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An ana lys i s  is  made of the breakdown of p o l y m e t h y l m e t h a c r y l a t e  and po lys ty rene  spec imens  
under  the act ion of a the rmal  flux and a gas s t r e a m .  A theore t i ca l  i n t e rp re t a t ion  of t es t  r e -  
sui ts  is  p roposed .  A close  a g r e e m e n t  is  found between p r e d i c t e d  and m e a s u r e d  values .  

The breakdown of t h e r m o p l a s t i c s  under  the s imul taneous  act ion of a t he r m a l  flux and a gas s t r e a m  is 
of cons ide rab l e  i n t e r e s t .  The au thors  analyze  here  the case  of po l ym e t hy l m e t ha c r y l a t e  (PMMA) and po ly -  
s ty rene  (PS) spec imens  exposed s imul taneous ly  to a l a m i n a r  gas s t r e a m  and to r ad ia t ion  f rom a gaseous  
CO 2 l a s e r .  In [1, 2] we s tudied the breakdown of these  p o l y m e r s  under  the act ion of a gaseous  CO 2 l a s e r ,  
showing this p r o c e s s  to be a lmos t  equivalent  to a breakdown under  a h igh-power  t he r m a l  flux. It has a l so  
bee~ e s t ab l i shed  in those s tudies  that~ inside a spec imen  nea r  the su r face  exposed to rad ia t ion ,  breakdown 
along m i c r o s t r u c t u r e  boundar i e s  occurs .  F r a g m e n t s  of p o l y m e r  m a t e r i a l  fo rmed  in this  manner  p r e c i p i -  
ta te  into the reg ion  cover ing  the spec imen ,  abso rb  p a r t  of the l a s e r  rad ia t ion ,  and shield the spec imen  in 
breakdown.  The d i f fe rence  between the breakdown of PMMA and PS a r i s e s  f rom the i r  d i f ferent  m i c r o -  
s t r u c t u r e s  and is r e f l ec t ed ,  above a l l ,  in the r e s pe c t i ve  degree  of  shielding.  It follows f rom this b r i e f  
d e s c r i p t i o n  of the breakdown p r o c e s s  that the ac t ion of a gas s t r e a m  wil l  be a compounded one, namely the 
shie lding l a y e r  of p o l y m e r  m i c r o p a r t i c l e s  will  be blown away by it and the t h e r m a l  flux reach ing  the s p e c i -  
men breakdown sur face  wil l  i n c r e a s e  on the one hand, while,  because  of convect ive cooling on the other  
hand, the r a t e  of breakdown will  d e c r e a s e  in the end. One mus t  a l so  cons ide r  the breakdown of a ve ry  hot 
spec imen  d i r e c t l y  in an a i r  s t r e a m ,  as  has been noted in [3]. A de ta i led  study of the en t i r e  breakdown 
m e c h a n i s m  is the subject  of this  a r t i c l e .  

C o n d i t i o n s  o f  the Experiment a n d  Test Results 

The test apparatus, the dimensions of the specimens, and the gas laser have all been thoroughly de- 

scribed in [I, 2]. The gas stream was produced by discharging nitrogen from a specially designed cham- 

ber. Into the chamber was built in a nozzle of such a design as to produce a flat velocity profile across 

the stream section, and an NaC[ window was provided at the opposite end so as to guide the laser radiation 

through the chamber onto the specimen. The cross section of the gas stream approaching the specimen 

was 9 mm in diameter, which was more than twice the specimen diameter. In this way, the conditions of 

the experiment according to the procedure in [i, 2] ensured a uniform and steady process with coaxial heat 
and gas flows~ 

The experiment has shown that, under the simultaneous action of a thermal flux and a gas stream, 

there are changes not only in the quantitative characteristics of the breakdown of the specimen but also in 
the shape of the broken-down surface. According to our tests, at low values of V the profile of a specimen 

remains flat or slightly curved but when the gas velocity increases (V = 270 cm/see) a crater forms on the 

broken-down surface; as W and V increase this crater becomes larger. At high values of V the crater be- 
comes so deep (up to i0 ram) that it resembles the shape of breakdown craters in large specimens [4]. 

