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Theore t i ca l  and exper imenta l  methods of studying heat  proofing ma te r i a l s  a re  evaluated.  
Some cha rac t e r i s t i c s  of t r ans ien t  breakdown of fusable and cokable coatings a r e  examined.  

Some P r o b l e m s  Concerning the Trans i en t  Breakdown of Fusable  Mater ia l s .  Hea t -  and m a s s - t r a n s -  
fe r  p r o c e s s e s  occur ing during the t r ave l  of a body through the a t m o s p h e r e  of a planet  will always be t r a n -  
s ient  in na ture ,  because  the flow conditions vary.  In calculat ing the t r ans i ency  of heatup and breakdown 
one usually a s s u m e s  the body to be at eve ry  instant of t ime  in a s t r e a m  with constant p a r a m e t e r s  and one 
does not consider  that,  bes ides  the p a r a m e t e r s  which c h a r a c t e r i z e  the outer  s t r e a m  p~ and Voo, there  a re  
a lso  the i r  t ime  de r iva t ives  d p ~ / d t  and dV~o/dt. In other  words ,  the s ta te  of flow at  eve ry  instant  of t ime  
must  be descr ibed  not only by the densi ty  the veloci ty  but also by the i r  t ime  der iva t ives .  

Fo r  this r eason ,  there  is a need for  developing an appropr ia t e  theory  and then a method by which the 
effect  of t r ans i ency  on the heatup and the breakdown of a body in a s t r e a m  can be accounted for.  

This  p rob l em  has been considered in the case of heat  proofing ma te r i a l s  des t ruc tab le  by fusion and 
evaporat ion (vi t reous ma te r i a l s ) .  

The s y s t e m  of equations descr ib ing  the breakdown of such a ma te r i a l  a t  the c r i t i ca l  point can be 
r e p r e s e n t e d  as follows [3]: 
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For  a m o r e  comple te  and accura te  descr ip t ion of this p r o c e s s ,  it is n e c e s s a r y  to add also a s y s t e m  
of t r a n s i e n t - s t a t e  equations for  the gaseous  boundary l a y e r  and to solve them s imul taneously .  In view of 
the complexi ty  involved he re ,  these  s y s t e m s  of equations were  analyzed s e p a r a t e l y  and the t r ans i ency  of 
the ambient  s t r e a m  a rc  taken into account  in the change to d imens ion less  quantit ies:  
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in the vicini ty of the cr i t ica l  point. When changing to these d imensionless  quanti t ies,  one must  consider  
that the veloci ty gradient  nea r  the cr i t ica l  point is a function of t ime. After the n e c e s s a r y  t rans format ions ,  
we have 

- -  - 2 - -  o-r#q oq  /z ,  0~1 ~ 0~1 ~ 2 ~ = ~ 2 0~1 ~ 0~1 A ' 
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where  

A = ] / /  ?~--1 , 

coeff icient  a = " ~ / f i 2  accounts for  the variat ion of the s t r e am  p a r a m e t e r s  (u e, Pe, Te) with t ime,  coefficients 
~i ,  ~2, ~3 a re  defined by the s t eady-s t a t e  values of the s t r e am  p a r a m e t e r s ,  ~ = C p p . / k , ,  X = k / k . .  
Before  analyzing the effect  of "outer"  t rans iency  on the vehicle t r a j ec to ry ,  one should f i r s t  answer the 
question concerning the ranges  of p a r a m e t e r  values and t r a j e c t o r y  cha rac te r i s t i c s  within which this effect  
on the breakdown of vi t reous mater ia l s  is significant,  i .e . ,  to f i r s t  solve the problem qualitatively.  Since 
this would r equ i re  a g rea t  amount  of p a r a m e t r i c  calculat ions,  the p rocedure  will be somewhat  modified 
instead. 

