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The authors examine a most simple model of mass transfer from the 
heated surface of a condensed phase in the presence of chemical reac- 
tions. It is shown that decompositio n of the molecules of starting sub- 
stance and subsequent vaporization (or sublimation) of the decompo- 
sition products have an important influence on this process and lead 
to- the appearanced a number of new effects not observed in the abla- 
tion of nondecomposing materials. The principal conclusions of the 
theory are confirmed qualitatively by the experimental data, on the 
degradation of certain polymers in a high-enthalpy gas jet described 
in the concluding section of the paper. 

w F o r m u l a t i o n  of the p rob lem.  In the g e n e r a l  case  
ablat ion in a gas  flow is  d e s c r i b e d  by a sy s t em of equa -  
t ions  of hydrodynamics ,  of convect ive heat t r a n s f e r ,  
and of diffusion, wr i t t en  sepa ra t e ly  for the two 
phases  with al lowance for  that  evolut ion (or abso rp -  
tion) of the heat and m a s s  of all components  which is  
due to the r eac t i ons  in the sys t em.  Th i s  p rob l em is 
s t rong ly  non l inea r  and diff icult  to solve even  in the 
s imp le s t  cases .  Accordingly ,  in what follows we em~ 
ploy every  poss ib le  s impl i fy ing  a s sumpt ion  without 
d i s to r t ing  the qual i ta t ive  c h a r a c t e r i s t i c s  of the ab -  
la t ion p roces s .  

We cons ider  a plane phase in te r face  ~ = ~0(t), a s -  
suming  that  the undecomposed condensed phase con-  

s i s t s  of type AB molecu les  and that  a s ingle d e c o m -  
pos i t ion  r eac t i on  AB --* A + B is  poss ib le  in th is  

phase .  Le t the  ac t iva t ion  energy  and the absorbed energy  
per  AB molecu les  be equal to e and e, r e spec t ive ly .  
We neglect  the r e v e r s e  r e a c t i o n  of synthes i s  of AB 
molecu les  f rom A and B molecu les ,  a s s u m i n g  that in 
the t e m p e r a t u r e  in te rva l  cons ide red  the r a t e  constant  
of this  r eac t ion  is much lower than the ra t e  cons tant  
of the f o r w a r d  r e a c t i o n  k ' (T) .  

The p r o c e s s e s  of heat t r a n s f e r  and r e m o v a l  of the 
vapors  of the subs tances  AB, A, and B in the gas 
phase depend on the flow condi t ions  at the sur face ,  on 
the p r e s e n c e  of r eac t i ons  in the gas phase,  etc. F o r  
Our pu rposes  the re  is no need to be too speci f ic  about 
the na tu re  of these  p r o c e s s e s ;  accordingly ,  we con-  
s ide r  them within  the f r amework  of the Nerns t  dif-  
f u s i o n - l a y e r  theory,  neglec t ing ,  for  s impl ic i ty ,  all  
r e a c t i o n s  in the gas phase,  including the r eac t ion  
AB ~ A + B. Thus,  we a s s u m e  that  for  each t r a n s -  
por t  p r o c e s s e s  the re  is a l ayer  of the th ickness  A, 
adjacent  to the abla t ion  sur face  and such that within 
the layer  t r a n s p o r t  is effected by a mo lecu l a r  m e c h a -  
n i sm ,  whice at its outer boundary  r e l axa t ion  to the 
ex te rna l  condi t ions  is a lmos t  ins tan taneous .  The 
quan t i t i e s  A depend on the condi t ions  in the h igh-  
enthatpy gas flow and on the in tens i ty  of vapor iza t ion  
p r o c e s s e s  at the su r face  i tse l f ,  which d e t e r m i n e s  
the Stefan flux and can be f o r m a l l y  in t roduced in 
t e r m s  of the hea t -  and m a s s - t r a n s f e r  coeff icients  [1]. 

We as sume  that  the mo l e c u l a r  t r a n s p o r t  coeff i-  
c i en t s  do not  depend on the t e m p e r a t u r e  and compo-  
s i t ion of the gas phase,  and we use an approximat ion  

of independent  diffusion,  neglec t ing  t he r ma l  diffusion 
and cons ide r ing  the concen t ra t ions  of the components  
ins tead  of the i r  pa r t i a l  p r e s s u r e s  in the gas phase.  

Also neglec t ing  the K n u d s e n - L a n g m u i r  l ayer  and 
the mot ion  of the ablat ion sur face ,  we a r r i v e  in the 
r eg ion  ~ < ~0(t) at the problem:  

~Oc~ OT = a A T ,  = D~Ac~, 
o--Y" - ~ -  

C~l ~ i  = O, 1" I ~ o  = T~, 

z = ~ - -  ~o (t), ( i .  i) 

T 1==~" = To, 

0r I ~-=0 = q~, 

i = O ,  t ,  2 .  