When W -> 12 cal/em 2 �9 PMMA liquefies at the breakdown surface [i, 2] and in this case the shape of 

the surface is the same as in the case of PS (described below). Rather than discussing at length the shape 
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Fig.  1. L i n e a r  breakdown ra t e  U L, m m / s e c ,  under  the s i m u l t a -  
neous act ion of a gas s t r e a m  (V, c m / s e c )  and a t he r m a l  flux: a) 
for  PMMA; b) for  PS. 

TABLE 1. Eroded  Mass,  m -  10 -2 g 

s e c  V, cm/sec 
W, cal/cm 2 �9 135 27o s40 

7,0 I -- 4,6 
3,7 ]~-3 

0 , 7  1,3 
1,0 1 ,5  
1,3 - -  

1080 

2,0 
4,5 
7,5 

of the breakdown sur face  - which has  to do with the app rec i ab l e  
cool ing of the l a t e r a l  s u r f a c e s  by the gas s t r e a m  - we confine this 
ana lys i s  to the quant i ta t ive  breakdown c h a r a c t e r i s t i c s ,  namely  i ts  
l i nea r  r a t e  (U L) m e a s u r e d  by the change in the axia l  length of a 
spec imen .  

In broken-down specimens the surface is determined by their 

microstructure and by the breakdown process parameters. The sur- 

face prof i le  of PS spec imens  in breakdown is different ;  i t s  shape is " sphe r i ca l "  r e g a r d l e s s  of the t he rma l  
power  and of the gas  veloci ty .  The r ad ius  of a sphe re  near  the spec imen  axis ,  however ,  depends on W 
and V: the su r face  cu rva tu re  d e c r e a s e s  at high b l a s t  ve loc i t i e s .  As in the case  of PMMA, we will  confine 
this  ana lys i s  to the l i nea r  breakdown ra t e  (measu red  along the spec imen  axis) .  

The l i nea r  breakdown ra t e  (U L) of PS spec imens  has  been plot ted  in Fig .  lb  as  a function of the b l a s t  
ve loc i ty  (V) at  va r ious  t h e r m a l  flux l eve l s  (W). Accord ing  to Fig .  lb ,  this r e l a t ion  is a l i n e a r  one, ex-  
cept  within a na r row  range of low ve loc i t i e s .  This  is e s s e n t i a l l y  due to reach ing  the "s teady  s ta te ,"  i . e . ,  
a s ta te  in which the breakdown p r o c e s s e s  can be d e s c r i b e d  by some function on the b a s i s  of s i m i l a r i t y .  
In the phys i ca l  sense ,  the s i m i l a r i t y  of cu rves  de s c r i b i ng  this  p r o c e s s  means  that the breakdown is 
c h a r a c t e r i z e d  b a s i c a l l y  by wear  of the PS m a t e r i a l  which the t he r m a l  flux has  made soft. Reaching the 
" s teady  s ta te"  s ign i f ies ,  in p r a c t i c a l  t e r m s ,  that  the gas s t r e a m  blows away the v a p o r - m i s t  l a y e r  which 
has fo rmed  in front  of a spec imen  [1, 2]. Our whole ana lys i s  app l ies  to the t es t  condit ions where  the 
hea ted  l a y e r  (and, consequent ly ,  a l so  the softened l ayer )  is  suff ic ient ly  deep to avoid e ros ion  by the gas 
s t r e a m .  It can ea s i l y  be p r e d i c t e d  that,  as  the b l a s t  ve loc i ty  i n c r e a s e s ,  at  some instant  the en t i re  soft 
l a y e r  wil l  be washed away and the cu rves  in F ig .  lb  wil l  peak  out (when account is  a l so  taken of the po ly-  
m e r  breakdown caused  by the gas s t r e a m ) .  The sur face  t e m p e r a t u r e  of a spec imen  in breakdown is indi-  
ca ted  in Fig~ lb;  it d e c r e a s e s  as the ve loc i ty  i nc rea se s �9  