We cons ider the s t eady-s t a t e  heatup and breakdown of a heat proofing coat on the sur face  of a body 
in a gaseous s t r e am,  desc r ibed  by the p a r a m e t e r s  (u e, Pe, Te) as well as by the i r  t ime der iva t ives .  This 
situation is physical ly  unreal izable ,  as an analysis  of the p rocedure  for solving t r ans i en t - s t a t e  equa- 
tions (by the f in i te -d i f fe rences  method with the use of the implici t  scheme) indicates.  The following s y s -  
t em of equations is solved: 
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Calculations for a wide range of p a r a m e t e r  values and t r a j e c t o r y  cha rac t e r i s t i c s  show that the mate r ia l  
wear  and the t e m p e r a t u r e  prof i le  a re  affected most  significantly by mass forces  and by the t rans ieney  of 
the stagnation t empera tu re .  The resu l t s  of calculations made for  one point on the t r a j e c t o r y  a re  shown 
in Fig. 1. Taking into account the t r ans i ency  of the stagnation t em p e ra tu r e  yields lower t e m p e r a t u r e s ,  
accord ing  to the graph,  inasmuch as t r a j e c to r i e s  a re  considered h e r e  for  which 8 T e / S t  < 0. The opposite 
will occur  when 8 T e / 0 t  > 0, namely  the vehicle  will acce le ra te .  It is to be noted that the maximum devia-  
tion in the t e m p e r a t u r e  prof i les  ~ = (T a = 0 - T ~  =i} cor responds  to a ze ro  deviation in the the rmal  flux 
prof i les  (0'). 

As the flight alt i tude becomes  lower ,  the di f ference AT = (T a = 0 - T a  = i ) / ( T w a  =0 -Too) d e c r e a s e s ,  

until the sur face  t empe ra tu r e  r eaches  its maximum,  and then inc reases  again (Fig. 2, where  7 = a / ~ . f 2 ) ,  
i .e . ,  the effect  of stagnation t e m p e r a t u r e  t r ans i ency  is most  pronounced along the t r a j e c t o r y  segments  with 
a re la t ive ly  low sur face  t empera tu re .  As a consequence,  the effect  of t r a j e c t o r y  cha rac t e r i s t i c s  on the 
magnitude of ATma x and thus on wear  in the liquid phase becomes obvious. Inasmuch as the thermophys ica l  
p rope r t i e s  (viscosi ty and thermal  conductivity) of a v i t reous  mater ia l  such as fused quartz  have not yet  
been de te rmined  exact ly ,  we will now analyze how the t em p e ra tu r e  cha rac t e r i s t i c s  of the rma l  conductivity 
and v iscos i ty  affect  the deviations in the t e m p e r a t u r e  prof i les .  Calculations show that they are  affected 
most  s t rongly by p(T) and less  s t rongly  by MT). 

Thus,  avai lable  t e s t  data on the thermophys ica l  p roper t i e s  of this mater ia l  a re  not suff icient  for  
defini t ively evaluating the effect  of these p roper t i e s  on deviations in the t em p e ra tu r e  prof i le  and on wear  
in the liquid phase.  

Cokable Heat Proof ing Mater ia ls .  The breakdown of intr icate  composi te  mate r ia l s  under heavy heat  
loads ]s accompanied by the format ion of a pyro lys i s  zone inside, by the f i l trat ion of gaseous products  to 
the hot sur face ,  and by heat  t r a n s f e r  between solid and gas. The effect  of these fac tors  on the heatup and 
the wear  of heat  proofing mate r ia l s  can be analyzed by means of a mathemat ical  model of the p ro ce s s  with 
the following assumpt ions :  
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Fig. 1. Effect  of the t rans ieney  of the gas s t r e a m  on the t e m p e r a t u r e  prof i le  (Vf = 7000 m 
/ s e e ,  0f = 30 ~ , ~ = 10 -4 m2/N,  h = 33 km,  R B = 0.4 m): solid l ines) a = 1; dashed lines) a 
= 0 .  

Fig. 2. Variat ion of the m a x i m u m  deviat ions in a t e m p e r a t u r e  prof i le  along a t r a j e c t o r y  
(Vf = 7000 m / s e c ,  ~ = 10 -4 m2/N,  R B = 0.4 m): 1) 0f =45~ 2) 30; 3) 15. 

1. Chemical  reac t ions  within the coke zone occur  only in the gaseous  s ta te ,  the gases  flowing 
through the po re s  a t  a constant  velocity.  Both the Lewis number  and the Prandt l  numbe r  a r e  
taken equal to un ity. 

