a l  cons i s t s  of s i l icon dioxide and carbon.  Among the gaseous  products  fo rmed  by decomposi t ion of the 
binder  we will cons ider  only m o l e c u l a r  hydrogen and carbon  monoxide.  

When a m a t e r i a l  contains s e v e r a l  ingredients ,  then the decomposi t ion  ra te  of each  is i n t e r re l a t ed  
�9 with those of all  o thers  and with the total  m a s s  wear  ra te  GZ,~ It will be a s sumed  that the predominance  
of s i l icon dioxide within the total  m a s s  is sufficient  to just i fy consider ing this ingredient  to be the govern -  
ing one in the p r o c e s s .  Then, a f t e r  the quas is teady s tage of decomposi t ion  has  been reached,  and r e s u l t -  
ant m a s s  wea r  ra te  can  be e x p r e s s e d  in t e r m s  of the decompos i t ion  ra te  of g lass  G2,~: 

6z,~ = 62. ~/q~. (1) 

Fo r  comprehens ivenes s ,  we will l imit  our  analys is  to the case  of , p u r e "  subl imat ion (Gz,~ =Gz, s), a s s u m -  
ing that the r e su l t s  can then be eas i ly  extended to the case  of par t i a l ly  mechanica l  wear  (in the f o r m  of 
mel t ing  of g lass  and solid ca rbon  pa r t i c l e s ) .  We will a lso  a s sume  that the p r o c e s s  of g lass  evapora t ion  
is  desc r ibed  by the H e r t z - K n u d s e n - L a n g m u i r  equation of nonequi l ibr inm subl imat ion [2] 

$ 
_ P2.s-- P~ s 
"V2 7,'M( " (2) 

The m a s s  balance of e lementa l  s i l icon at the heated su r face  is 

(I 3 + ~ ,~)  Cs~,s = G~,,~ q~MJM~. (3) 

Here  the m a s s  concent ra t ion  of e lementa l  s i l icon combines  that in all  ingredients  of the ma t e r i a l  containing 
it. The evapora t ion  ra te  under  the rmodynamic  conditions in the gaseous  boundary l ayer  favorable  to chemi -  
cal  r eac t ion  between g lass  molecu les  and other  molecu les  p re sen t  cannot, the re fore ,  be calculated acco rd -  
ing to Eqs .  (2) and (3) unless  the comple te  composi t ion  of the gas  is known. 

T h e r m o d y n a m i c A n a l y s i s  for  the 2000-3500~ T e m p e r a t u r e  Range.  According to the data in [3], p a r -  
t ia l  d i s soc ia t ion  of s i l icon dioxide is apprec iab le  within a wide t e m p e r a t u r e  range a l ready  under  a p r e s s u r e  
P9 ~ 1 ba r  only and i n c r e a s e s  with dec reas ing  p r e s s u r e  as (pg) -~ At the s a m e  t ime,  a m o r e  comple te  
d issoc ia t ion  of g lass  molecu les  (reduction to Si) becomes  poss ib le  only at p r e s s u r e s  p9 < 10 -8 b a r .  When 
the conditions above the heated  su r face  a re  favorable  to a fo rmat ion  of e lementa l  si l icon, then together  
with it the re  p robab ly  appea r  a lso  other  s i l icon compounds such as Si2C and Sill f o r emos t .  Carbon and 
oxygen can combine into ca rbon  monoxide and ca rbon  dioxide, with the ra t io  of the i r  pa r t i a l  p r e s s u r e s  
va ry ing  with the degree  of d i ssoc ia t ion  of s i l icon dioxide molecu les :  

P6 ~ 0 , 1  P_~_8 ; (4i 
.p.~ P,~ 
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P~ > 105 P~ (5) 
P5 Pa 

Since both s tages  of d i ssoc ia t ion  do not occur  s imul taneously ,  

s  >10 ~ P4 , (6) 
Pg Pa 

hence it follows f r o m  (4) and (5) that the ingredients  8i, SiC, SiC> CO, and CO a can exis t  above the s u r -  
face of a v i t rop las t i e  m a t e r i a l  not m o r e  than three  at a t ime .  Within the range of low decomposi t ion  ra t e s ,  
when the concentra t ion  of mo lecu l a r  oxygen is c lose to the concent ra t ion  of f ree  oxygen in the a i r  s t r e a m  

