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The accuracy  of computations of the f rac ture  charac te r i s t i cs  of g lass-graphi te  mater ia ls  is 
est imated by using the analogy between the heat and mass  t rans fe r  in a part ial ly ionized bound- 
a ry  layer .  

F o r m u l a t i o n  o f  t h e  P r o b l e m  

There is a significant quantity of papers  in the l i te ra ture  that are devoted to an analysis of the p rocesses  
proceeding during the f rac tu re  of g lass -graph i te  bodies in h igh- tempera ture  gas flows [ 1-3]. However, detailed 
examination of the p roces se s  within the bulk of the mater ia l  being f rac tured is ca r r i ed  out in the papers men-  
tioned in isolation f rom the p rocesses  proceeding in the boundary layer.  The interaction of the gas medium 
with the sur face  l aye rs  of the mater ia l  is descr ibed by using an approximate method based on the analogy be-  
tween the heat and mass  t r ans fe r  (HMT). In this connection, the solution of the adjoint HMT problem in the 
bulk of the mater ia l  and in the shock layer  being formed at the surface during a h igh- tempera ture  flow over it 
is of pract ical  interest .  

The fundamental pa r ame te r s  charac te r iz ing  the process  of mass  entrainment for g lass-graphi te  solids 
obtained in the numer ica l  solution of the conjugate problem of aero thermoehemical  f racture ,  andbecause of ap- 
plication of an approximate method of computing the heat and mass  t rans fe r  in the boundary layer,  are com- 
pared in the present  investigation. In analyzing the resul ts  special attention is paid to those material  f rac ture  
conditions that cor respond to the development of the ionization of the incoming gas s t ream.  The regular i t ies  
of the conjugate HMT are  investigated for  the following f rac ture  mechanisms of g lass -graphi te  mater ia ls  whose 
models a re  elucidated in [ 1-3].  

1. The f rac ture  mechanism of homogeneous quartz glass (mechanism I).  Here the mass  rate of mater ia l  
entrainment is identified with the mass  ra te  of entrainment of the melted quartz.  

2. The scheme of "mechan ica l  entrainment of ca rbon"  (mechanism II).  In contras t  to the preceding 
model, a composi te  g lass -graphi te  mater ia l  is considered.  When using mechanism II, the heterogeneous chem-  
ical  interact ion between glass and carbon can be neglected in the internal layers  of the material .  Moreover,  it 
is assumed that carbon is mechanical ly pulled down into the film of SiO 2 melt  and the gaseous pyrolysis  prod-  
ucts of the binder a re  blown completely into the boundary layer .  

3. The mechanism of " s u r f a c e  burnnp of ca rbon"  (mechanism III). In investigating this model it is con- 
s idered that the carbon ca r ca s s  is hard enough so as to withstand the internal tempera ture  s t r e s ses  and shear  
forces  f rom the incoming gas flow. Moreover ,  it is assumed that Fc, w = 1. Therefore  models II and III de-  
scr ibe  the l imit  cases  of carbon behavior during entrainment  of the mater ia l  mass .  

4. The mechanism of "different ia ted burnup of ca rbon"  (mechanism IV). The distinction between this 
model and model III is that here,  in addition to the surface burnup of carbon, the entrainment of its mass  due 
to the passage of the heterogeneous chemical  interaction between C and SiO 2 in the internal layers  of the coat-  
ing is also taken into account. 

Analysis  of the mater ia l  f rac tu re  mechanisms is ca r r i ed  out in the following pa rame te r s :  the t empera -  
ture of the sur face  being heated, Tw, ~ the dimensionless ra te  of injection of the vapor of f ractur ing mater ia l  
into the boundary layer ,  G~,w ~the sil icon dioxide gasif ication factor  FSiO2 ' Z ; and the effective enthalpy of the 
material ,  Jef,  J /kg .  
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Fig. I. Dimensionless gasification rate (I), contribu- 
tion of the effect of injection (2), and chemical reactions 
on the su r face  (3) to the total heat  flux to the su r face  for  
Pe = 10f Pc, R = 0.1 m. Roman numera l s  on the cu rves  
denote the f r a c t u r e  mechan i sm.  Solid curves  a r e  the r e -  
sult  of solving the adjoint problem;  dashes  a r e  solution 
by using the HMT analogy. HS, m J / k g .  