2. The heat  load in this ana lys is  co r responds  to a one-d imens ional  (in space)  p rob lem.  

3. Phys icochemica l  changes within the zone where  the bonding mate r i a l  undergoes  py ro lys i s  a r e  
desc r ibed  by the equations of non i so the rmal  kinet ics :  

f o r n  = 1 

8t BprcseXp [ -  E / RT] - -  Pmsln Ot ' 

forn ~i 

O•Tr 
Ot 

(+) 

4 .  The boundar ies  of the pyroly t ic  zone a r e  defined by the initial  t e m p e r a t u r e  of phys icochemica l  
changes and by  the t a r  concentrat ion,  the l a t t e r  being equal to ze ro  at  the outer  edge. Under 
these  a s sumpt ions  concerning the phys icochemica l  p r o c e s s e s  which occur  in the b reak ing  down of 
ma te r i a l  and concerning the boundaries  of the var ious  zones,  the t r ans ien t  t e m p e r a t u r e  field 
of  a heat  proofing coat  is desc r ibed  by the following s y s t e m  of h e a t - a n d - m a s s - t r a n s f e r  equations: 

for  the zone of undecomposed ma te r i a l  

pep or 0 (~ 0r't, 

for  the zone of decomposed  bonding ma te r i a l  

o , +  ~ 
ot Ox -~x + ~ '  
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where  

= _ _ t  ~ apres 
a~ 

and for  the zone of r e s  idual coke 

o O T O @ O T )  % 
PC'Pc Ot Ox c-&-x ~ K~(Hc-H), 

OII 0 [ ~_~G. OTG~ OH o~. , 
oo at o. ~c~o '~  ] - ( P " ) ~  cTG ~'(n-Hc)' 

where  

X~ j' (0u) G = (1 - -  cc ) Op dx. 
0t 

x l  

Subscr ip ts  C and G r e f e r  to the solid phase  and the gaseous  phase ,  r e spec t ive ly .  
dition is T(x, 0) = T 0. The boundary  conditions a r e  

OT OT [ 
(t) [x=o -+" ~' ~ x  :r = O; qz (t) .=x(t~ -? )vC-ffffxt~=x(t) = O, ql 

orG =0. 
TGI*=x c U) = r,~=x c (0; qz (Ol.=xr C_~x- x=x(t) 

The initial con-  

Thus,  a numer i ca l  solution to this s y s t e m  of par t i a l  di f ferent ia l  equations yields  the t r ans i en t  t e m -  
p e r a t u r e  field of a ma te r i a l  undergoing phys icochemica l  changes ,  with gas  f i l t ra t ion and heat  t r a n s f e r  in 
the coke l a y e r  taken into account.  

Exper imen ta l  Dete rmina t ion  of T r a n s i e n t  Boundary Conditions. It mus t  be noted that  the expe r imen t  
alone is ve ry  s ignif icant  in a study of heat  t r a n s f e r  phenomena.  In view of the n e c e s s i t y  to fundamental ly  
modify  the p rocedura l  and the design a spec t s  of the exper iment ,  which includes data p r o c e s s i n g  and final 
evaluat ion,  " t r a n s i e n t - s t a t e "  expe r imen t s  mus t  d i f fe r  qual i ta t ively f r o m  expe r imen t s  which have so far  
been designed for  s t e a d y - s t a t e  h e a t - t r a n s f e r  s tudies .  This  r e q u i r e s  that  a t heo re t i ca l  bas i s  be  developed 
fo r  t r a n s i e n t - s t a t e  t h e r m a l  e x p e r i m e n t s ,  with pa r t i cu l a r  emphas i s  on methods of es tab l i sh ing  the boundary 
condit ions.  Such an ef for t  is just i f ied by the fact  that  the c o r r e c t  t r ack ing  o r  the p r o p e r  control  of t h e r m a l  
flux and su r f ace  t e m p e r a t u r e  va r i a t ions  in a body with t ime  const i tute  the bas i s  of expe r imen ta l  s tudies  
concerning the t r a n s i e n t  heat  t r a n s f e r .  