%,s ~ Co,~= 0.23 

and the degree  of d i ssoc ia t ion  of s i l icon dioxide molecules  is r a t he r  low, the following three  of the six c o m -  
pounds just  enumera t ed  p redomina te :  

SIC2, SiC, CQ. (7) 

At medium decomposi t ion  ra tes ,  when the amount of oxygen in the m a t e r i a l  and in the a i r  s t r e a m  
during pa r t i a l  d i ssoc ia t ion  of s i l icon dioxide is not sufficient  for  oxidizing all  the ca rbon  into carbon d i -  
oxide and when the ra t io  of par t i a l  p r e s s u r e s  of CO and CO 2 r ema ins  within the range 

1 ~P61Ps~ 10~, 

then 

SiO, CQ, CO (8)  

p redomina te .  

Finally,  at decomposi t ion  r a t e s  suff icient ly high to r equ i re  both oxygen a toms of the main  g lass  in-  
gredient  for  the oxidation of the careen ,  then p rac t i ca l ly  only the following ingredients  exis t  above the s u r -  
face:  

SiC, CO, si. (9) 

T h e r e  is a lmos t  no reac t ion  between carbon  and ni t rogen:  acetylene C2H 2 is the mos t  noteworthy 
he re  of all  carbon  compounds,  as it may  f o r m  in apprec iab le  quantit ies under  a suff icient ly high p r e s s u r e  
P7 and p r e s s u r e  ra t io  P J P a .  The mos t  s table  compound of hydrogen and oxygen is water ,  with 
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Fig. 1. Cr i t i ca l  su r face  t e m p e r a t u r e  (~ as a function of the p r e s -  
su re  in the boundary l aye r  T0)(p^)(1) and as a function of the heat  

S 
t r a n s f e r  coefficient  T(2)(o~/c,00(2). P r e s s u r e  Pe (bars),  heat  t r a n s -  

2 1-" f e r  coeff icient  o~/Cp ( k g / m  �9  

Fig. 2. Typica l  curve  of d imens ion less  decomposi t ion  ra te  as a 
function of the su r face  t e m p e r a t u r e  (~ pe/(Ce/Cp) 0 = 105 sec  (1), 104 
sec  (2), 103 sec  (3); dashed curve  r e p r e s e n t s  evapora t ion  of s i l icon 
dioxide under  vacuum.  
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P' .~0 .1  ~ (10) 
P8 P6 

and, to the f i r s t  approximat ion,  it may be a s sumed  that  up to the second decomposi t ion  s tage (8) all  the 
hydrogen  is  bonded in wa te r  (H20) while the amount of wa te r  at the end of this decomposi t ion  s tage be -  
comes  negligible.  

Cr i t i ca l  Decomposi t ion  Rates .  In m a t e r i a l s  of the given c lass  there  is usual ly  not sufficient f ree  
oxygen avai lable  during pa r t i a l  d i ssoc ia t ion  of g lass  molecules ,  not even for  the lowest  level  of ca rbon  

(,) oxidation (to CO). It is  poss ible ,  there fore ,  to es tab l i sh  the m a x i m u m  decomposi t ion  ra te  G ~ beyond 
which the a i r  s t r e a m  cannot cover  the defici t  of oxygen needed for  the oxidation of ca rbon  and~'~ydrogen 
into ca rbon  dioxide and wa te r  respec t ive ly ,  even when C%s << Co,e. 