As in [1, 2], the spec imen  t e m p e r a t u r e s  were  m e a s u r e d  with the rmocoup les  (a thorough desc r ip t ion  
of the p r o c e d u r e  was g iven in  [1, 2]). The r e s u l t s  have shown that the t e m p e r a t u r e  va r i a t ion  along the 
spec imen  axis  is  the same  with or  without a gas b l a s t  at  a given t he r m a l  power  leve l  (W). On the b a s i s  of 
these  cu rves ,  a rough e s t i m a t e  of the m a s s  of m a t e r i a l  e roded  by the gas s t r e a m  can be made.  On the 
curve  r e p r e s e n t i n g  the axia l  t e m p e r a t u r e  d i s t r ibu t ion  in the unb las ted  spec imen  the t e m p e r a t u r e  which 
c o r r e s p o n d s  to the su r face  t e m p e r a t u r e  of the b l a s t e d  spec imen  is marked ;  f rom there  the l i nea r  c o o r d i -  
nates  of the given point  inside the unblas ted  spec imen  a r e  de te rmined .  Then the volume and the m a s s  of 
the spec imen  where  the t e m p e r a t u r e  has  changed f rom the max imum down to the m a r k e d  level  a r e  found. 
F o r  rough e s t i m a t e s  the m a s s  de t e rmined  in this  manner  may  be a s s u m e d  equal  to the m a s s  e roded  by 
the s t r eam�9  In the case  of PS, such e s t i m a t e s  a r e  val id  a lso  because  he re  the sh ie ld ing  v a p o r - m i s t  l a y e r  
cover ing  the spec imen  is thin [1] and the t h e r m a l  power ' imp ing ing  on it may be a s s u m e d  equal to that 
r each ing  the spec imen  sur face .  Such rough e s t i m a t e s  a r e  shown in Table  1. Accord ing  to  Table 1, the 
quanti ty of e roded  spec imen  m a t e r i a l  is ,  at  given va lues  of W and V, d i r e c t l y  p ropo r t i ona l  to the b l a s t  
ve loc i ty  and, consequent ly ,  the curve  in Fig .  lb  be c om e s  a s t r a igh t  l ine.  Table  1 shows that,  as  the 
t h e r m a l  power  is  r a i s e d ,  the ro le  of the gas s t r e a m  in b reak ing  down a spec imen  d imin i shes .  This is 
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expla ined by the r a t e  of t he rma l  breakdown,  which is high and far  above the ra te  of e r o s i on  when the power  
W is heavy, but low and comparab l e  to the r a t e  of e ros ion  when the power  W is l ight.  These  rough e s t i -  
ma te s  wil l  su r e ly  be c o r r e c t e d  by more  p r e c i s e  ca lcu la t ions ,  but the conclus ions  r eached  so far  conce rn -  
ing the ro le  of a gas s t r e a m  in the breakdown of PS at va r ious  t he r m a l  power  l eve l s  will  ne ve r t he l e s s  mos t  
p robab ly  r e m a i n  val id .  