In mos t  c a s e s ,  the only way to es tab l i sh  the t h e r m a l  boundary  conditions for  t r a n s i e n t  heat  t r a n s f e r  
is to solve r e v e r s e  p r o b l e m s  of heat  conduction. These  p rob l ems  belong in the ca tegory  of nonco r r ec t i ve  
p r o b l e m s ,  because  in the cou r s e  of the i r  fo rmula t ion  one v io la tes  the s tab i l i ty  condition for  the sought 
solut ion.  N e v e r t h e l e s s ,  under  ce r ta in  condit ions,  the p rob lem can be solved by d i r e c t  methods.  We pro= 
pose  h e r e  a n u m e r i c a l  method of solving the nonl inear  r e v e r s e  p rob l em of one-d imens iona l  heat  conduction 
tn a homogeneous p la te .  

The solution to this p r o b l e m  is cons t ruc ted  by the impl ic i t  s cheme  of f in i t e -d i f f e rences  for  app rox i -  
mat ing the quas iHnear  equation of hea t  conduction: 

02T I OT )~' ( OT ~ ', 
Ox - - ~ ' =  _d. . ot ~ ~,77x / 

where  

a ~ m 

pC, 
d~ 

Z' ---- ~ - ,  ~ = ~ (T), Cp = Cp (T), P = P (r). 

F o r  a s ix -po in t  s c h e m e  [1] we have 

ai, ~ At [ 2a.~ht  ] ai,~At al, ~ At ( ~.~,~ '~ (Ti+a,, ~ _ Ti_x,,~)2, (1) 
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w h e r e  

Ax = - - ;  At  - - ;  i=1,2  . . . . .  k - - l ;  n=0,1  . . . . .  m- - l ;  
k m 

ai,~ = a(Ti.n); X~,. = Z (T~,n). 

A s s u m i n g  a t h e r m a l l y  insula ted wall ,  fo r  s imp l i c i ty ,  we can wr i t e  the boundary  condi t ions  as fol lows:  

qn+l - -  ~0,n T~ TI'n+I : (Cm,n.) -2-'--hx T~176 (2) 

at  x = 0 and 

A X  Tit ,  n+1 - -  Th ,  n 
T~,.+a--T~_~,~+~ ~ (C~,,,) 2 At (3) 

at  x = b .  

The  initial condit ion is 

Ti ,o=/ (x i ) ,  i - - 0 ,  1 . . . .  , k. 

With  the aid of  r e l a t i ons  (1)-(3), one can wr i t e  a s y s t e m  of  l i n e a r  a lgeb ra i c  equat ions  fo r  the  unknown 
t h e r m a l  flux q n + i  and the unknown t e m p e r a t u r e s  T i , n +  t (i = 0 . . . . .  ~ - 1 ,  ~ + 1 . . . . .  k with the known 
t e m p e r a t u r e  T ~  at a given point  i = ~ inside the body). 

Without  showing all the m a t h e m a t i c a l  t r a n s f o r m a t i o n s ,  we have 

A___ 

A g ~ b ,  

do n 2to ~ - - I  
q,'~ d~,~. l~,~ 0 0 

t~,. d~,~ t~,~ 0 

Ix ~,n 'd• ~,n l~. 2 n 6 
- C L  , i :  1,~ o 

' d~+l,,~ l~.+~,~ 0 
0 l~+~,~ dx+~,n l,~+~, n 0 

9tk, n dk, n 6 
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Tl,n+i 
T2~ 1l+1 

T~t 2~n+l 
Tx-t,n+l 
Tx:l,n+l 
T~t+o,n+l 
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0 
bl,n 

bx ~n 
bx-1 n--lx 1 nTx n+x 
b~,-~'--d~.n-T'x,n+; 
bx+t n--'lx+x,nTx,a+l 

Tk,n 1 
w h e r e  

di, n : t + 2 -ai nat ai"~At , (~)~ , l , , , ,  = - ~  
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In this way,  f r o m  the known t e m p e r a t u r e s  Ti ,  n and T ~ , n + t  we find T i , n +  1 and 

~o,,~hx 
q,~+l = 2~o,,fl i -  [fo,~--To,,~]" 

This  s che m e  for  solving the r e v e r s e  p rob lem of hea t  conduction was success fu l ly  applied to a n u m -  
be r  of ca ses .  In o rde r  to obtain s table  r e su l t s  at suff icient ly smal l  computation s teps  along the t ime  co-  
ordinate ,  i t  is n e c e s s a r y  to f i r s t  smooth  out the input data Ts(t) .  When the e r r o r  (6) in T6(t) is l a rge  and 
f luctuates ,  then the input function is shaped by the regu la r iza t ion  method [2]. 