Here a and D i a re  the t h e r m a l  diffusivi ty and di f -  
fus ion coeff ic ients ,  the values  of subsc r ip t  i = 0, I, 
and 2 a r e  a s s igned  to the subs tances  AB, A, and B, 
r e spec t ive ly l  and qi denotes  the ins tan taneous  values  
the i r  vapor concen t ra t ions  at the abla t ing sur face .  
For  qi we wri te  the equations 

q~ = s~n~q~o, (1.2) 

where  s i denotes the sma l l  a r e a s  occupied by a s ingle  
molecu le  of the subs t ances  AB, A, or  B; n i denotes 
the sur face  concen t ra t ions  of these  subs tances  in the 
c onde nse d  phase;  q~ is  the sa tu ra ted  vapor concen-  
t r a t i on  over  the surt 'ace of the pu re  i - th  subs tance .  In 

(1.2) we have assumed ,  for  s impl ic i ty ,  that the p rob -  
abi l i ty  of one molecu le  of a ce r t a in  subs tance  e s -  
caping into the gas phase is  p ropor t iona l  to the f r ac t ion  
of the a r e a  occupied by th i s  subs tance  on the s u r -  
face of the condensed phase.  This  a s sumpt ion  is 
valid at smal l  concen t ra t ions  and in this case  c o r r e -  
sponds to the Henry and Raoult laws. In the gene ra l  
case ,  of course ,  it r e p r e s e n t s  a ce r t a in  ideal iza t ion  
of the vapor iza t ion  p rocess .  

In the reg ion  ~0(t) (or x < 0) it is  also poss ib le  to 
wr i te  t r a n s p o r t  equat ions analogous to Eqs. (1.1) 
with al lowance for  the decomposi t ion  reac t ion  AB 
--* A + B in the condesed phase.  However,  if the 
ac t iva t ion  energy  a is suff ic ient ly  la rge ,  in accordance  
with the genera l  method used in combust ion  theory  
[1] it can be a s sume d  that the r eac t ion  proceeds  only 
in a na r row zone of th ickness  6, ad jacent  to the phase 
in ter face .  This a s sumpt ion  is conf i rmed  by numerous  
expe r imen t s  on the heterogeneous combust ion  of de-  
composing prope l lan t s  and by data on the ablat ion of a 
n u m b e r  of po lymers  in a p l a sma  je t  (see [2] and w 
of this  paper) .  In a nons ta t ionary  p r o c e s s  of  t h e r -  
mal  decompos i t ion  the  quant i ty  ~ depends gene ra l ly  
speaking,  on t ime ,  while under  s t a t ionary  condit ions 
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6 ~ const .  However,  in any case ,  5 depends onthe  s u r -  
face t e m p e r a t u r e  T s, but  this  dependence is much 
~weaker than the dependence on T s of the r a t e  cons tan t  
k ' (T) .  

For  s t a t ionary  condi t ions  it is poss ib l e  to wr i te  the 
:mass -ba l ance  equat ions  of the components  in the 

fo rm:  

- - k ( T ~ ) n o +  D o - ~  Ix== ~ + T = 0 ,  

dcj 
no = N o  `/` ~=o (z = uN).  :r (T~) no + Dj  ~ ~=o = 0,  

n~ = Nff, ~=o ( /= i, 2). (1.3) 

The effect ive value of k(T s) is g iven by 

0 

k (Ts)~...~ ~sk' (T) N f l x  (1.4) 

In (1.3) and (1.4) N o is the volume concen t ra t ion  of 
AB molecu le s ,  Nu[x-*6 = N, and u and T a re  the l i nea r  
and m o l a r  r a t e s  of m a s s  t r a n s f e r  f rom the sur face  
x = 0. In the ca se  of a purely  he terogeneous  r eac t ion  

k(Ts) = kV(Ts). 
The c a l o r i m e t r i c  equation has the form:  

d T  x=o 

2 
r.D. dc~ +-Q,, = Q~. (1.5) ek ( Ts) no - -  ~ , , dx 

i~o ~ 0  

Here X is the t h e r m a l  conduct ivi ty  of the ga.~ 
phase;  r i i s  the sum of the i n t e r n a l  and ex te rna l  heats 
of vapor iza t ion  per  molecu le  of ith subs tance;  Qr(Ts)  
denote the r ad ia t ive  heat l o s se s .  The quant i ty  Q0(Ts) 
r e p r e s e n t s  the tota l  ex te rna l  flow of heat to the a b -  
la t ion  sur face ,  while Qs(Ts) is the amount  of heat  
absorbed  per  uni t  a r e a  of this  su r face .  

The sur face  concen t r a t ions  n i mus t  sat isfy  the 
obvious compat ib i l i ty  condi t ion 

n o ~- ~Inl ~- ~t2n ~ ---- N%, ~t i J~ ~t~ : 1 

N = si/so (1.6) 

In the case  of a m a t e r i a l  decomposing in a vacuum, 
ins tead  of (1.3) and (1.5) we have 

- -  k (Ts)  no - -  go (Ts)  no + T = 0 ,  

k (T~) n o - -  gj U%) nj = 0 ,  

~ i = i ,  2) 

2 
Qo -= Qs = ek (T~) no + ~ rigr (T~) n i ~- Q~ (T~) (1.7) 

Here,  Q0 is the energy  a r r i v i n g  at a unit  a r ea  of 
the in te r face  due to rad ia t ive  heating.  The quant i t ies  
gi in (1.7) r e p r e s e n t  the r a t e  cons tan ts  for  the escape  
of AB, A, and B molecu les  f rom the condensed  phase.  