To obtain the requi red  resu l t s ,  the p rob lem was solved twice in each ve r s ion  of the computat ion:  f i r s t  the 
adjoint p rob lem of a e r o t h e r m o c h e m i c a l  f r ac tu re  of the ma te r i a l ,  and then by using an approx imate  method of 
computing the HMT in the boundary layer .  The following m a s s  contents of the components  [4] were  used  in the 
eompu ta t ions :~s io2=0 .7 ;  ~C = 0.23; q~H = 0.02; q~O = 0.05. 

The adjoint HMT p rob l em  was cons idered  in the quas i s t a t ionary  formulat ion.  A s y s t e m  of equations de -  
scr ib ing  the hypersonic  flow around the fo rward  stagnation point of a blunt body by a h i g h - t e m p e r a t u r e  v iscous  
and heat  conducting gas  flow in the region between the detached shock and the body sur face  [5, 6] was  used to in -  
ves t iga te  the p r o c e s s e s  in the gas  phase.  It is a s sumed  that ambipo la r  diffusion holds in the ma jo r  p a r t  of the 
c o m p r e s s e d  layer ,  there  is no e lec t r i ca l  cu r r en t  to the wall,  and the effects  of t h e r m o -  and barodif fus ion a re  
negligible.  The chemical  r e a c t i o n s  in the boundary l ayer  were  cons idered  " f rozen ,"  and "equi l ib r ium"  on the 
outer boundary of the shock l aye r  and at the body sl.wfaee. The s y s t e m  of equations of motion,  energy  c o n s e r -  
vation, and also the diffusion and S te fan-Maxwel l  equations were  solved by the method of quas i l inear iza t ion  [7]. 
A computation of concentrat ion diffusion was p e r f o r m e d  by using the method in [8], and hence the diffusion 
t r an s f e r  of 32 components  was taken into account: H, H2, C, N, O, OH, H20, C 2, C2H, C2H 2, CN, HCN, CO, N 2, 
Si, Sill, NO, 02, C 3, SiC, SiO, CO2, Si2C, C2N 2, Si 2, SiO 2, SiC 2, H +, C +, N +, O +, e - .  

The t r a n s f e r  coefficients  and the rmophys ica l  functions of the mul t icomponent  pa r t i a l ly  ionized gas  m i x -  
tu re  were  calculated by the method in [9]. 

To desc r ibe  the body f r a c t u r e  mechan i sm,  an assumpt ion  was introduced that the m a t e r i a l  is  an i so t rop ie  
mechanica l  mix tu re  of t he rma l ly  s tab le  g lass  (SiO2) and an organic  binder  into whose composi t ion the chemica l  
e lements  H, C, N, O, Si enter .  The p r o c e s s  of t he rma l  des t ruc t ion  of such m a t e r i a l  was desc r ibed  in co n fo rm-  
i ty with [ 1-3].  

Computation of the boundary l a y e r  by the approx imate  method in [4] included assigning the function for  
the attenuation of the convect ive t he rm a l  flux qk in the fo rm 

a / c p  __ I 

where 

r  = qh / (H6 ~ Hw); ? = 0:6; O-~,w ~ G x , J ( c z / C ~ ) o .  

The quantity (U / ep )  0 was calcula ted in the solution of the p rob l em of an ideal flow of pa r t i a l ly  ionized 
a i r  around a catalyt ic  nondes t royed sur face  under  conditions cor responding  to the flow around a des t royab le  
body. 
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Fig.  2. Tempera tu re  of the heated surface fo r  Pe = 101 

Pa, R = 0. I m; HIa -- resu l ts  of a computat ion fo r  Pe = 
I01 Pa, R = I m; see Fig.  I fo r  remain ing  notat ion. 
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Fig. 3. Si l icon d iox ide gas i f i ca t ion  factor.  See notat ion 
in Figs. ] and 2. 