The proposed  method of es tabl i sh ing the boundary conditions is sui table  for solving many  p rob lems  
re la ted  to flight tes t ing of var ious  vehicles  or  r e la ted  to the exper imenta l  s imulat ion of t r ans ien t  modes in 
heat  proofing s y s t e m s .  
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NOTATION 

is the densi ty  of the mater ia l ;  
is the spec i f ic  heat  of the mate r ia l ;  
is the t he rm a l  conductivity- of the mate r ia l ;  
is the dynamic viscos  ity of the mate r ia l ;  
a r e  the coordinates;  
a re  the veloci ty  components  along x -  and y - ax i s ,  respec t ive ly ;  
is the t ime; 
is the d imens ion less  t ime;  
a re  the veloci ty ,  p r e s s u r e ,  t e m p e r a t u r e ,  and densi ty  of the gas at  the outer  
edge of the boundary l aye r ;  
is the mean ra t io  of spec i f ic  heats  of the gas at the outer  edge of the boundary 
layer ;  
is the d imens ion less  space  coordinate;  
is the d imens ion less  velocity; 
is the d imens ion less  t empe ra tu r e ;  
a r e  the actual  and d imens ion less  ra te  of ma te r i a l  breakdown; 
is the re la t ive  t h e r m a l  conductivity; 
a r e  the components  of mass  force  along the x -ax i s  and along the y -ax i s ;  
is the t e m p e r a t u r e ;  
a r e  the t e m p e r a t u r e  at  the outside and the inside su r face  of the mate r ia l ;  
a r e  the absolute  and re la t ive  deviation in a t e m p e r a t u r e  profi le;  
is the d imens ion less  t he rma l  flux; 
a r e  the veloci ty  gradient  and its t ime  der iva t ive ;  
a r e  the t r ans i ency  coefficients;  
a r e  the constants ;  
is the veloci ty  of vehicle en t ry  into the a tmosphere ;  
is the angle of vehicle en t ry  into the a tmosphere ;  
is the bluntness radius  of vehicle;  
is the bal l i s t ic  coefficient;  
is the flight altitude; 
is the t r ans i ency  of gas  s t r e a m  p a r a m e t e r  d i s regarded;  
is the t r ans i ency  of gas s t r e a m  p a r a m e t e r  accounted for; 
a r e  the coeff icients  in the energy  equation; 
a re  the initial and any instantaneous dens ity of  bonding res in ;  
m the act ivat ion energy; 
,s the un iversa l  gas  constant;  
m the react ion  number ;  
~s the h e a t - t r a n s f e r  coefficient;  
m the initial t e m p e r a t u r e  of phys icochemica l  change; 
ts the power  of heat  source;  
~s the total  ca lor ie  value of mate r ia l ;  
m the enthalpy; 
ts the coke number ;  
a r e  the laws accord ing  to which the boundar ies  of the coke zone shift; 
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is the thermal flux absorbed by the body; 
are  the laws governing the heat t ransfer  at the inside and at the outside surface of the material,  
respectively; 
is the plate thickness; 
is the ,,perturbed, inlet temperature in the reverse  problem of heat conduction; 
is the time interval for computing the right-hand boundary value; 
is the number of layers in a plate along the space coordinate; 
is the number of steps along the time coordinate; 
is the pressure .  

L ' I T E R A T U R E  C I T E D  

M. Lotkin, J. Math. and Phys., No. 2 (1958}. 
V. A. Morozov, Zh. Vychisl. Matem. i Fiz., No. 4 (1967}. 
W. G. Dorrens,  Supersonic Flow of Viscous Gases [Russian translation], Mir (1966}. 

62 


