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The rate of ablation is calculated for the case of combined erosion and volatilization due to 
depolymerization. The parameters of the medium are separated from the properties of the polymer and 
combined in two complexes whose influence is illustrated by means of nomograms for polymethyl 
methacrylate. The conclusions are confirmed by the results of tests employing a hypersonic rarefied argon 

plasma jet. 

When heated in a stream of hot gas, polymers undergo ablation. In this process, a viscous layer is retained on 
the working surface and the temperature may be much higher than the melting point. Therefore, some of the polymer 
decomposes with the formation of volatiles. We consider the case of depolymerization when the decomposition products 
consist exclusively of monomers. Polymers with aromatic rings, quaternary carbon atoms, and electrophilic atoms 
or groups, for example, poly-c~-methylstyrene, polymethyl methaerylate, and polytetrafluoroethylene, are prone to 
such decomposition. Special solutions for the rate of ablation in the case of depolymerization without erosion and 
erosion without decomposition were proposed in [i, 2]. Our object is to establish the rate of ablation for the general 

case. 

To obta in  a so lu t ion ,  i t  is  conven ien t  to use  the c a l c u l a t i o n s  of  [2] wi th  the fo l lowing  m o d i f i c a t i o n s :  

1. The  hea t  of  ab la t ion  should a l so  inc lude  the e n e r g y  expended  on d e p o l y m e r i z a t i o n  and v a p o r i z a t i o n  of the 

m o n o m e r .  

F, = Fro[1 + K(1 - - z ) ( T s - -  1)] -}- zF = FreTs s, (1) 

w h e r e  

s = K +  T_s, + z ,  K +  Ts " 

2. Ins t ead  of the nomina l  h e a t - t r a n s f e r  c o e f f i c i e n t  a ,  i t  is  n e c e s s a r y  to i n t r o d u c e  the e f f e c t i v e  c o e f f i c i e n t  a e ,  
which  takes  into accoun t  the e f fec t  of the in jec t ion  of v o l a t i l e s  into the boundary  l a y e r .  In c a l c u l a t i n g  the hea t  load,  
ins tead  of the t e m p e r a t u r e  d r o p  T r -- T s,  we use  the en tha lpy  d i f f e r e n c e  I r - Is:  

q 

3. F o r  c o n s i s t e n c y  wi th  the subsequen t  so lu t ion ,  
a c c o r d a n c e  with the va lue  at the w o r k i n g  s u r f a c e  

~, = pVFs 
Z7m 

a~ (it _h )"  (2) 
Cp 

the temperature gradient in the viscous layer should be taken in 

(3) 

As a r e s u l t ,  we obta in  

p V :  c% I,--l~s (4) 
Cp F s ' 

and the t e m p e r a t u r e  of the work ing  s u r f a c e ,  on which  the p a r a m e t e r s  c%, I +, F s depend,  m u s t  s a t i s fy  the equa t ion  

n-t-2 

~ T~ - ~ ( n + 2 ) + n + l  s=(1- -z )Q~L~.  (5) 
(n + 2) (n + 1) 
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H e r e ,  

L~ = T~ a L -- P m 
rm p (Tin ~)-~ 

x (,r-,:)3Q ':,3oo j 
= - 2 pr 0.s U a dx. \ C~ Cp 

o 

If the heat-transfer coefficient does not depend on x, it is more convenient to write 

O1=q~Jl, 

w h e r e  

I~ - -  I s +  x 
J1 -- pro. s ~ -  

A l t h o u g h  c r y s t a l l i n e  p o l y m e r s  w e r e  c o n s i d e r e d  in [2], r e l a t i o n s  (4) and  (5) c a n  be  e x t e n d e d  to a m o r p h o u s  o r  p a r t i a l l y  
c r y s t a l l i n e  c o m p o s i t i o n s .  In t h i s  c a s e ,  the  t e m p e r a t u r e  T m s h o u l d  be u n d e r s t o o d  as  the  s o f t e n i n g  po in t  c o r r e s p o n d i n g  
to a v i s c o s i t y  # = 10 5"1 N �9 s e c / m  2. 