Attenuation of the f r ic t ion s t r e s s  gradient  was given in the f o r m  

lb~ = ~,J'r .... o = ~q ,  ( 2 )  

where  row, x = 1.7 ( a / C p )  due /dx .  

The m a s s  t r a n s f e r  coeff icients  in the fo rmula  for  the diffusion fluxes 

�9 I s , =  = 13s (ci , ~ .  cs, =) ( 3 )  

were  taken identical  and equal to tTj = /7 w = a / e p .  

A n a l y s i s  o f  t h e  R e s u l t s  o f  C o m p u t a t i o n s  

The inves t iga ted  range  of conditions in the incoming s t r e a m  cor responded  to r e g i m e s  of l a rge  inject ions 
when the main  contr ibution to the t he rma l  balance  on the su r face  is  given by p r e c i s e l y  the effect  of m a t e r i a l  
vapor  injection. In this ca se  the magnitude of the d imens ion less  ra te  of m a t e r i a l  gas i f icat ion GY,,w is d e t e r -  
mined independently of the en t ra inment  m e c h a n i s m  mainly  by jus t  the drop in s tagnat ion enthalpy a c r o s s  the 
boundary l aye r  and by the magnitude of the inject ion coeff icient  ~, when using the approx imate  method.  To 
p rove  this,  dependences of the magnitude of the contr ibution due to the effect  of injection of vapor s  of the m a -  
t e r i a l  being f r ac tu red  to the c o m p r e s s e d  l aye r  in the heat  ba lance  on the su r face  

~lin ~ 1 cz/cp 
(~/%)o 

a r e  p resen ted  in Fig. 1, as a r e  a lso  the magni tudes of the contr ibution of the chemica l  reac t ions  on the su r face  
of the body being f r ac tu red  to the total  heat  ba lance  

~1 chem= q chem/qK, 0. 

Resul ts  of computat ions of the d imens ion less  r a t e  of m a t e r i a l  gas i f ica t ion GE,w a re  p r e sen t ed  in the 
f igure.  The data p resen ted  display the high accuracy  of the computat ion G Y,,w by  ns ing the  HMT analogy (,~20%). 
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Fig, 4. Effective enthalpy of a g lass-graphi te  mater ia l ,  

MJ/kg.  See Figs. I and 2 for notation, 
Jef, 

Here and henceforth, the e r r o r  est imate is executed in that region where they reach their  grea tes t  values. 

Let us note that even for  H5 > 40 MJ/kg the quantities GZ,w, computed for the different f rac ture  schemes,  
do not differ by more  than 15~ despite the fact  that the tempera ture  Tw of the surface being heated differs by 
more  than 600~ for  the appropriate  computations (Fig. 2). The quantity T w in the reg ime of large  injections 
is here determined uniquely f rom the condition of assuring the neces sa ry  mater ia l  gasification rate.  An in- 
c rease  in the degree of gasification of the products of destruct ion of the binder and the si l icon dioxide is ob- 
served in the considered sequential complication of the mater ia l  f rac ture  mechanism on the one hand, and an 
intensification of the SiO 2 evapora t ionproeess  [1] on the other. Consequently, a decrease  in Tw corresponds  
to complication of the f rac tu re  mechanism, as is seen in Fig. 2. 

It was noted in [ 1] that the mos t  favorable conditions for  the origination of ambiguity in the laws of g l a s s -  
graphite body f rac tu re  occur  when the pa rame te r  Pe/(oL/Cp) 0 increases .  In o rde r  to i l lus t ra te  this situation, 
results  of computations per formed for  model HI with a body bluntness radius of R = 1 m a r e  superposed in Fig. 
2. As is seen, the resul ts  of this investigation a re  in total agreement  with the deductions of this paper.  It was 
shown in [3] that the conditions for  the occurrence  of the mentioned ambiguity are  improved during the p ro -  
g ress  of a heterogeneous chemical  interaction between silicon dioxide and carbon in the solid phase. This c i r -  
cumstance is the reason for the origination of a nonmonotonic dependence Tw(H 5) within the f ramework  of the 
scheme IV even for  R = 0.1 m. Let us note that the e r r o r  in calculating the quantity T w for these models (when 
using the HMT analogy) does not exceed 1%. 