"From Eqs. (1.3) and (1.6) or the f i r s t  ones of Eqs. 
(1.7) and (1.6) we obtain s imple  e x p r e s s i o n  s for the 
m o l a r  r a t e  of abla t ion 

Y = - - ~  ~r dc~ ~-o dz ~=0 or 7 = ~g~n~ (1.8) 
4.-~- 0 

w -Investigation of stationary regimes. We consider 
stationary solutions for the problem formulated above. 
From (i. I) we obtain 

r = r0 + ( r ,  - T o )  ( i  - -  x / A * ) ,  

ct = qi(l - -  x_[_ At). (2.1) 

Solving the remaining equations, after computations 
we obtain 

N'I ,  
nj = nofj, n o =  1+~dl-4-~1~ " 

i § 
3" = goN'/' i + I~h + "d~ ' 

= rogoN'/" t + a/o _ _  _~_ Q~ (Y~) 

e + r , + r ,  ( D )) 
a - -  ro , g i =  ~ s q ~  s i '  

k (T~) (2.2) 
/~ = g~ (r~) 

Here,  the quant i t ies  gi r e p r e s e n t  the r a t e  cons tan t s  
of the p r o c e s s e s  of vapor r e m o v a l ,  whi le . f  i denote the 
r a t io s  of the d e c o m p o s i t i o n - r e a c t i o n  ra te  to the r e -  
moval  r a t e s .  We note that the solut ion of p rob lem (1.6) 
and (1.7) a lso leads  to express ions  (2.2) with the gi 
f rom (1.7). 

To be specif ic ,  we a s s u m e  that the dependence of k 
and gi on T s can be r e p r e s e n t e d  approximate ly  by the 
Ar rhen ius  expres s ions  

/ 8 - ~ K ( 2 . 3 )  
W 

Here,  ei  denote quant i t ies  with the s ign i f icance  of 
ac t iva t ion  energ ies  of p r o c e s s e s  of escape  of AB, A, 
and B molecu les  into the gas phase.  These  quant i t ies  
can be determined approximately from empirical An- 
toine relations for saturated vapor concentrations. The 
symbols K and G i have the significance of normal 
frequency factors, and k is the Boltzmann constant. 

The decomposition of AB molecules is associated 
with the disruption of strong intramolecular chemical 
bonds, and the processes of molecular escape into the 
gas phase are linked with the disruption of relatively 
weak intermolecular bonds (van der Waals forces, 
hydrogen bridges, etc. ). Therefore it is possible to 
as sume  a < e i (i = O, i ,  2). To be specific,  we fu r the r  

a s sume  that a 1 > e 2, so that on a c e r t a i n  in te rva l  0 < 
< 0 ~ 00, we have#2f~  << Pl f l "  It is c l ea r  f rom (2.2) 
and (2.3) that  in this  i n t e rva l  the quant i ty  n I (0) 
i n c r e a s e s  monotonical ly ,  n 2 (0) ~ 0, and r% (0) de -  
c r e a s e s  monotonicMly.  In the r eg ion  0 > 0 U, n2(0) 
begins  to i n c r e a s e  apprec iab ly ,  while,  depending on the 
ra t io  of the quant i t ies  p j f j ,  the sur face  concent ra t ion  
n l(0) of the l e s s  r ead i ly  vapor izab le  decompos i t ion  
product  can both i nc r ea se  and d e c r e a s e  with i n c r e a s e  
in 0. The c h a r a c t e r i s t i c  c u r v e s  of ni(0) are  p resen ted  
for  the l a t t e r  case in F ig .  1; as 0 ~ oo they all tend to 
a plateau.  
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In p a r t i c u l a r  c a s e s  the  ab la t ion  r a t e  3/wil l  be g iven  
by the e x p r e s s i o n s  

Y (0) ~ Y0 (0) - -  goN'4 = N%Go exp ( - -  e0/0) at  h (0) ,~  t,  

y ( O ) ~ N ' 4 K e x p ( - - e / O )  at /i (0) ,~  l, /0 (0) >~ t , 

I~ (0) ~ I,  /0 (0) ~ I,  1~ (0) >~  1, 

~T*., G o G 1  ~ - - 8 o - - ~ 1  
T (0) ~ iv ,, ~ exp 0 ' 

( i -~0 ,  i ,  2; / ' =  i ,  2 ) .  (2.4) 

In the  f i r s t  c a s e  (at low t e m p e r a t u r e s )  the d e c o m -  
pos i t i on  and m a s s  t r a n s p o r t  a r e  d e t e r m i n e d  by the 
k ine t i c s  of v a p o r i z a t i o n  and r e m o v a l  of the  v a p o r s  of 
the  s t a r t i n g  subs t ance  A]3, and in the second  by the 
k i n e t i c s  of the decompos i t i on  r e a c t i o n .  In the  t h i r d  
c a s e  the m a s s - t r a n s f e r  r a t e  is a f fec ted  by the p r o -  
c e s s e s ;  in th i s  c a s e  the  quant i ty  y(0) d e c r e a s e s  with 
i n c r e a s e  in 0, p r o v i d e d  t h a t s  0 + e I (the inequal i ty  witl 
r e s p e c t  t o f i ( 0 )  in (2.4) is r e a l i z e d  by m e a n s  of 
a p p r o p r i a t e  n o r m a l  f r equency  f a c t o r s  in (2.3)).  We 
then  have the expans ion  

T (0 + 60) ~-. ~" (0) (t + ~0-~0), ~ = 80 + % - -  tw, 

% =  t + / o  ' %= 1+~111+1~/~ (2.5) 

The quant i ty  fi is  l e s s  than z e r o  if the inequal i ty  

a (~j~ - / o )  > ~o (i + ~I~) + ~ x h  (l + /o ) ,  

0<0~<0o. 
is s a t i s f i ed .  

Hence it is c l e a r  tha t  the o c c u r r e n c e  of an anoma lous  
sec t ion  on the y(0) cu rve ,  whe re  the d e r i v a t i v e  of 
y(0) with r e s p e c t  to 0 i s  nega t ive ,  i s  f avo red  by an 
i n c r e a s e  in P ~ f l ,  and a d e c r e a s e  i n f  0, i . e . ,  the  
decompos i t i on  p roduc t  A i s  l e s s  r e a d i l y  v a p o r i z e d  
than the subs tance  AB. 

