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A method has been developed for determining gas-permeabil i ty parameters ;  results  a re  
presented for five different materials .  

Damage occurs to the bonding agent at high temperatures ,  and the reinforced polymer releases  
gaseous decomposition products which penetrate to the surfaces through a system of pores.  The resul-  
ting pressure  differences tend to disrupt the stratified material  if the gas flow is rapid. Also, the emer -  
King decomposition products a l ter  the heat - t ransfer  conditions in the boundary layer  and the composition 
of the medium within the shell. 

One can determine the p ressure  distribution and the yield of decomposition products by solving the 
equation for the heating of reinforced plastics [1]; here one needs to have data on the gas-permeabil i ty 
parameters  in relation to the degree of decomposition. 

A modified Darcy equation [2] applies to the motion of the gas in the porous material  over a fairly 
wide range of flow ra tes :  

grad p= ~ U + ~pgUU. (1) 
K 

The f i rs t  t e rm on the right represents  the pressure  loss due to friction and the second term,  the 
p ressure  loss due to  dynamic effects, in part icular ,  repeated sudden changes in cross-sect ional  area  and 
sharp kinks. The inert ial  res is tance coefficient /3 tends to zero at moderate flow ra tes ,  and (1) becomes 
an ordinary Darcy equation. 

The gas-permeabil i ty coefficient K and the iner t ia l - res is tance coefficient a re  dependent on the poros- 
ity, temperature,  and type of pores;  the temperature  dependence due to  the thermal  expansion is slight 
and may be neglected. 

The pyrolysis in such a reinforced polymer increases the porosity, and so the gas-permeabil i ty 
parameters  will be dependent on the initial s t ructure of the material  and on the degree of decomposition. 
If the t rue density al ters  only slightly, the porosity can be calculated from 

P Ppo-- 0~_ ~, (2) 
m = mo + gp 3 0  3 0  

which is confirmed closely by experiment for hydrostatic conditions. 

The initial porosity can also be determined by weighing with immersion or by microstructural  exam- 
ination, or again via 

- ( ]  --ep) P--,. m o= 1--gp Ppo P f 
(3) 
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Fig. 1. P e r m e a b i l i t y  of r e in fo rced  po lymer s  in r e l a -  
t ion to poros i ty  produced by py ro lys i s :  1-5) m a t e r i a l s ;  
a and b) obse rved  points .  

The deg ree  of decompos i t ion  on s teady heating can be de te rmined  f r o m  the t h e r m o g r a v i m e t r i c  
curve ,  while the genera l i zed  Ar rhen ius  equation can be applied to the nons ta t ionary  case  [3]. 

Then the gas  pe rmeab i l i t y  can be de te rmined  via K(m) and fl(m), which can be de te rmined  f r o m  
t e s t s  on m a t e r i a l s  p rev ious ly  exposed to var ious  t e m p e r a t u r e s  provided that  no other  s t r u c t u r a l  changes 
occur  in the ma te r i a l ,  such as  mel t ing of the f i l l e r .  

The gas pe rmeab i l i t y  has been  examined by a method based on quas i s t a t iona ry  gas  inf i l t ra t ion f r o m  
the c losed volume through the spec imen .  The p r e s s u r e  change in the volume is r eco rded ,  which s e r v e s  
to give K and ft. 

As the po ros i ty  is ident ical  throughout  the th ickness  6 (specimen un i fo rmly  pyrolyzed)  and the gas  
moves  in a one-d imens iona l  fashion, (1) can be put as 

Op = -~U + ~pgU% (4) 
Ox K 

We subst i tute  into (4) the inf i l t ra t ion  r a t e  f rom the equation of continuity for  the gas  flow: 

o) = FpgU 

and use  the gas  equation of s ta te  

p = pgRT, 

to  get 

Op ~ RT co RT  ~o ~ 

. . . . . . . .  ~ ~ F ~  " - -  (5) Ox K F p p 

We in tegra te  (5) to get the p r e s s u r e  dis t r ibut ion in the spec imen :  

--P]tm ) (o "4- [3 ~o 2 \ K F  F ~ , x. (6) 

The  unknown gas flow r a t e  through the spec imen  is de te rmined  by d i f ferent ia t ion  subject  to T = con- 
s tant  for  the gas  within the chamber ,  

v dp 
( o  - - - -  - -  - -  ( 7 )  

RT dt 

We subst i tu te  (7) into (6) and put x = 6 to get 

-2-(P --P2atm) = . . . .  KF dl~ -~ ~ ~ \--~-] �9 (8) 

Equation (8) defines the p r e s s u r e  change in the c h a m b e r  on the a s sumpt ion  that  (4) d e s c r i b e s  the 
gas  inf i l t ra t ion  into the spec imen .  
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Fig. 2 Fig. 3 
Pe rmeab i l i t y  of r e i n f o r c e d  p o l y m e r s  in r e la t ion  to py ro lys i s  t e m -  

p e r a t u r e :  1-5) m a t e r i a l s ;  a) obse rved  points .  