Indeed, the m a s s  balance of oxygen yie lds  

~Co,~ +a'i'~ ~--~-  ~-(1-~)%.1 :-- ~ll.l~(1-~) ~c.1 ~ , H,IM~ ] ' (11) 

Taking fi = (a /Cp)O-gGZ,  s,  we have f r o m  Eq.  (11) 

~.s ..... C O ~ 7Co.~4- (1 --r v M9 _,L - - - - V o .  --r �9 (12) 

Natural ly ,  ca rbon  monoxide may  appear  in apprec iab le  quantities a l ready  at lower decomposi t ion  r a t e s  but, 
t o  the f i r s t  approximat ion,  that ra te  GZ,s may  be r ega rded  as the l imit  for  the f i r s t  mode of m a s s  wear .  
F o r m u l a  (12) can be extended to any value of the p a r a m e t e r  ~: 

Mlo . M,o]- '  
-~L'.~ (~) == Co~ vCo,~ + ( ~  - ~) I , ~ , ,  ~-, ~ . , ,  - - -  ~o., ) . . . . . .  v ~-~.~ .[ 

2 M,0 (13) 
' ~ 1 . -  ~ M n  M7 

{I.1" Here  G ~ - s (  ~ = 1) is an upper  e s t ima te  of the lower  l imit  for  the second mode of m a s s  wear ,  while re la t ion  
(12) r e p r e s e n t s  a spec ia l  case  of fo rmula  (13) at ~ = 0. The second decomposi t ion  s tage is cha rac t e r i zed  
by mode ra t e  r a t e s  GZ,s and the exis tence  of the th ree  ingredients  (8) in the products .  This  s tage ends 
when the oxidation of ca rbon  prec ip i ta ted  on the sur face  r equ i r e s  a l ready m o r e  than one oxygen a tom f rom 
the g lass  molecu le .  We denote by G(~) s the m a s s  wear  ra te  at which the re la t ive  s i l icon content P4/P3 is of 

the o rde r  of 10 -2 . According to re la t ions  (5) and (6), there  a re  no s i l icon dioxide and carbon  dioxide m o l e -  
cules  p re sen t  in the decompos i t ion  products  --at the sur face  and compounds of the Si2C c lass  appear  st i l l  in 

sma l l  quanti t ies.  As a consequence,  Gk 2) sa t i s f i e s  the conditions of both the second and the third v e r y  
mode of m a s s  wear  and may  be regarded  as 2.the s boundary value between them.  The m a s s  balance of oxy-  
gen yields ,  as  before ,  this c r i t i ca l  decomposi t ion  ra te  according  to the exp re s s ion  

z, s = Co, e ~'Co, e -!- (1 - -  (p) Vc'I M,--~ M e J 

F u r t h e r m o r e ,  it follows f r o m  this m a s s  balance that comple te  d issoc ia t ion  of g lass  molecules  can 
occur  only in this case  if 

1 -- r ( Vc, i __ Vo.iMnlM1o ) > 0.2. 
q~ 

Condition for the Existence of a Bivalent Range in the Relation between Evaporation Rate and Surface 

Temperature. In the first two modes of mass wear the number of silicon compounds is limited to silicon 

oxide and silicon dioxide. Therefore, 

Gz ' $ = ~]P2@'Sr ~ ( 1 5 )  

~P ( 2~zRTs,/Ms ~- Mz.s, VlcPP~ 

In the f i r s t  mode the value of ra t io  P3 s /P~ s is  usual ly  not h igher  than 10 and the second t e r m  in the d e n o m -  
ina to r  of (15) is  much  l a r g e r  than tl~e f i r s t  t e r m .  When GZ, s = G(!) s, on the con t ra ry ,  the value of that 
ra t io  is h igher  than 104 and it is a l ready  p e r m i s s i b l e  to d i s r e g a r d  tl~e second t e r m .  Fo r  a s t anda rd -g rade  
v i t rop las t i c  on a phenolic r e s in  base  with y = 0.6, vC, 1 = 0.77, Vo, 1 = 0.17, VH, l = 0.06, and q~ = 0.7, we 
have  the following fo rmu la s  for  the su r face  t e m p e r a t u r e s  cor responding  to the c r i t i ca l  decomposi t ion r a t e s  
(12) and (14): 
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Fig. 3. Basic  cha rac te r i s t i c s  of mass  wear  of the material ,  as functions 
of the stagnation enthalpy of the air  s t r e a m  Hsta (kJ /kg) :  mechanical  wear  
of carbon mass  (1), superf icial  carbon burnout (2), homogeneous quartz 
g lass  (3) (solid line for r = 0.007 m, dashed line for r = 0.05 m, dashed-  
dotted Line for r = 1.0 m). 