At 0 ~ fl0 le t  th is  inequa l i ty  not be sa t i s f i ed ,  i . e . ,  
13 > 0. If as  0 f a l l s  the quant i ty  fo d e c r e a s e s  much  
m o r e  r ap id ly  than Plf~,_ then  3 can change s ign  in a 
c e r t a i n  i n t e rva l  01 ~ 0 --< 0~ < 0~. Thus, the two 
types  of anomalous  s e g m e n t s  shown in F igs .  2a and 
b a r e  p o s s i b l e .  At 0 > ~0 the quant.ity # 2 f 2  can be 

a , j b  / ' 1  1 i 
| / I ~ i 

| J  I I I 
s o s ~ s t s o o 

Pig. 2 

c o m p a r a b l e  with P t f z ,  and then ye t  ano ther  anomalous  
s e gme n t  can a p p e a r  ( see  the dashed  l ine in Fig.  2b). 

The funct ion Qs(0)  behaves  s i m i l a r l y .  At  a = i and 
Qr (0 )  ~ 0 ( this  is  p o s s i b l e  at  not  l a r g e  0) comple t e  
s i m i l a r i t y  of the r e l a t i o n s  T(0) and Qs(0)  is  obse rved .  
As a i n c r e a s e s ,  the anomalous  s e g m e n t s  of the func-  
t ion Qs(0)  grow s h o r t e r ,  and at c~ > 1 ( th is  is  p o s -  
s ib le  if the r e a c t i o n  AB ~ A + ]3 is  e x o t h e r m i c  they 
can b e c o m e  b r o a d e r  than the anomalous  s e g m e n t s  of 
~(0) .  C lea r ly ,  as  the number  of r e a c t i o n s  involved 
in t h e p r o c e s s  i n c r e a s e s ,  the n u m b e r  of such anomalous  
s egmen t s ,  g e n e r a l l y  speaking,  i n c r e a s e s ,  and t h e i r  
d i s t r i bu t i on  b e c o m e s  m o r e  p e c u l a r .  In the  g e n e r a l  
case ,  the p r e s e n c e  anomalous  s e g m e n t s  on the c u r v e s  
y(0) ,  Qs(0)  e t c . ,  l e a d s  to a nonmonotonic  dependence  
of the ab la t ion  r a t e  ~/ on the  amount  of hea t  a b s o r b e d  
at the su r f a c e  of the ab la t ing  m a t e r i a l ,  etc.  

Consequent ly ,  d i f f e r en t  s t a t i o n a r y  t e m p e r a t u r e s  T s 
and m o l a r  m a s s - t r a n s f e r  r a t e s  can c o r r e s p o n d  to the 
s a m e  heat  f lux Q0(Ts). Conve r se ly ,  a given m a s s -  
t r a n s f e r  r a t e  can be  o b s e r v e d  under  v e r y  d i f fe ren t  
hea t  condi t ions  a s  the ab la t ing  su r f ace .  Due a l lowance  
fo r  t h e s e  c i r c u m s t a n c e s  is  v e r y  i m p o r t a n t  in d e s i g n -  
ing hea t  sh ie lds ,  e s p e c i a l l y  when the spec i f i c a t i ons  

I r e q u i r e  m i n i m i z a t i o n  of the to ta l  weight  without  
i ] d e t r i m e n t  to c e r t a i n  s t anda rd  sh ie ld ing  p r o p e r t i e s ,  a s ,  

i f o r  example ,  in the c a s e  of a i r c r a f t  and m i s s i l e  t h e r -  
ma l  insula t ion .  In p r i n c i p l e ,  t h e r e  is  a p o s s i b i l i t y  of 
a t ta in ing  this  goal  by choos ing  m a t e r i a l  on whose  s u r -  
face  t h e r e  i s  f o r m e d  a dense  l a y e r  of a not r e a d i l y  
v a P o r i z a b l e  subs tance  that  p a r t i a l l y  b locks  m a s s  
t r a n s f e r .  

w L i n e a r  s t ab i l i t y  of s t a t i o n a r y  r e g i m e s  in the 
d i f fu s ion  region .  The s t a t i ona ry  r e g i m e s  of t h e r m a l  
de c ompos i t i on  of a m a t e r i a l  in a h igh-en tha lpy  flow 
a r e  d e t e r m i n e d  by the po in ts  of i n t e r s e c t i o n  of the 
c u r v e s  Q0(Ts) and Qs(Ts)  (Fig.  2). C lea r ly ,  even in 
the s i m p l e s t  case ,  c o n s i d e r e d  in ~2, t h e r e  can be 
s e v e r a l  s t a t i o n a r y  r e g i m e s ,  so that  the  ques t ion  of 
t h e i r  s t ab i l i t y  a r i s e s .  

In the g e n e r a l  case ,  a n a l y s i s  of s t ab i l i t y  r e q u i r e s  

so lu t ion  of the n o n s t a t i o n a r y  p r o b l e m  of h e a t -  and 
m a s s - t r a n s f e r  in both phases .  An except ion  is  d e -  
compos i t i on  in the d i f fus ion region ,  when the r a t e  of 
m a s s  t r a n s f e r  is  l im i t ed  by the r a t e  of d i f fus ion  t r a n s -  
p o r t  of the v a p o r s  of the componen t s  f r o m  the su r f ace  
of the  condensed  phase ,  and q u a s i s t a t i o n a r y  va lue s  of 

i 0 . Lthe concen t r a t i ons  and n i and qi which r e p r e s e n t  c e r -  

t a in  funct ions  of the  s u r f a c e  t e m p e r a t u r e  T s (known 
f r o m  the solut ion of the c o r r e s p o n d i n g  s t a t i ona ry  p r o b l e m  
[1]), a r e  e s t a b l i s h e d  on that  s u r f a c e  i tse l f .  