One of the important  pa ramete r s  governing the mechanism of thermoehemical  f rac ture  of a g l a s s -g r aph -  
ite mater ia l  is the sil icon dioxide gasification factor  FSiO2 , ~.. The quantity FSiO2 ' Z is understood to be the 
total fract ion of si l icon dioxide being contained in the mater ia l  that goes over  into the gas phase. Results of a 
computation of the SiO 2 gasification fac tor  a re  presented in Fig. 3. The unique inc rease  of FSiO2 ' r. in the 
complication of the f rac tu re  mechanism is associated with the melt  cooling noted above. For  the differential 
carbon burnup scheme the value of this pa ramete r  is quite close to one and consequently, corresponding values 
a re  not superposed on this figure. The grea tes t  e r r o r  in the calculation of FSiO2 , 2~ when using the approximate 
method of computing the HMT (18~0) is observed within the f ramework of scheme I. It should also be noted 
that the e r r o r  level r emarked  in the computation of FSiO2 ' ~ is weakly responsive  to a change in R, as the r e -  
sults of the investigations per formed show. 

The effective enthalpy of the mater ia l  is understood "to be the quantity of heat absorbed during entrain-  
ment of unit mass  of mater ia l  

Jef  = (q" ~ ,~7~) /G~ ,  ~. (4) 
For  mater ia ls  of the c lass  under consideration, the quantity Je f  is determined p r imar i ly  by the value of 

the SiO 2 gasification factor,  as becomes evident in a compar ison of Figs.  3 and 4. Consequently, a growth of 
Jef  is observed with the complication of the f rac ture  mechanism on the one hand, and the maximum e r r o r  level 
of the pa ramete r  computation when using the HMT analogy is a quantity on the o rder  of 20%, on the other.  

The reason for  the sys temat ic  exaggeration of the quantity Jef  obtained in solving the adjoint problem 
over  the corresponding quantity obtained in computing the f rac ture  by using the analogy between the HMT is 
that the convective heat flux attenuation function used in the approximate computations in the form (1) yields a 
reduced efficiency of flux attenuation for  high vapor  injection velocit ies.  On the basis of the data presented,  an 
analysis can be per formed of the accuracy  of computing the total mater ia l  f rac ture  rate (by using (4)) and the 
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other character is t ics  that are  of interest  in analyzing the material  f racture process.  

Therefore,  utilization of the approximate method of computing the HMT in a boundary layer permits 
evaluation of the parameters  governing the process of thermochemical fracture,  with sufficient accuracy for 
practice,  in a broad range of conditions in the free stream, including conditions of developed gas flux ionization. 
The maximum er rors  in the calculation of all the character is t ics  listed did not exceed 20% for any version of 
the computation. 

NOTATION 

x, coordinate directed along the body surface, m; u, s t ream velocity projection on the x axis, m/sec;  
Fc, w, carbon gasification factor in the surface being heated; FSiO2 , z ,  silicon dioxide gasification factor; T, 
temperature,  ~ GZ,~, Gs total material  mass f racture  and gasification rates,  kg/m 2. sac; Jef, effective 
material  enthalpy, J/kg; q~i, mass fraction of the i-th component in the initial material; qk, convective heat 
flux, W/m2; oz/ep, heat t ransfer  factor, kg/m 2. sac; rw,x, tangential component of the fraction s t ress  tensor, 
kg/m2" see2; Ji, ci, mass diffusion flux (kg/m 2. sac) and the concentration of the i-th component; qchem, heat 
flux due to progress of chemical reactions, W/m2; H, stagnation enthalpy, J/kg; 7, injection factor; fib mass 
t ransfer  coefficient of the i-th component, kg/m 2. sec; p, pressure ,  Pa; R, bluntness radius, m; ew, integrated 
degree surface emissivity; u, Stefan-Boltzmann constant; Subscripts: w, heated surface of the material being 
fractured; 0, impermeable surface; e, boundary of the dynamic boundary layer;  and 6, shock front. 
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