Fig. 4. Surface tempera ture  T s (~ as a function of the stagnation en- 
thalpy Hst a (kJ/kg) and of the surface bluntness radius r (m): mechanicaI  
wear  of carbon mass  (1), superf icial  carbon burnout (2), homogeneous 
quartz glass  (3) (solid line for  r = 0.007 m, dashed line for r = 0.05 m, 
dashed-dot ted line for r = 1.0 m). 

T~ ~) = 86480/(30.13 -= 3.45 lg p~), p~, bar, (16) 

T(~).=61700/I22.3__2.31g(~p ) ] cz kg s , , - -  ; Ts, ~K. (17) 
0 Cp r l l  ~ " s e e  

It is to be noted that tempera ture  T~) is a function only of the p re s su re  in the boundary layer,  while 
T( 2)~ is completely determined ~ by the heat t r ans fe r  coefficient.  In view of this, with the t empera tu re  r e l a -  

tions between both fully determinate,  T(s2) will be lower than Tts0- (Fig. 1), i.e., the relat ion Gy.,s(Ts) will 
pass  through a bivalent range (Fig. 2). For  a mater ia l  of the given composition, this relat ion ceases  to 
be univalent at 

P-_~A~- > 0.5-i0 ~ sec. 
(~/%)0 

Thermal  Effect of Surface Reaction. As has been show~, a change in the decomposi t ion rate leads 
to a qualitative dis tor t ion of the chemical  react ion pat tern  in the boundary layer  above the decomposing 
surface .  At low decomposit ion rates  the heat of SiO 2 dissociat ion is almost  lost and the burnout of carbon 
makes  the thermal  effect much smal le r  than during evaporation of homogeneous glass .  As G2,s increases  
further,  however,  this difference AQz, s fades due to a higher dissociat ion rate of glass  molecules  as a r e -  
sult of carbon burnout. Also, as has been mentioned already, at a higher GZ, s rate the degree of carbon 
and hydrogen oxidation becomes lower. 

A Study Concerning the Effect  of Carbon Burnout on the Basic P a r a m e t e r s  of Material  Decomposit ion.  
The resul ts  of calculations shown in Fig. 3 i l lustrate the differences between the basic wear  c h a r a c t e r i s -  
t ics of the vi t rographi t ic  mater ia l  and those of fused quartz.  The calculations were made for specimens 
in a supersonic  air  s t ream,  the specimen sur faces  blunted with a 0.007 m radius.  The flow in the bound- 
a ry  layer  was assumed laminar .  The rate of SiO 2 mass  wear in the liquid phase was calculated by the 
method in [4]. As has been shown ear l ier ,  the basic effects of carbon burnout are  an increase  in the de- 
composi t ion rate at a given surface tempera ture  and a decrease  in the difference AQZ, s, the f i rs t  effect 
becoming s t ronger  and the second effect becoming weaker with a higher  GZ,~ rate .  As a result ,  the effect 
of carbon burnout on the effective enthalpy of the mater ia l  and on the t empera tu re  of the heated surface be-  
comes bivalent. At a low stagnation enthalpy of the s t ream,  when the ~ Z ~  rate is also low, a reduction 
in the difference AQE,s is foremost  and, as a result ,  t empera ture  T s r i ses  while the effective enthalpy 
H e f  t drops.  The difference between the decomposit ion p a r a m e t e r  values of fused quartz and of the v i t ro -  
graphit ic  mater ia l  at F~I = 0 is in this mode insignificant. At high values of GZ,~, when air  injection 
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cont r ibutes  e s sen t i a l ly  to the heat  balance and when the su r face  t e m p e r a t u r e  of the m a t e r i a l  s tabi l izes  at 
a level  which ensu re s  the requ i red  gas i f ica t ion  ra te ,  the re la t ion  G---Z oo(Ts) becomes  mos t  impor tan t .  More -  
over ,  the su r face  t e m p e r a t u r e  d rops  even during mechan ica l  wear  o~ the ca rbon  mass ,  owing to the in jec-  
tion of gaseous  products  of decomposi t ion  of the organic  binder ,  which in turn  makes  the evapora t ion  ra te  
lower  than what it is in the case  of fused quar tz  g la s s .  A sharp  inc rease  in the gasi f icat ion ra te ,  which occurs  
during this s tage of decompos i t ion  with carbon burnout,  has the effect  of lowering the t e m p e r a t u r e  T s 
apprec iab ly  and ra i s ing  the gasi f icat ion ra te  F~ as well  as the effect ive enthalpy t tef  f. 