Fig .  3. P e r m e a b i l i t y  and init ial  poros i ty  in r e l a t i on  to  f i l l e r  s t r u c t u r e .  

Then the g a s - p e r m e a b i l i t y  p a r a m e t e r s  can be de te rmined  by fitting the observed  p r e s s u r e  curve  
pC(t) to the curve  g iven by (8); i f  we use  the l e a s t - s q u a r e s  approach  to  fit the calcula ted curve  to  the ob- 
s e r v e d  p(t), we get  

y 1 

~= T ( p ' - - p ~ ? d t  , (9) 
0 

where  t" is the  r u n  t i m e .  

The  values  of K and fl that  mee t  the  r e s t r i c t i o n s  K >- 0 and ~ >- 0 and a l so  give a min imum in (9) 
a r e  the  de s i r ed  g a s - p e r m e a b i l i t y  p a r a m e t e r s ;  the  r e su l t  for  Amin al lows one to  judge how fa r  the model  
fits the ac tual  gas  inf i l t ra t ion.  

t 
A p r o g r a m  was wr i t t en  for the BESM-3M compute r  to p e r f o r m  the above calculat ions;  (8) was 

solved numer ica l ly  by i tera t ion,  which enabled us  to obtain a solut ion even  for /3 = 0. The values of pC(t) 
w e r e  g iven as  a tab le ,  while values  a t  i n t e rmed ia te  points were  de t e rmined  by quadra t ic  interpolat ion.  
The  in tegra l  in (9) was calcula ted by the t r a p e z i u m  method.  The  min imum in (9) was de te rmined  by 
s t eepes t  descen t .  The  r e s t r i c t i o n s  on K and ~ were  incorpora ted  by gradient  pro jec t ion .  

The  m e a s u r e m e n t s  we re  made for  the following m a t e r i a l s :  1) TCl~-K-9FA-14,  2) SK-9FA-MKT-5 ,  
3) ASTT(5)C2-K-9FA, 4) TSP-FN-14, 5) ASTT(6)-C2-FH. 

The f i r s t  t h r e e  m a t e r i a l s  a r e  of f ibe rg la s s  type with K-9FA phenot -organos i l i con  r e s i n  and f i l le rs  
of TSI~-14, MKT-5,  and ASTT(6)-C2, while the fourth and fifth m a t e r i a l s  we re  p h e n o t - f u r f u r a t - f o r m a t d e -  
hyde p las t i cs  type  FN with TSP-14  and ASTT(6)-C 2 f i l l e r s .  

The TSP-14  f i l l e r  consis ted  of a c r o s s - l i n k e d  woven s i l i c a - f i be r  m a t e r i a l  with the following counts 
in weft and warp :  n b =9 in the weft and nw=8 inthe warp  (both pe r  era), while MKT-5 was a mul t i t aye r  
s i l i ca  fabr ic  with t h r e e - d i m e n s i o n a l  weaving having counts of 8 and 5 in the above units ,  r e spec t ive ly ,  and 
ASTT (5)-C2 was an  a luminoboros i l i ca te  sa t in - type  woven g lass  m a t e r i a l  with counts of 22 and 13 in the 
above  uni ts .  

Spec imens  of d imensions  D = 28 m m  and 6 = 5 m m  were  cut f r o m  a sheet  of the appropr ia t e  m a t e -  
r ia l ;  for  each shee t  we m e a s u r e d  the densi ty,  bonding-agent  content, and open poros i ty .  The densi ty  and 
poros i ty  were  de t e rmined  by weighing with i m m e r s i o n ,  while the bonding-agent  content was de t e rmined  by 
f i r ing  in a i r  at 873~ 

The apec imens  were  f i red  at  va r ious  t e m p e r a t u r e s  in the range  473-1273~ in a muff le  furnace  con-  
taining an iner t  a m o s p h e r e ;  the heating r a t e s  were  30-40 deg /min ,  while the cooling was done was by 
switching off the furnace .  The spec imens  were  kept at se t  t e m p e r a t u r e s  for  60 min.  The spec imens  were  
weighted to 0.1 mg with analy t ica l  ba lances  before  and a f t e r  py ro ly s i s .  
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The side s u r f a c e s  of the f i red  s p e c i m e n s  w e r e  covered  with a s i l i ca te  cement  to give a un i fo rm 
smooth  f i lm,  which went with a l a t e r a l  sea l ing  device  to  p reven t  leakage of gas  through the s ide  su r face ,  
and a l so  through any c r acks  be tween the l a y e r s ;  t h e r e  was thus one-d imens iona l  gas  mot ion in the spec i -  
men.  The inf i l t ra t ion  a r e a  was de t e rmined  with ca l ib ra ted  bushings as  0.314 �9 10 -~ m 2. The volume of 
the sea led  chambe r  was V = 0 .366.10 -3 m 3, and the ini t ial  p r e s s u r e  P0 was 6 arm.  The p r e s s u r e  was 
moni tored  by an  MS-E2 m a n o m e t e r  head (accuracy  c lass  1.0) and was r e c o r d e d  by a s ing le-poin t  KSP-4 
po ten t iomete r  r e c o r d e r  (accuracy c l a s s  0.25). 