The c h a r a c t e r i s t i c s  of PMMA breakdown a r e  somewhat  d i f ferent .  As has  been shown in [1, 2], an 
impor t an t  f ac to r  in the breakdown of FMMA spec imens  by a h igh-power  t h e r m a l  flux is the shielding of 
the spec imen  by a v a p o r - m i s t  l aye r ,  which in turn is  r e l a t e d  to the p e c u l i a r  m i c r o s t r u c t u r e  of PMMA. 
The compos i t ion  and the sh ie ld ing  act ion of this  v a p o r - m i s t  l a y e r  change as the t he rma l  power  is r a i s e d  
[1, 2]. The p e c u l i a r i t i e s  of PMMA breakdown under  the act ion of a t he r m a l  flux [1, 2] wil l  in many ways 
de t e rmine  a l so  the breakdown c h a r a c t e r i s t i c s  of spec imens  under  the act ion of a gas s t r e a m .  The l i nea r  
breakdown r a t e  (UL) m e a s u r e d  along the spec imen  axis  has been plot ted  in Fig .  l a  as  a function of the 
b l a s t  ve loc i ty  (V) at va r ious  l eve l s  of power  W. T e m p e r a t u r e s  of the breakdown sur face  a r e  m a r k e d  on 
the d i ag ram.  Inasmuch as  the v a p o r - m i s t  l a y e r  is  thin at  low W leve l s  (under 5 c a l / c m  ~ �9  [1], i ts  
d i s s ipa t ion  by the gas s t r e a m  cannot r e s u l t  in a s igni f icant  i n c r e a s e  of the t h e r m a l  power  reach ing  the 
spec imen  su r face .  At the same t ime,  more  heat  is d i s s i p a t e d  f rom the spec imen  and, in p r a c t i c a l  t e r m s ,  
this  amounts  to l e s s  t h e r m a l  power  ava i l ab le  for  b r eak ing  down the spec imen.  This l a t t e r  c i r c u m s t a n c e  
should r e s u l t  in a lower  breakdown r a t e .  At a t h e r m a l  power  within 5 < W < 10 c a l / c m  2 �9  when the 
v a p o r - m i s t  l a y e r  becomes  heavy [1], the gas s t r e a m  p lays  a d i f ferent  ro le .  It blows this l a y e r  away f rom 
the b reakdown su r face .  The d i s appea rance  of such an effect ive  shie ld  causes  a l a r g e r  t h e r m a l  flux to 
r e a c h  the breakdown sur face ,  which in turn wil l  i n c r e a s e  the breakdown ra te .  Accord ing  to the e s t i m a t e s  
in [1], a v a p o r - m i s t  l a y e r  def lec t s  up to 40% of the incident  flux (W = 10 c a l / c m  2. sec) and, t he re fo re ,  a 
r emova l  of the shie ld ing will  i n c r e a s e  the breakdown ra te  by app rox ima te ly  the same amount.  Based  on 
the rough e s t i m a t e s  of p o l y m e r  e ro s ion  by a gas s t r e a m ,  one can prove  that in this  case  the amount of 
breakdown is much l e s s  due to e ros ion  than due to r e m ova l  of the shielding.  One may a s s um e ,  a c c o r d -  
ingly, that r emova l  of the shie ld ing wil l  r e s u l t  in a breakdown ra t e  h igher  by a f ac to r  of 1.5 at a b l a s t  
ve loc i ty  V = 270 c m / s e c .  As the b l a s t  ve loc i ty  is  i n c r e a s e d  fu r the r ,  the spec imen  sur face  (near the axis) 
wil l  begin to cool down as  in the s i m i l a r  p r o c e s s  d e s c r i b e d  p r e v i ous l y  under  low leve l s  of power  W. The 
p r o c e s s e s  o c c u r r i n g  at the l a t e r a l  spec imen  su r f aces  a r e  obviously de t e r m i ne d  p r i m a r i l y  by the heat  d i s -  
s ipa t ion  into the gas s t r e a m ,  and they will  not be d i s c u s s e d  he re .  At high t h e r m a l  power  l eve l s  the po ly -  
m e r  (PMMA) in the v a p o r - m i s t  zone nea r  the breakdown sur face  l iquef ies ,  as  in the case  of the PS m a t e -  
r i a l .  Under these condit ions the breakdown of PMMA spec imens  is analogous to that of PS spec imens  (see 
Fig .  la)  as the p ro f i l e  of the breakdown sur face  ind ica tes .  