The r e su l t s  of calcula t ions  shown in Fig.  4 i l lus t ra te  quali tat ively how carbon  burnout  affects  the 
re la t ion  Ts(Hs ta ) .  As is well  known, in a l amina r  boundary l aye r  

Pe N r 0'25, 

(~lCp) o 

and, as a consequence,  with a la rge  enough bluntness radius  the re la t ion  G~,oo(Ts) may  cease  to be uni-  
valent ,  i .e.,  within some  range of decomposi t ion  ra tes  an i nc rea se  Gz,oo is accompanied  by a drop in the 
su r f aee  t e m p e r a t u r e ,  in this ease  a univalent  i nc rease  in the decomposi t ion  ra te ,  which usual ly  occurs  
with an inc rease  in Heff, p roduces  a hump in the Ts(Hsta)  curve .  F u r t h e r m o r e ,  one also notes ap p re -  
c iably di f ferent  ef fec ts  of the p a r a m e t e r  pe/(Ot/Cp)0 on the su r face  t e m p e r a t u r e  as de te rmined  under di f -  
fe ren t  a s sumpt ions .  

T 
G 
P 
M 

r 
R 
r 
o~/Cp 

c 
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AQ~, s 
=P6/P5 
= G/(<~/%)o 

~(1 )  ,.., (2) 
~.,S' ~ , S  

vj , i  
Hs ta  
Heff  

N O T A T I O N  

is the t e m p e r a t u r e ;  
is the veloci ty  of m a s s  in the d i rec t ion  of the su r face ;  
is the p r e s s u r e ;  
is the m o l e c u l a r  m a s s ;  
is the m a s s  content of g lass  in the or iginal  m a t e r i a l ;  
Is the gas i f ica t ion  ra te ;  
m the un ive r sa l  gas  constant ;  
is  the bluntness  rad ius ;  
~s the heat  t r a n s f e r  coeff icient ;  
~s the m a s s  t r a n s f e r  coeff icient ;  
is the m a s s  concentra t ion;  
is the inject ion coeff icient ;  
is the acommodat ion  coeff icient  accounting f o r  the f rac t ion  of su r face  covered  with 
glas  s;  
is  the t h e r m a l  effect  of su r face  reac t ion;  

a r e  the c r i t i ca l  d e c o m p o s i t i o n r a t e s  (13) and (14) r e spec t ive ly ;  

a re  the c r i t i ca l  su r face  t e m p e r a t u r e s  (16) and (17) respec t ive ly ;  

is the m a s s  content of the j - th  chemica l  e lement  in the i - th  ingredient  of the m a t e r i a l ;  
is the s tagnat ion enthalpy of the a i r  s t r e a m ;  
is  the effect ive  enthalpy of the m a t e r i a l .  

S u b s c r i p t s  

e r e f e r s  
s refe r s  

r e f e r s  
o r e f e r s  
* r e f e r s  
1 r e f e r s  
2 r e f e r s  
3 r e f e r s  
4 r e f e r s  
5 r e f e r s  
6 r e f e r s  

to outer  edge of boundary l aye r ;  
to heated su r face ;  
to unheated m a t e r i a l ;  
to i m p e r m e a b l e  su r face ;  
to sa tu ra ted  vapor ;  
to r e s in ;  
to s i l icon dioxide (SiO2); 
to s i l icon oxide (SiO); 
to s i l icon (Si); 
to ca rbon  dioxide (C02); 
to ca rbon  oxide (CO); 
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7 
8 
9 
10 
11 
sta 
elf 

1o 
2. 
3. 

4. 

re fe rs  to hydrogen (H2); 
re fers  to water (g20); 
re fe rs  to oxygen (02); 
re fers  to oxygen (O); 
re fers  to carbon (C); 
refers  to stagnation enthalpy (of air  stream); 
refers  to effective enthalpy (of material) .  
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