The  data we re  p r o c e s s e d  as  de sc r ibed  above;  the po ros i ty  produced by the py ro lys i s  was ca lcula ted  
f r o m  the actual  weight loss :  

p 6 o - -  G 
m := m o + gp Ppo gp6o 

The g a s - p e r m e a b i l i t y  p a r a m e t e r s  we re  defined via the g a s - p e r m e a b i l i ~  coeff icient  on the a s s u m p -  
t ion that  t h e r e  were  no dynamic  ef fec ts  (~ = 0); this  gave good a g r e e m e n t  be tween  the obse rved  and ca l -  
culated cu rves  for  the p r e s s u r e  for each  spec imen .  The mean  values of Ami n for  the above m a t e r i a l s  
were ,  cor respondingly ,  2, 2.8, 0.74, 0.96, and 0.83%. These  r e su l t s  show that  the Da rcy  equation in i ts  
usual  f o r m  d e s c r i b e s  the gas  inf i l t ra t ion  c lose ly  for  these  m a t e r i a l s .  The &rain for  the f i r s t  two m a t e -  
r i a l s  were  somewhat  l a r g e r  than those  for  the o thers ,  and these  m a t e r i a l s  had higher  pe rmeab i l i t y ,  which 
indicated the onset  of dynamic  e f fec t s .  However ,  these  were  s t i l l  s m a l l  and negligible.  

F igures  1 and 2 show the r e s u l t s  as  the pe rmeab i l i t y  coefficient  as  a function of poros i ty  and p y ro ly -  
s i s  t e m p e r a t u r e .  They  a l so  show a v e r a g e  curves  and data for  each spec imen .  At t e m p e r a t u r e s  up to 
973~ (f iberglass  m a t e r i a l s  containing a lumoboros i l i ca t e  g lass)  or  1073~ (silica fill ings) t he r e  was a 
r e g u l a r  i n c r e a s e  in the pe rmeab i l i t y ,  whereas  at  higher  t e m p e r a t u r e s  t he r e  was devia t ion f r o m  this  t rend ,  
with the pe rmeab i l i t y  coeff icient  tending to d e c r e a s e  for  the f i r s t  group of m a t e r i a l s  and i n c r e a s e  for  the 
second.  This  is c l ea r  f rom the r e s u l t s  of Fig. 2 for  the two cor responding  m a t e r i a l s .  M i c r o s t r u c t u r a l  
examina t ion  of the f i red  spec imens  showed that  the f i laments  had b roken  in the s i l ica  f i l le rs  under  these  
conditions,  which produced addit ional  paths for gas passage ,  whereas  the a luminoboros i l i ca te  f i l l e r  m a -  
t e r i a l  showed some  melt ing in the f ibe r s ,  which had c losed some  of the p o r e s .  

F igure  3 shows the g a s - p e r m e a b i l i t y  coeff icient  for  m a t e r i a l s  containing K-9FA p h e n o l - o r g a n , s i l i -  
con bonding agent  in r e l a t ion  to the s t r u c t u r e  p a r a m e t e r ,  which is the product  of the number  of f ibers  pe r  
cm in the warp  and weft .  A s i m i l a r  re la t ionsh ip  was observed  a l so  for  the ini t ial  poros i ty .  

NOTATION 

x, coordinate ;  p, p r e s s u r e ;  p, dynamic  v i scos i ty ;  U, in te r s t i t i a l  veloci ty;  K, g a s - p e r m e a b i l i t y  
coeff icient ;  fi, i n e r t i a l - r e s i s t a n c e  coeff icient ;  m,  poros i ty ;  7, deg ree  of p o l y m e r  decomposi t ion;  gp, 
weight  content of po lymer ;  R, gas constant;  F, inf i l t ra t ion  a r e a ;  V, c h a m b e r  volume;  w, m a s s  gas  flow 
ra t e ;  nb, n w ,  number  of th reads  pe r  1 cm on warp  and weft; n, fabr ic  s t r u c t u r e  p a r a m e t e r ;  p, pf, pg, 
dens i t ies  of m a t e r i a l ,  f i l ler ,  and gas;  Pp0, Dpr, Pp, dens i t ies  of monoli thic  po lymer ,  apparen t  densi ty  
of r e s idue  and of p o l y m e r  during des t ruc t ion .  Subscr ip ts :  0 denotes ini t ial ;  a t m  denotes a t m o s p h e r i c .  

1. 

2. 
3. 
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