Thus,  us ing  PMMA and PS as  typ ica l  example s ,  we have e s t ab l i shed  expe r imen ta l l y  that the b r e a k -  
down of p o l y m e r  m a t e r i a l s  by the s imul taneous  act ion of a gas  s t r e a m  and a t he r m a l  flux is l a r g e l y  gov- 
e rned  by the opera t ing  c h a r a c t e r i s t i c s  of both as  well  as  by the m i e r o s t r u c t u r e  of a given p o l y m e r  s p e c i -  
men.  Moreover ,  the gas  s t r e a m  may e i the r  r a i s e  or  lower  the l i n e a r  breakdown ra te .  Tes t s  have a lso  
shown that a t h e o r e t i c a l  i n t e r p r e t a t i o n  of these  p r o c e s s e s  mus t  take into account the m e c h a n i s m  of t he rma l  
breakdown of p o l y m e r s  by a t he rma l  flux with due cons ide ra t ion  of the effect  of the m i c r o s t r u c t u r e .  

D i s c u s s i o n  o f  t h e  T e s t  R e s u l t s  

As has been e s t ab l i shed  in the t e s t s ,  the breakdown p r o c e s s  by the s imul taneous  act ion of a gas 
s t r e a m  and a t he rma l  flux is  d i f ferent  for  PS and PMMA spec imens .  F o r  this  r eason ,  we dec ided  on a 
s e p a r a t e  t h e o r e t i c a l  ana lys i s  for  each of these m a t e r i a l s .  The breakdown of PS under  the act ion of a gas 
s t r e a m  may be t r e a t ed  as  an abla t ion of a l iquid p o l y m e r  l a y e r  f rom the breakdown sur face .  F o r  such a 
l iquid l a y e r  of p o l y m e r  one can se t  up a sy s t em of equat ions de s c r i b i ng  this p r o c e s s  [10] (y is  the longi-  
tudinal  coord ina te ,  x is  the t r a n s v e r s e  coordinate) :  

a a (xVy) = o, ax + (1) 

cp v~-~-  x + v .  = 
02T 

-}- a W  exp (-- ag). 

(2) 

(3) 
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Systems (1)-(3) apply to the region around the cr i t ica l  point in the two-dimensional problem. 
boundary conditions at the breakdown surface will be 

and in an unheated specimen 

The 

OV~ 1 
__ ~. 07"0x - -  p V ~ H ,  + q,  (Ts> -- W, -~-Y s= ,u.(T~) F., 

OV T(x, oo)----To, V~(x, oo)=0, -b~-y., =0.  

The following symbols  have been used in s y s t e m s  (1)-(3) and in the boundary conditions: V x and Vy 
for  the components of the velocity at which liquid po lymer  flows off; p for the viscosi ty;  p for the density; 
c for the specific heat; p for the p re s su re ;  X for the thermal  conductivity; a for the absorptivity;  Hs for 
the enthalpy of evaporation; Q for the energy lost on thermal  breakdown of the polymer;  F-r for the skin 
fr ict ion;  and qs(Ts) for the thermal  flux f rom the surface.  

In o rder  to solve this problem,  it is neces sa ry  f i rs t  to know the distribution of p r e s s u r e  and shearing 
s t r e s ses ,  which can be found by solving the appropriate  problem of a viscous incompressible  fluid flowing 
against  the end surface of a cyl inder  at a Reynolds number  Re ~- 1000. The data needed for this are  not 
available in the published l i tera ture ,  as far  as the authors  know, and the solution of such a problem is 
very  difficult. Fo r  solving sys tems  (1)-(3), therefore ,  we will make a few simplifications and reduce it to 
a convenient form. F i r s t  of all, we note that, according to the resul ts  in [5], the shearing s t r e s ses  are by 
one o rder  of magnitude smal le r  than the braking p r e s s u r e  of the gas s t r eam and, therefore,  may be dis-  
regarded  - as has been done in Eq. (2). Secondly, according to [1, 2], most  of the products  of PS b reak-  
down are other po lymers  and, therefore ,  the qs(Ts) t e rm may be omitted in the boundary condition. It is 
well known [6] that the v iscos i ty  of a molten po lymer  is a function of three pa rame te r s :  temperature ,  
shear ,  and molecular  weight. As the shear  changes by one order  of magnitude, the viscosi ty  changes only 
by approximately a factor of 2 [6] and, therefore, it is alright touseonly one value ~0 throughout in our 
estimates. Within small shearing rates (0.1-I0 sec -I) the viscosity does not depend on the molecular 

weight as long as M > 30,000 [6]. The magnitude of shear (T) in our tests was 

U II ULd ~d2 . U L = ~d6U H, t = -- (4) 
4 6 462 ' 

with d denoting the specimen diameter .  