To complete the solution, it is necessary to construct an equation for determining the third unknown--the 

fraction z of depolymerized and vaporized material. We note that, on the one hand, the depolymerization rate pV c is 
related to the total rate of ablation, 

pvs =zpV, (6) 

and,  on the  o t h e r  hand ,  i s  d e t e r m i n e d  by the  k i n e t i c  r e l a t i o n s .  T h e  r e a c t i o n  d e v e l o p s  o v e r  the  e n t i r e  h e a t e d  r e g i o n  and 
the  v o l u m e  r a t e  h a s  an  A r r h e n i u s  t e m p e r a t u r e  d e p e n d e n c e .  U s u a l l y ,  e v e r y  i n c r e a s e  of 10 ~ K in  t e m p e r a t u r e  
a p p r o x i m a t e l y  d o u b l e s  the  d e p o l y m e r i z a t i o n  r a t e .  T h e r e f o r e ,  the  m a i n  m a s s  of  m o n o m e r  i s  f o r m e d  at  T > T m. T h e  
c h e m i c a l l y  a c t i v e  zone  m a y  be  bounded  by  a v i s c o u s  l a y e r  of t h i c k n e s s  6. T h e n ,  the  r a t e  of m o n o m e r  r e l e a s e  p e r  un i t  
s u r f a c e  wi l l  be  r e l a t e d  to the  k i n e t i c  c o n s t a n t s  of the  v o l u m e  r e a c t i o n  A and E by the  e x p r e s s i o n  

1 

pVs = A S  exp ( - -  ~ - -  

0 

A t  o r d i n a r y  v a l u e s  of T s < 2, the  t h i c k n e s s  of the  v i s c o u s  l a y e r  (5) i s  found f r o m  the  t e m p e r a t u r e  g r a d i e n t ,  w h i c h  m a y  
be  a s s u m e d  c o n s t a n t  and  equa l  to 

6 (8) 

However, to evaluate the integral it is more convenient to depart from a linear temperature variation and assume a 
dis tribution 

T m _ ]--t 

If  T s < 2 the  m a x i m u m  d e v i a t i o n  f r o m  l i n e a r i t y  d o e s  no t  e x c e e d  +0.33 and  i s  o b s e r v e d  in the  l e a s t  r e s p o n s i b l e  " n o n h o t "  
zone  ~ = 1. F r o m  e x p r e s s i o n s  (1), (3), (4), and  ( 6 ) - ( 9 ) ,  we o b t a i n  

\ Ys / s 
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st= 
AP~rm 

In Eqs.  (5) and (10) the complexes  L 1 and G 1 depend exc lus ive ly  on the p rope r t i e s  of the po lymer ,  all  the 
ex te rna l  influences a r e  concentra ted  in the two p a r a m e t e r s  q and Q,, and at constant a in q and J1. The effect  of these 
p a r a m e t e r s  on the ablation r e g i m e  is i l lus t ra ted  in Figs.  1 and 2. The graphs were  obtained by solving the sys tem of 
equations (5), (10) for polymethyl  me thac ry l a t e  (C5H802) p with molecu la r  weight M n = 1.5.105 and the mos t  probable 
d is t r ibut ion  for which the we igh t -ave rage  molecu la r  weight NI w exceeds  the n u m b e r - a v e r a g e  M n by a fac tor  of 2. The 
densi ty  of the po lymer  was 1190 kg/m 3 and the thermal  and viscous  p rope r t i e s  were:  C = 3.7 k J / k g - d e g ,  k = 0.19 W/m. 
deg, T m = 470 ~ K, F m = 380 kJ /kg;  ~m = 105"1 N �9 s ee /m  2, n = 34. The the rmal  and viscous p rope r t i e s  were  taken or 
calculated f rom the data of [3], the act ivat ion energy E = 136 kJ /mo le  was taken f rom [4], the f requency factor  A = 
= 2.1012 kg/m 3 �9 see was calculated f rom the exper imenta l  vola t i l iza t ion r a t e s  also presented  in [4] for t empera tu re s  of 
520-620 ~ K in vacuum. The components  of the latent heat of volat i l iza t ion F- - the  heat of depolymer iza t ion  F 1 = 540 k J /  
kg, and the heat of vapor iza t ion  of methyl  me thac ry la t e ,  F 2 = 380 k J / k g - - w e r e  taken f rom [4, 5]. 

r~ 

: ' 20  /.a 2..6 3z/ # 2 [~ q, 

Fig. i. Effect of heating conditions on the temperature 

of the working surface of polymethyl methacrylate. The 

numbers on the curves denote the complex Jl in kJ. sec/kg. 
q in kW/m 2. 

