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1. SUMMARY - 

An a c c u r a t e  d e s c r i p t i o n  of t he  p y r o l y s i s  products  formed from t h e  

deg rada t ion  of a b l a t i v e  c o r ~ ~ p o s i t e s  i s  r e q u i r e d  t o  a c c u r a t e l y  compute 

t h e  energy absorbed by t h e  h e a t s h i e l d  du r ing  p l a n e t a r y  e n t r y .  These 

products  undergo chemical r e a c t i o n s  a s  they pas s  through the  cha r  zone 

and a r e  i n j e c t e d  i n t o  t h e  boundary l a y e r ,  Key i n  t he  a n a l y s i s  of  t he  

energy t r a n s f e r r e d  t o  t h e  a b l a t o r  s u r f a c e  is a n  a c c u r a t e  chemical model 

of the  s p e c i e s  e n t e r i n g  the  shoclc l a y c r .  This  i s  p a r t i c u l a r l y  t r u e  f o r  

r e e n t r y  specda o f  50,000 f t / s e c  where r a d i a t i o n  from the  shock hea ted  

gas  t o  t h e  s u r f a c e  is  a  s i g n i f i c a n t  p o r t i o n  o f  t he  energy t r a n s f e r r e d  t o  

t he  s u r f a c e  s i n c e  t h e  r a d i a n t  energy is  p a r t i c u l a r l y  s e n s i t i v e  t o  t he  

a b l a t i v e  produc ts  d i s t r i b u t i o n .  

To o b t a i n  a r e p r e s e n t a t i v e  composi t ion of t h e  p y r o l y s i s  p roduc ts  be ing  

given o f f  i n  t h e  decomposition zone from t h e  degrading a b l a t i v e  composite 

a combination of E ~ u r  methods were used.  These w:.%e 1. chemical 

a n a l y s i s  a f  the p y r o l y s i s  gases  r e p o r t e d  i n  t h e  l i t e r a t u r e ,  2 .  comparison 

o f  exper imenta l ly  measured and c a l c u l a t e d  h e a t s  of p y r o l y s i s ,  3. r e l a t i v e  

s t r e n g t h  or  weakness of  chemical  bonds and 4. r e s t r i c t e d  chemical  e q u i l i -  

brium, This  r e p o r t  compares t h e  r e s u l t s  from among these  methods f o r  t he  

p r e d i c t i o n  o f  t h e  composit ion o f  t he  p y r o l y s i s  p roduc t s ,  No one of t he  

methods i s  c l e a r l y  ou t s t and ing ,  b u t  one and two above are d e f i n i t e l y  s u p e r i o r  

t o  t h r e e  and f o u r .  Combining t h e  r e s u l t s  ob t a ined  f o r  t h e  fou r  techniques  

a r e p r e s e n t a t i v e  composit ion i s  proposed f o r  t h e  p y r o l y s i s  products  from 

a nylon (40% weight ) -phenol ic  r e s i n  (60% weight )  a b l a t i v e  composite. This  

composi t ion i s  s tochiome t r i c a l l y  cons i s  t e n t  w i t h  t he  e lements  p r e s e n t  i n  t he  

v i r g i n  p l a s t i c ,  b u t  i t  is s i g n i f i c a n t l y  d i f f e r e n t  from the  composit ion 

t h a t  would be p r e d i c t e d  from chemical  e q u i l i b r i u m  due t o  the  presence  of 

h igh  molecular  weight carbon r i n g  compounds. 



11 INTRODUCTION 

The ,knowledge of the composition of the  pyro lys i s  products from the  

decomposition zone of a  cha r r ing  a b l a t o r  i s  e s s e n t i a l  i n  the a n a l y s i s  of 

the h e a t  t r a n s f e r  processes taking p lace  i n  t h e  char  zone and i n  the  

boundary l a y e r ,  The type and q u a n t i t y  of  each spec ies  e n t e r i n g  the  char  

layer  no t  only a f f e c t s  the convect ive and conductive hea t  t r a n s f e r ,  but 

determines the  chemical r e a c t i o n s  t h a t  occur as the  pyrolys is  gases flow 

through the char .  Therefore,  i n  order  t o  p r e c i s e l y  model the non-equi l i -  

brium flow of these degradat ion products i n  t h e  char  zone and i n  the flow 

f i e l d  adjacent  , to  the  body the  pyro lys i s  gas composition m u s t  be accura te ly  

known. 

The most obvious method f o r  determining the composition of the  

pyro lys i s  products i s  t o  measure the  composition d i r e c t l y .  However, i n  

e a r l y  work by Madorski and o t h e r s  (1) d i f f i c u l t i e s  were encountered 

in  obta in ing  a r e p r e s e n t a t i v e  sample of the  degradat ion products.  Con- 

sequent ly,  most of the d a t a  repor ted  i n  the  l i t e r a t u r e  presents  only 

those components t h a t  were gases near  room temperature. This nominally 

accounts f o r  only about f i v e  percent  by weight of the t o t a l  m a t e r i a l  

pyrolysed. Obviously these d a t a  can only be used a s  an i n d i c a t i o n  of 

sorne of  the chemical spec ies  formed by the  pyro lys i s  of the m a t e r i a l .  