Insert ing into (4) the test  values for d, U L, and 6 found f rom the es t imates  in Table 1, we find that 
the shear  under our test  conditions was within that par t i cu la r  range. Inasmuch as the fract ion of gaseous 
products  in the molten layer  is small  [1, 2], one may consider  the molecular  weight of PS (600,000) to vary 
only slightly and the condition M > 30,000 to be satisfied. It follows, then, that/~ = t%e E /RT [6]. Since 
6 << d, systems (1)-(3) can he reduced to the problem of molten polymer flowing off the specimen edge, and 

this will correspond to the erosion of polymer material by the gas stream. For simplicity, we will con- 

sider the two-dimensional problem: 

OV~ , OVy = 0 ,  (5) 
Ox ov 

o ( I 
ov -yy--/= o, (6) 

( a T - t r y  aT ) O~T 
cp I/~ Ox ~ y  = ~ + a W e x p ( - - a y ) ,  (7) 

�9 OY z 

with the boundary conditions 

,oV~ ic (T~ - -  To) + Q] W, 

T (x, ~ ) = T o, V:~ (x, oo ) = O, V u (x, co) = O, 

OVu = O. 
09 

Even such a simplified problem is difficult to solve. One possible approximate solution is based on a 
Michelson tempera ture  distribution inside the specimen,�9 which, s t r ic t ly  speaking, cor responds  to real i ty  
(the test  resul ts  have been descr ibed here  arid in [1, 2]). For  this case the problem reduces to solving 
sys tems  (5)-(6), with the assumption that the p r e s s u r e  on the surface of liquid polymer  is constant and 
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TABLE 2. Rates of Polystyrene Breakdown in 

a Gas Stream 

W, cal/em a. see u 

I Ubd 
7,0 ] Ue 

4,6 Ubd 

Ue 

135 

0,01 
0,02 ' 

0,01 
0,02 

V, CFE ~SeC 

270 540 

0,02 0,I2 
0,03 0, I2 

0,03 0,09 
0,03 0,09 

0,04 
0,04 

1080 

0,25 
0,24 

0,26 
0,25 

0,27 
0,27 

Note. U e is the estimated rate; Ubd =UI,-U0;U 1 is the rate 
with blast; U0 is the rate without blast. 

equa l  to the b r a k i n g  p r e s s u r e  of the gas  s t r e a m  and 
tha t  gas  f r i c t i o n  i s  n e g l i g i b l e .  The  w e a r  of m a t e r i a l  
i s  d e t e r m i n e d  by  the f low of l i qu id  u n d e r  the a c t i o n  of 
e x t e r n a l  f o r c e s .  Hav ing  s o l v e d  (5)-(6) and t ak ing  into 
accoun t  the m a s s  of p o l y m e r  f lowing  off a c r o s s  the 
s p e c i m e n  a x i s ,  we f ind the r a t e  of b r e a k d o w n  due to 
e r o s i o n :  

= V ( 9Ga~RT~'/1/2 exp - -  . (8) 
c: e \ ~oe ,: 

It h a s  been  a s s u m e d  h e r e  that  

~t oVu [ OGV2 (9) 
- - O g - v = o -  2 ' 

w h e r e  PG d e n o t e s  the  gas  d e n s i t y  and V the g a s  v e l o c i t y .  U s i n g  the v a l u e s  fo r  E and #0 f r o m  [6], we c a l -  
cu l a t e  U e fo r  v a r i o u s  v e l o c i t i e s  V. The  r e s u l t s  of t h e s e  e s t i m a t e s  and the t e s t  v a l u e s  fo r  Ubd a r e  g iven  in 
T a b l e  2. A s  can  be  s een  h e r e ,  even  such  rough  t h e o r e t i c a l  e s t i m a t e s  a g r e e  f a i r l y  we l l  wi th  the e x p e r i -  
m e n t .  