It is c l ea r  f rom Fig. 1 that inc reas ing  the heat load on the polymethyl  me thae ry la te  e i ther  d i rec t ly  or  through 
the enthalpy in the complex J1 causes  an inc rease  in the t empe ra tu r e  of the working surface.  Judging f rom Fig. 2, at 
l a rge  h e a t - t r a n s f e r  coeff ic ients  polymethyl  me thae ry l a t e  undergoes less  volat i l izat ion,  despite  the higher  t empera tu re .  
This  unexpected behavior  is a t t r ibutable  to the spatial  c h a r a c t e r  of depolymeriza t ion .  An inc rease  in the hea t - t r an s f e r  
coeff ic ient  and the resu l t ing  inc rease  in the t empe ra tu r e  of the me l t  lead to a d e c r e a s e  in v i scos i ty  with a s imultaneous 
growth of the f r ic t ion s t r e s s  at the working surface.  For  the "weakened" me l t  there  is only one poss ibi l i ty  of balancing 
the s t r e s s e s - - a n  i nc r ea se  in the veloci ty  gradient  due to a thinning of the viscous  layer.  Hence, the most  important  
zone for depo lymer iza t ion- - the  pr incipal  source  of gas - - i s  reduced,  the f rac t ion of ma te r i a l  vola t i l ized fal ls ,  and a 
g r e a t e r  propor t ion  is entrained by the flow in the condensed state.  In this r eg ime ,  as noted in [2], an inc rease  in the 
rop iness  of the po lymer  due to an inc rease  in the molecu la r  weight M w is espec ia l ly  effect ive.  

To check the solution, polymethyl methacrylate was tested in a rarefied hypersonic stream of argon plasma. 
The plasma was generated by adc plasma generator with vortex gas stabilization. The jet flowed through a supersonic 
nozzle into a vacuum chamber at a pressure of 4 N/rn 2. The pressure in the arc chamber was 4. i04 N/m 2. The Maeh 
number in the jet, calculated from the frozen speed of sound, varied from 2 at the nozzle exit to 25 ahead of the Maeh 

disk. More details concerning the experimental apparatus are given in [6]. 

In our exper iments ,  the m a s s - a v e r a g e d  enthalpy of the dece le ra t ed  plasma,  de te rmined  f rom the energy 
balance,  was 1.04- 104 kJ /kg .  At a p r e s s u r e  of 4.104 N/m 2 this enthalpy cor responded  to an equi l ibr ium t empera tu re  of 
9.5.103 ~ The dis tance  between the Mach disk and the nozzle exi t  was 20 cm. The d i ame te r  of the supersonic  zone 
in the spec imen c r o s s  section was 16 cm. Argon was used to avoid compl ica t ing  the analysis  by such p r o c e s s e s  as 
chemica l  reac t ions ,  d issoc ia t ion ,  and mo lecu l a r  vibrat ion and rotat ion.  Gasdynamic,  spec t roscop ic ,  and acoust ic  
m e a s u r e m e n t s  in the j e t  [6] showed that the flow was nea r - f rozen ,  the degree  of ionization along the j e t  being a lmos t  
constant and equal to 0.02. 

Cylindrical specimens 20 mm in diameter with a hemispherical nose were mounted on the axis of the jet between 
the nozzle exit and the Mach disk. By means of a special device the tip of the specimen was kept at a constant distance 
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of 145 mm from the nozzle exit. The heat flow, measured under these conditions by a copper calorimeter in the nose, 

was 66 kW/m 2. At the surface of the polymethyl methaerylate the heat load was less owing to the injection of volatile 
depolymerization products. The injection effect was estimated in accordance with [7] as a function of the unknown 

temperature of the working surface Ts, the results of the computations of q are represented by the dashed line in 
Fig. i. 