F o r  s m a l l  p e r t u r b a t i o n s  (denoted below by an 
a s t e r i s k )  the l i n e a r i z e d  equat ions  c o r r e s p o n d i n g  to the 
equat ions  (L 1), (1. 5), and (1. 8) then have the form:  

OT* __ nAT*, :0~;. _ DiAc i ,  ' 
c~t 

OT* I 

2 
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dk ) dQr , 
+ e no-~-ffs T~* + kno* + ~y~s T~ , 

( d~ei =o~* + Oe~ ) 
i.=o 

dnl T * dqi~ T * i = O ,  t ,  2 .  
hi* ~ ' ~ s  --s , qi 0.  ~ dT  s --s , (3. i) 

Here ,  ~* is a s m a l l  p e r t u r b a t i o n  of the pos i t i on  of 
the  in te r face .  

The fol lowing condi t ions  (we a s s u m e  for  s i m p l i c i t y  
that  A* ~ cons t  and a i  ~ eonst )  a r e  imposed  on the 
s m a l l  p e r t u r b a t i o n s  of t e m p e r a t u r e  and concen t ra t ion :  

dT x=O ~* T* I <=,. = c , * l ~ ,  = 0, T* l~=0 = T d - -  -~-.  

ci* I ~=-o = si (qiono* q- qio'ni) - -  dc__& I ~*, 
dx I x==o 

d~* ~g* - -  u*. (3 .2)  
d""F = - - - N "  = 

We r e p r e s e n t  the p e r t u r b a t i o n s  in the fo rm:  

{T*, Ci*, u*, ~*}={*(*),  r U, E}e~t+i~U; 

F r o m  (3.1) ,  (3 .2) ,  and (2 .1 ) ,  we ob ta in the  p r o b l e m :  

( d~'---r = x~ + ~' ~ - 

' A *  

~i ] x=o = d (stntqiO) Ts + sfnlqi" 
dTs ~ ' 

i " 
'dzi ~ U 

da t d (kno) dQr 
= - -  i--o r ~ l )  i "dTx [ ~=~ + e ~ z s + - ~ s  ~ (3.3)  

The  so lu t ion  of the  f i r s t  four  equat ions  in (3.3) has  
the  fo rm:  

To - -  T s U ~ e-~X __ e-1 (2~*ix) 
, _  ' 

, a { 

I d (snqO) sn~O U ~ e -mix - -  e -mi(2ai-x) 

,o) mi = (• _i_ .~T) v-* (3.4)  

F r o m  the fif th equat ion in (3 .3) ,  and with (3 .4) ,  we 
obta in  the e x p r e s s i o n  

2 
Ra ( p, Dm d (~nqO) I 

U = ~ l ,  R l = 2 ~  ~'t__e -~ma ~ ]~' 
'~--0 

7 o ) 

The c h a r a c t e r i s t i c  equat ion is  obta ined  f r o m  the 
c a l o r i m e t r i c  condi t ion  a f t e r  subs t i tu t ing  (3 .4)  and 
(3.5).  It has  the  fo rm:  

(o S iB~  = S~R 1 , (3.6)  

w h e r e  Sj and Rj a r e  c e r t a i n  funct ions  of co, ~ and the 
p a r a m e t e r s  of the  p r o b l e m .  

In o r d e r  to s impl i fy ,  we c o n s i d e r  only the  s i tua t ion  
i n w h i e h A *  = A i = A ,  a = D i D ,  and l = m  i = m .  In 
th is  ease ,  we have the e x p r e s s i o n s  

B l - -@(m,  • B= = (0-1@ (o), ~ ) a ~ q - N ,  

Si = ~P (r x) b i ~  bo S2 = @ (r n) b2, 

2 
.D 

a ,  = D d = T ' 
".----o dTs ' i..=o 

2 
d (kno) dO~ s q- D ~ d (snqOh 

bo = e.-(-d~ 7 q- 7 - f 7 '  bi = rt dTs 
�9 i~O 

2 
52 = ~ T o -  :7", D ~, (r snq~ 

A A 
i=0 

2 m  
~p(m, z )  = : _  e_2~a ( 3 . 7 )  

We consider the disturbance of stability at large 
34, when it is possible to assume that/~(co,34)/>>/b0/ 
/bl/. In this case, In the expressions fo r_ S I i n (3.7) the 
second term is much smaller than the first and Eq. 
(3.6) has the form: 

o)--- z (o,  u) = (N 51) - l  ( a 1 6 2 - a ~ b i )  ~ (o), z ) .  ( 3 . 8 )  

The so lu t ions  of th is  equat ion,  which c o r r e s p o n d  to 
ins tab i l i ty ,  can be r e p r e s e n t e d  in the f o r m  co = co~ elm,  
w h e r e  ] go [ < (1 /2 ) r r ;  Eq. (3 .8)  d e c o m p o s e s  in two 
r e a l  equat ions  fo r  the  modul i  and a r g u m e n t s  of the 
lef t -and r i g h t - h a n d  s i d e s  of (3.8) .  F o r  34 ~ 0 the second 
equat ion has  the fo rm:  

q~ = i / ~ i  %, X , =  

= arg {1 - -  exp [--  d(%e'i,i~]}, d = 2 D - V , .  