We wi l l  now a n a l y z e  the b r e a k d o w n  of  PMMA u n d e r  the s i m u l t a n e o u s  a c t i o n  of a gas  s t r e a m  and a 
t h e r m a l  f lux.  We c o n s i d e r  the t w o - d i m e n s i o n a l  p r o b l e m .  F o r  the Stefan flow of a m o n o m e r  s u b s t a n c e  
off the b r e a k d o w n  s u r f a c e  a g a i n s t  a gas  (n i t rogen)  s t r e a m  we have :  

D'14 dP,u , MPM (10) 

w h e r e  D d e n o t e s  the d i f fus iv i ty ;  V[ d e n o t e s  the  v e l o c i t y  of the  Stefan f low, and the x - a x i s  r uns  a long  the 
s p e c i m e n  a x i s  in the d i r e c t i o n  o p p o s i n g  the gas  s t r e a m .  At  x = 0 the f low ~ M is  equa l  to the m a s s  f low of 
m o n o m e r  s u b s t a n c e  p r o d u c e d  by  the b r e a k d o w n  and should  r e m a i n  u n i f o r m  o v e r  the t h i c k n e s s .  The d i f fu-  
s ion  of  n i t r o g e n  a t  the b r e a k d o w n  s u r f a c e  i s  equa l  to z e r o :  

D M  dPx~ 
~N, = 0 = - -  - -  

R T  dx 

D 
V~ = - -  Po - -  P,u 

b e c a u s e  the t o t a l  p r e s s u r e  P0 = PN 2 + PM = eons t .  

! V~ M.v._P% 
R T  ' (11) 

dP a 
- - - - ,  (12) 

dx 

Subs t i t u t ing  (12) into (10), we ob t a in  an  equa t ion  fo r  

d e t e r m i n i n g  the m o n o m e r  c o n c e n t r a t i o n :  

DM 

R T  

In the b o u n d a r y  l a y e r  a t  x = 5t we have  PM(St) 
t ion  (13) i s  then  e a s i l y  s o l v e d  a s  fo l lows :  

Po dPM 
�9 - -  ( 1 3 )  

Po - -  P • dx 

= 0 ,  whi l e  PM(0) = P s a n d D / T  = c o n s t a t x = 0 .  E q u a -  

pM(x) = Po [ l _ exp ( _ .  PULRT (51- -x )  
DMPo ) ] ,  (14) 

V~ = PULRT -- const. (15) 
MPo 

The t h i c k n e s s  of the  d i f fu s ion  l a y e r  can  be  found f r o m  the e x p r e s s i o n  [7]: 

61 = d/Nu D , (16) 

w h e r e  the N u s s e l t  n u m b e r  Nu is  equa l  to Nu k wi th in  o u r  r a n g e  of  the R e y n o l d s  n u m b e r  and can  be  c a l c u -  
l a t e d .  P o l y m e r  p a r t i c l e s  wh ich  have  f o r m e d  the v a p o r - m i s t  l a y e r  u n d e r  the a c t i o n  of  a t h e r m a l  f lux a r e  
now c a r r i e d  into the  d i f fu s ion  l a y e r  in a Stefan f low mode  and wi l l  be  d i s s i p a t e d  a t  the b o u n d a r y  by  the e x -  
t e r n a l  g a s  s t r e a m .  We wi l l  p r o v e  tha t ,  u n d e r  the g iven  c o n d i t i o n s ,  t h e s e  p a r t i c l e s  s h i e l d  the s p e c i m e n  and 
do not "burnou t "  c o m p l e t e l y  whi le  r e m a i n i n g  in the  s t r e a m .  N a m e l y ,  knowing the d i m e n s i o n  of  the d i f fu-  
s ion  l a y e r  51 in (16), one can  e s t i m a t e  the  s h i e l d i n g  e f fec t  of the v a p o r - m i s t  l a y e r .  The  c a r r y  t i m e  i s  