I.o /.8 2.6 y~ 4.Z l 0 q 

Fig. 2. Effect of heating conditions on the degree of 
volatilization of polymethyl methacrylate. The numbers 

�9 on the curves denote the complex Jl in kJ- see/kg~ q in 
kW/m 2. 

The complex Jl was found from the following considerations. Using known gasdynamic relations, for the blunt 
nose we can write 

j~= s,-s + ~r 
Pr ~176 U~ (2p-- 1) ~'~' 

For a hypersonic frozen flow, the degree of condensation behind the shock 

and the recovery enthalpy 

F_~+I 
k - - 1  

u~ 
Ir ~ rr 2 

and exceeds by at least several times the enthalpy of the gas I~ at the temperature of the working surface of the 
polymer. Under these conditions 

Ji--~ 0.36U~ 9r---~ 0.5 (Ir~ ~ r. 

For our experimentsl r=I m= 1.04- 104 kJ/kg; k= 1.67; p=4; r = 10ram; Jl = 3.16.10 -2kJ.sec/kg. The 
intersection of the line 0.03 in Fig. 
surface 

and the t r u e  hea t  load  

which in Fig. 

1 and the experimental curve q =f(T s) determines the temperature of the working 

"Ys =1"44, T ~ = l . 4 4 . 4 7 0 ~ 1 7 6  

q = 33 kW/m 2, 

2 corresponds to the fraction of unvolatilized material 

z = 0.26. 

In this case, in accordance with (i) and (4), 

F s = I150 kJ/kg, pV = 29 kg/m 2 �9 sec. 
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The reg ime of e ros ion  with par t ia l  volat i l izat ion can be visual ly conf i rmed- - in  the tests  it can be seen how the 
viscous m a s s  flows away from the blunt nose, while gas bubbles appear at the working surface.  Hence, par t  of the 
polymer is converted into spray and the exper imenta l  ablat ion ra te  is 25% grea te r  than the calculated value. 

This analys is  does not take into account a number  of nonequi l ibr ium processes  such as recombinat ion,  radiat ion 
and nonisothermici ty .  Elec t ronic  heat conduction may play a ce r ta in  part .  However, it is hardly likely that these 
factors  have a decis ive  influence, s ince under  our condit ions the contr ibut ion of the ionization energy to the stagnation 
enthalpy is smal l ,  and the degree of ionization is close to the frozen value. 

N O T A T I O N  

Polymer  pa rame te r s :  T m is the mel t ing (softening) point; T s is the t empera ture  of working surface; ~ s  = T s /  
/ T m ;  F m is the total heat of fusion; F s is the heat of ablation; F is the la tent  heat of volati l ization; ~ = F / F m ;  p is 
the density;  X is the thermal  conductivity of the melt; C is the specific heat of the mel t  at constant  p ressure ;  #m is the 
dynamic viscosi ty  at t empera tu re  Tm; n is the exponent in the power- law tempera tu re  dependence of viscosity; A is 
the preexponential  factor in the t empera tu re  dependence of the depolymer iza t ion  rate;  E is the depolymerizat ion 
act ivat ion energy; E = E /RTm;  z is the mass  fract ion of volati l ized mater ia l ;  pV is the mass  ablation rate.  Hot gas 
pa rame te r s :  P r  is the Prand t l  number;  r r is the recovery  coefficient; I r is the recovery  enthalpy; I + is the enthalpy 
at t empera tu re  Ts; ep is the specific heat at constant  p ressure ;  k is the adiabatic exponent; U is the velocity at the 
outer edge of the boundary layer;  U~ is the f r ee s t r eam velocity; c~ is the hea t - t r ans fe r  coefficient; q is the heat load; 
x is the longitudinal coordinate; y is the t r a n s v e r s e  coordinate; 6 is the thickness of the viscous layer;  ~ = y/5; r is 
the radius  of the blunt nose; K = (0.67-0.55) C T m / F  m, Q, L are  p a r a m e t e r s  f rom [2]. 
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