Afte r  computa t ions ,  fo r  X we obta in  the r e l a t i o n  

% = arctg e-d~~ sin [do0 (t - -  ~)Vq s ign (p 

t - -  e -~~ cos [do)o ( t ,  ~")</"1 

Here ,  ~ = cos  (go/2) v a r i e s  in the i n t e r v a l  (2 -1/2,  1]. 
It is  e a sy  to s ee  that  the s ign  of • co inc ides  with the 
s ign of go, and i X l < ( 1 / 2 )  I (o i;  a s i m i l a r  s i tua t ion  a l so  
e x i s t s ,  to an even g r e a t e r  de g re e ,  in the g e n e r a l  c a s e  

n ~ 0, so that  Eq. (3.8) cannot  be s a t i s f i e d  i f R c o >  0 
and (o ~ 0. Hence it fo l lows that  i n c r e a s i n g  p e r t u r -  
ba t ions  c o r r e s p o n d  to r e a l  co. As can e a s i l y  be seen  
f r o m  (3.8) ,  the r eg ions  of i n s t ab i l i t y  a r e  def ined by 
the inequa l i ty  

bi - i  (aib2 - -  a2bi) > 0 (3.9) 

[ / /  b ~- 

Fig. 3 
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S t a b i l i t y  i s  i m m e d i a t e l y  d i s t r u b e d  w i t h  r e s p e c t  to  

s m a l l  p e r t u r b a t i o n s  of  a l l  w a v e l e n g t h s ,  and  a t  a low 

l e v e l  of s u p e r c r i t i c a l i t y  w i n c r e a s e s  m o n o t o m i c a l l y  

w i t h  i n c r e a s e  in  t h e  w a v e  n u m b e r  ~4 (F ig .  3a ,  w h i c h  
! s h o w s  t he  a~ a n d  z c u r v e s  f r o m  ( 3 . 8 )  w h e n  c o n d i t i o n  

(3 .9 )  i s  s a t i s f i e d ) .  

In t h e  o p p o s i t e  l i m i t i n g  c a s e  of s m a l l  %, so  t h a t  

S l ~ b0, i t  i s  a l s o  e a s y  to show t h a t  t h e  g r o w i n g  p e r -  

t u r b a t i o n s  h a v e  z e r o  f r e q u e n c y .  In t h i s  c a s e  t h e  r e -  
g i o n s  of i n s t a b i l i t y  a r e  d e f i n e d  by  t h e  i n e q u a l i t i e s  

bo -1 (albs~ p (0, v:) - -  a~bo) ~ O. (3.10) 

a n d  t h e  c h a r a c t e r i s t i c  e q u a t i o n  i s  s i m i l a r  i n  f o r m  to  

( 3 . 8 ) ,  bu t  

z (o), ~) = (Nbo) -1 (al 52 ~p (co, u) - -  a~bo) r (o), u) .  

The  w and  z c u r v e s  a r e  s h o w n  q u a l i t a t i v e l y  in  

F i g .  3b. It f o l l o w s  f r o m  ( 3 . 1 0 )  t h a t  u n d e r  c e r t a i n  
c o n d i t i o n s  i n s t a b i l i t y  i s  p o s s i b l e  w i t h  r e s p e c t  to  p e r -  

t u r b a t i o n s  no t  a c c o m p a n i e d  by  a c h a n g e  in  t he  s h a p e  

of t h e  a b l a t i n g  s u r f a c e .  

W i t h  e x p r e s s i o n s  ( 3 . 7 )  i t  i s  e a s y  to  d e t e r m i n e  t h e  
r e g i o n s  of i n s t a b i l i t y  ( 3 . 9 ) a n d  ( 3 . 1 0 )  in  t e r m s  of 

v a r i o u s  p h y s i c a l  q u a n t i t i e s  r e l a t i n g  to t h e  s t a t i o n a r y  

s t a t e ,  n a m e l y ,  t h e  a b l a t i o n  r a t e  7,  t he  h e a t  f l u x e s  
Q0, Qs,  Q ' ,  and  Q" ( h e r e ,  Q '  i s  t h e  a b s o r p t i o n  of h e a t  

due  to  t he  r e a c t i o n  and  to  s u r f a c e  r a d i a t i o n ;  Q"  i s  t h e  

a b s o r p t i o n  of h e a t  a s  a r e s u l t  of v a p o r i z a t i o n ) ,  an d  

t h e i r  d e r i v a t i v e s  w i t h  r e s p e c t  to  T s.  P h y s i c a l l y ,  s u c h  

a n  a n a l y s i s  l e a d s  to  the  f o l l o w i n g  i n s t a b i l i t y  c o n d i t i o n :  

t h e  s t a t i o n a r y  a b l a t i o n  r e g i m e  i s  u n s t a b l e  w i t h  r e -  

s p e c t  to  s m a l l  p e r t u r b a t i o n s  i f  t h e  t e m p e r a t u r e  v a r i a -  

t i o n  of p a r t s  of t h e  s u r f a c e  w h i c h  a r e  c o n v e x  in  t h e  
d i r e c t i o n  of t h e  g a s  p h a s e  i s  p o s i t i v e ,  and  t h e  s t a t i o n -  

a r y  a b l a t i o n  r a t e  i s  a n o m a l o u s ,  o r  if t h e  a b o v e - m e n -  