:~ Ps-~ ~ 10  -~ sec, 
c 18p 
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with ~ ~- 10 -4 g / c m  �9 s ec  [8] deno t ing  the  v i s c o s i t y  of g a s e o u s  m o n o m e r .  The  dwel l  t i m e  in the  d i f fus ion  

l a y e r  i s  

51 ~ 10-3 sec. 
Td= V--~ 

The  b u r n o u t  t i m e  7" b = A l J W  ~ 10 -2 s e e ,  l 0 = 200 e a l / g ,  W = 10 c a l / e m  2 � 9  and A = 5 . 1 0 - 4 c m  [1, 21is 
the  p a r t i c l e  d i m e n s i o n .  Thus ,  ~b > Zd > TC and c o m p l e t e  b u r n o u t  does  not o c c u r .  A s  the a b s o r p t i o n  
p a r a m e t e r  of  the v a p o r - m i s t  l a y e r  we de f ine  

z~A ~ 
m 0 = n6ps o - - ,  (17) 

6 

w h e r e  n d e n o t e s  the  c o n c e n t r a t i o n  of p a r t i c l e s  in the l a y e r  and  i s  found f r o m  the cond i t i on  

U Ln o = nV~, (18) 

whi l e  no i s  the c o n c e n t r a t i o n  of p a r t i c l e s  in the  s o l i d  p o l y m e r .  I n s e r t i n g  (18), (16), and (15) into (17), we 

ob t a in  

dMP~ r~A3 (19) 
m~ = 1.3Re~ Rr  n~ 6 

The  e n e r g y  f lux i m p i n g i n g  on the b r e a k d o w n  s u r f a c e  i s  

IV s = W exp ( - -  komo) --  W~, (20) 

w h e r e  W k d e n o t e s  the t h e r m a l  f lux d i s s i p a t e d  a t  the s u r f a c e  b y  the e x t e r n a l  n i t r o g e n  b l a s t :  

V/~ = ~-- 1.31~e0.s f (B) (T~ --  To), (21) 
d 

B is the parameter of gaseous monomer injection. On the basis of the results in [9], one may assume that 
f(B) ~ i. We differentiate (20) with respect to Re, taking (2i) into account, and then equate the derivative 
to zero, to find the condition of maximum thermal flux at the breakdown surface - corresponding to the 
condition of maximum breakdown rate under the simultaneous action of a thermal flux and a gas stream: 

( kodMPono hA3 ) V/~176176176 exp " - -  . (22) 
Remax = 9.14kRf(Ts - -  To) 7.8Re~2x RT 

T e m p e r a t u r e  T has  b e e n  a s s u m e d  equa l  to the t e m p e r a t u r e  of  the b l a s t i n g  s t r e a m ,  i n a s m u c h  a s  the  
d i f f u s i v i t y  of n i t r o g e n  i s  much  h i g h e r  than the d i f f u s i v i t y  of  the  m o n o m e r  and the p e n e t r a t i o n  of N2 into the  
l a y e r  c o v e r i n g  the s p e c i m e n  d e t e r m i n e s  the change  in the t e m p e r a t u r e  d i s t r i b u t i o n  in t h i s  r e g i o n ,  b r i n g i n g  

the m e a n  t e m p e r a t u r e  h e r e  c l o s e r  to the n i t r o g e n  t e m p e r a t u r e .  

With  the  va lue  fo r  k 0 f r o m  [1], W = 10 c a l / c m  2" s e e ,  P0 = 1 a i m ,  d = 3 ram,  and T s = 700~ Eq. (22) 
y i e l d s  R e m a  x ~- 100, which i s  s u f f i c i e n t l y  c l o s e  to the  t e s t  r e s u l t s  shown in F i g .  l a  fo r  Re = 500. 

Thus, on the basis of the theoretieM presentation given here, an analytical solution to the problem 
concerning the breakdown of polymer materials under the simultaneous action of a gas stream and a high- 
power thermal flux is possible (if one considers the two-dimensional problem with subsequent simplifica- 

tions). 
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