t i o n e d  v a r i a t i o n  i s  n e g a t i v e ,  a n d  Y(Ts  ) i n c r e a s e s  w i t h  

i n c r e a s e  in T s .  The  c a u s e s  of i n s t a b i l i t y  of t h i s  t y p e  
a r e  s i m i l a r  in  m a n y  r e s p e c t s  to  t he  c a u s e s  of t h e  

d i f f u s i o n a l - t h e r m a l  i n s t a b i l i t y  of t he  p l a n e  f r o n t  of a 
l a m i n a r  f l a m e  [3]. In b o t h  c a s e s  t h e  v e l o c i t y  of t h e  

p a r t s  of t h e  p e r t u r b e d  s u r f a c e  w h i c h  a r e  c o n v e x  in  t h e  

d i r e c t i o n  of i t s  m o t i o n  i n c r e a s e s ,  w h i l e  t he  v e l o c i t y  

of c o n c a v e  p a r t s  d e c r e a s e s  in  c o m p a r i s o n  w i t h  t h e  

s t a t i o n a r y  v e l o c i t y  a s  a r e s u l t  of c h a n g e s  i n  t h e  t h e r -  
m a l  and  d i f f u s i o n a l  c o n d i t i o n s  c l o s e  to  t h e  s u r f a c e .  If 
a l l  p o s s i b l e  s t a t i o n a r y  r e g i m e s  a r e  u n s t a b l e ,  o b v i o u s l y ,  
a s e l f - o s c i l l a t i n g  a b l a t i o n  r e g i m e  i s  e s t a b l i s h e d .  

W e  n o t e  t h a t  t h e  r e g i o n s  of i n s t a b i l i t y  d e p e n d  d i f -  

f e r e n t l y  on t h e  h e a t  f l u x e s  Q '  a n d  Q" a n d  on  t h e i r  d e -  
r i v a t i v e s  w i t h  r e s p e c t  to  Ts .  They  a r e  e s s e n t i a l l y  
d i f f e r e n t  f o r  c a s e s  of e x o t h e r m i c  and  e n d o t h e r m i c  d e -  
c o m p o s i t i o n  s u r f a c e .  A t  v e r y  l a r g e  ~ the  r e s u l t s  
d e r i v e d  a b o v e  c e a s e  to  b e  v a l i d ,  s i n c e  t he  d e c o m p o s i t i o n  

s u r f a c e  i s  n o  l o n g e r  e q u a l l y  a c c e s s i b l e ,  a n d  t h e  

a b o v e  a s s u m p t i o n s  r e l a t i n g  to  t h e  q u a n t i t i e s  A a n d  to 

q u a s i s t a t i o n a r i t y  c a n  b e  i n a d e q u a t e  [1]. 
W e  n o t e  t h a t  i n s t a b i l i t y  of t h e  s a m e  t y p e  s h o u l d  a l s o  

b e  o b s e r v e d  in  c o n n e c t i o n  w i t h  t h e r m a l  d e c o m p o s i t i o n  
p r o c e s s e s  c o m p l i c a t e d  by  o t h e r  r e a c t i o n s  b e t w e e n  t h e  
p a r e n t  s u b s t a n c e  o r  i t s  d e c o m p o s i t i o n  p r o d u c t s  a n d  
v a r i o u s  c o m p o n e n t s  of t he  g a s  p h a s e ,  f o r  e x a m p l e ,  
c o m b u s t i o n .  I n s t a b i l i t y  of a c o n i c a l  p r o p e l l a n t  s u r f a c e  

w a s  o b s e r v e d  e x p e r i m e n t a l l y ,  f o r  e x a m p l e ,  in  [4]. 

I n s t a b i l i t y  of t h e  t y p e  in q u e s t i o n  i s  e v i d e n t l y  t h e  c h i e f  

r e a s o n  f o r  t h e  a p p e a r a n c e  of r i p p l e s  on  p r o p e l l a n t  
s u r f a c e  u n d e r  e r o s i v e  b u r n i n g  c o n d i t i o n s .  

w 4. Experimental. The authors conducted experiments on the 
thermat decomposition of specimens of certain polymer materials in a 
low-temperature plasma jet. A number of materials (polypropylene 
polystyrene) are characterized by a typically bulk mechanism of 
l~yrolysis with the evolution of gaseous products over almost the entire 
thickness of the specimen, but polyethylene and teflon are observed 
tohave a surface mechanism of decomposition that, generally speaking, 
fits within the framework of the assumption made above. We will 

briefly describe certain resuhs of tests on the last two materials, per- 
tinent to the subject of this paper. 

The experiment were conducted on an apparatus in which a high- 
frequency electrodeless discharge was used to heat the gas jet (argon 
or air at I atm). As a result a steady plasma jet was created close to 
the inductor; the flow velocity was of the order of 106 m/sec ;  
the diameter of the working section of the jet was about 40 ram; 
temperature of the latter reached 900 ~ K and varied by not more than 
1~0-150 ~ in the radial direction. Detailed measurements were made 
of the energy supplied to the plasma, of the heat fluxes in various 
sections of the jet, etc. 

The cylindrical speicmens of polyethylene and teflon were 6 and 
11 mm in diameter; they were mounted on a special water- -cooled 
holder and were introduced almost instantaneously in the working section 
of the jet, coaxially with the latter. The heat flow to the forward end 
face of the specimens in the argon plasma amounted to 0.4 to 0.5 

; kW/cm z, and in the air plasma up to 1 kW/cm s . During decomposition 
process the specimens were filmed on special color and infrared films, 
sensitized in narrow spectral intervals. By analyzing the films it was 
possible to estimate the integral and local rates of mass transfer, the 
structure of the boundary layer, etc. and to register the brightness 
temperature of the surface along the length of the specimen at different 
times after the beginning of the experiment. This was done by measuring 
the blackening of the frames on a mierophotometer; as a standard we 
used the incandescent anode spot of a carbon arc. 

The principal results of the experiments can be summarized as 
follows. 

1. On the surface of the decomposing material there is formed 
a layer in which the concentration of one of the decomposition products- 
carbon (carbonaceous residue-is sharply increased. At approximately 
identical heat fluxes the thickness of this layer was much smaller in an 
air plasma than in an argon plasma. This is due to the removal of 

carbon as a result of its heterogeneous combustion in an oxidizing at- 
mosphere. This effect is clearly visible in photographs of P01yethylene 
specimens exposed to argon and air plasma (Figs. 4a,b, respectively). 
At small heat fluxes a carbonaceous layer is not generally formed; as 
the flux increases, its thickness gradually grows, reaches a maximum, 
and then begins to fall. For exampte, Fig. 5 presents photographs of 
teflon specimens tested in an air plasma. Near the nose of the specb 
mens, where the heat flux is maximum and near the tail, where it is 
minimum the acrbonaceous layer is much more weakly expressed than 

Figs. 4a,b 
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Fig. 5 

Fig. 

Fig. 6 

i n  the middle, where the heat flux takes certain intermediate values. 

A decrease in the thickness of the layer with increase in heat flux is 
also observable in Fig. 4. 

2. Thin sections were prepared from various specimens and were 
used to investigate the thickness and structure of the carbonaceous 
layer. The thin section of a polyethylene specimen after exposure to 
an air plasma is shown in Fig. 6 (magnification 500X). There is a 
fairly distinct boundary between the carbonaceous layer and the unde- 
composed material, in the svme photograph it is also possible to ob- 
serve a bubble containing gaseous products of pyrolysis and a carbon 
deposit on the walls which is adjacent to the layer from within. The 
diameter of this bubble is 26 g . The experiments indicate that in 
polyethylene such bubbles are very rare, and that the carbon which 
they carry to the surface forms only a small fraction of the total 
carbon in the layer. When teflon decomposed, the carbonaceous layer 
was much thinner, and, in general, internal bubbles evidently did not 

form. 
3. The decomposition of polyethylene specimens proceeds both as 

a result of vaporization and combustion at the surface and as a result 
of mechanical ejection of small lumps of materials into the boundary 
layer. This effect can be followed clearly in motion-picture frames of 
of the decomposing specimen; local defects of the carbonaceous layer 
are also noticeable in Fig. 4. It can be assumed that the mechanical 
removal of part of the surface of the specimen is associated with 
cracking due to thermal stresses and to increase pressure of the 
gaseous products of pyrolysis beneath the carbonaceous layer. The 
latter mechanism is especially important in the initial instants, when 
this layer is still very thin and the material beneath it has not yet 

softened. In this case buckling and local destruction of the carbonaceous 
layer are observed (Fig. 7). 

w surface of the specimens displays a ripple, whose ampli- 
tude reaches t mm or more (for polyethylene). This indicates insta- 
bility of the decomposition process (Fig. 4 and 7). Two expl~natibns 

are possible, the first being associated with instability of the type 
considered above, and the second with the development of wind 
waves in the softened surface film. The role of these waves has been 
noted on a number of occasions in publications concerned with the 
ablation of nondecomposing substances (see, for example, [5]). In 

our case, in view of the high viscosity of the molten material and 
of the presence of an overlying rigid carbonaceous film, the second 
explanation is improbable. A very shallow ripple, apparently of this 

origin, was observed onIy at b e  end face of polyethylene specimens, 
where the carbonaceous layer is quite thin and where the heat and 
momentum fluxes to the surface are maximum. Moreover, a shallow 
regular ripple is also observed on the surface of teflon specimens under 
conditions when a viscous film is generally absent. 

5. Investigations of the brightness temperature of decomposing 

specimens showed that the surface temperature depends nonmonotoni- 
cally on the heat flow m the surface. The Iogarithm of the film 

density, which is proportional to the brightness temperature (in reall- 
tive units), is shown in Fig. 8 as a function of the coordinate, 
reckoned along the axis of the specimen, 1.5, 2.5, 3.5, and 4.5 see 
after the beginning of an experiment on teflon. 'In this figure the 
position of the tail end of the specimen has been fixed. The sharp 

Fig. 8 
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peak corresponds to the temperature of the boundary layer at the nose 
of the specimen! at the ene face itself the temperature is much lower. 
but it incrases with distance from that face, reaches a maximum, and 
then decrease. Similar relations are also characteristic of polyethylene 
specimens. 'It is likewise evident from Fig. 8 that there are temperature 
oscillations in the boundary layer and on various section. 
of the surface. Periodic changes in luminosity were also observer 
visually. This apparently corresponds to a self-oscillating decompo- 
sition regime, but unfortunately the available experimental mater ial  
is insufficient to support a definitive conclusion regarding the presence 
of self-oscillations. 

Thus, there is good qualitative agreement between the theoretleal 
conclusions of w 2 and ~ 3 and the experimental data. Of course, it is 
too early to talk of a quantitative correspondence, not only on account 
of the very approximate nature of the model considered but also owing 
to the extreme complexity and_ multistage nature of the chemical 
reactions involved in the process of thermal decomposition of polymer 
materials. 

The authors thank G. I, Barenblatt for his interest in their work. 
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