Other i n v e s t i g a t o r s  (2-8) have nnalysed a b l a t i v e  p l a s t i c  pyro lys i s  

products with s p e c i a l  emphasis on ob ta in ing  a r e p r e s e n t a t i v e  sample, 

However, due t o  var ious experimental  d i f f i c u l t i e s  i t  was no t  poss ib le  

t o  o b t a i n  a  completely r e p r e s e n t a t i v e  sample; and it would be most 

d e s i r a b l e  t o  have a l t e r n a t e  ways of  eva lua t ing  the  measured compositions 

fo r  completeness and accuracy. Therefore,  t h r e e  a l t e r n a t e  methods a r e  

presented and used f o r  comparison wi th  the  compositions obtained from 



the chemical analysis  o f  pyrolysis  products from ablative compos i t e s  . 
These methods are discussed i n  the next sec t ion ,  



111. METHODS FOR ESTIMATING PYR0T;YSIS GAS COMPOSITIONS 

AS previous ly  mentioned the re  a r e  four  methods t h a t  can be used 

together  t o  determine t h e  composition of the  pyro lys i s  products from 

a b l a t i v e  composites. These are :  

(1) Chemical a n a l y s i s  of the gases evolved during the thermal 

degradat ion of a b l a t i v e  composites, 

(2) Comparison of experimentally determined hea t  of pyro lys i s  with 

the  hea t  of pyro lys i s  ca lcu la ted  kpowing the  composition and 

hea t  of formation of the a b l a t i v e  composite and es t ima t ing  

the  compositions and knowing t h e  hea t  of  formation of the 

pyrolys is  gases .  

(3)  Q u a l i t a t i v e  inspect ion  of the  molecular s t r u c t u r e  of the  

p l a s t i c  ma te r i a l s  t o  determine the  poss ib le  decomposition 

products based on the  r e l a t i v e  s t r e n g t h  o r  weakness of bond 
C 

energies .  

( 4 )  Computation of pyrolys is  gag composition using the  concept of 

" r e s t r i c t e d "  chemical equi l ibr ium. 

Each of these  techniques w i l l  be discussed i n  t h e  following s e c t i o n ,  

Chemical Analysis of t h e  Pyrolys is  Gases 

The most d i r e c t  method of determining the  products of degradat ion is 

chemical a n a l y s i s  using pyro lys i s  gas chromatography, !Chis technique has 

been employed by Sykes (2,3) i n  which the  a b l a t i v e  composite was degraded 

i n  a furnace and the h o t  pyrolys is  products were in jec ted  d i r e c t l y  i n t o  

a gas chromatograph. However, even wi th  t h i s  c a r e f u l  procedure t h e r e  is  

a c e r t a i n  amount of condensation of  heavy molecular weight spec ies  i n  t h e  

heated l i n e  between the furnace and the  chromatograph which remain un- 

i d e n t i f i e d ,  and t h i s  g ives  a source of  e r r o r .  The method has,  however, 



reduced t h e  t o t a l  amount of un iden t i f i ed  m a t e r i a l  pyrolysed from 50% (by 

weight) t h a t  was obtained with the  more conventional methods (1) t o  17% 

(by weight) Also t h e  kind and con7ent ra t ion  of the  spec ies  were more 

p r e c i s e l y  determined by t h i s  method. As a consequence these  analyses  

w i l l  form the b a s i s  f o r  q u a n t i t a t i v e l y  s e l e c t i n g  a pyro lys i s  product 

composition used i n  t h e  following method. The l a s t  twa methods were 

used t o  make adjustments t o  the  a n a l y t i c a l l y  determined composition, 

e s p e c i a l l y  with regard t o  the  spec ias  which would l o g i c a l l y  make up the 

u n i d e n t i f i e d  por t ion  of the pyro lys i s  products . 
Comparison of t h e  Experimentally Measured and Calculated Heat of Pyrolys is  

The pyro lys i s  products a r e  obtained by the  thermal degradat ion of 

a b l a t i v e  p l a s t i c  composites such a s  mixtures of nylon, phenolic r e s i n  

e t c .  This  i s  i l l u s t r a t e d  by the  following equat ion.  

[Ablat ive P l a s t i c  Composite] -> [Pyrolysis  Products] + [Char ] (1) 
A 

The h e a t  of  r e a c t i o n  of the above r e a c t i o n  i s  the  hea t  of pyro lys i s ,  AHpyr ' 
an2 i t  can be experimental ly  measured by d i f f e r e n t i a l  thermal a n a l y s i s .  

' Also, i t  can be ca lcu la ted  knowing the hea t s  of  formation of the products 

(char and pyro lys i s  products) and r e a c t a n t s  ( the  a b l a t i v e  composite) 

and knowing the  hea t  capac i ty  of both f o r  the s e n s i b l e  enthalpy cor rec t ions  

of products and r e a c t a n t s  from a re fe rence  temperature such as 25'~. The 

heat  o f  pyro lys i s  can be computed using the following equat ion ,  

where K is t h e  t o t a l  number of  spec ies  present  i n  the  pyro lys i s  products 

and M is  the t o t a l  components i n  the  a b l a t i v e  composite. For nylon- 



phenolic r e r  i n  composites, the  temperature, Tr, where degradat ion s t a r t s  

i s  approximately ?50°C, and the  temperature where the  degradat ion ends 

is approximately 1000° C ,  Pyrolys is  products a r e  generated ovqr t h i s  

temperature range from 250 t o  1000°C, and T is  t h e  appropr ia t e  average 
P 

temperature which g ives  the  c o r r e c t  energy assoc ia ted  wi th  the pyro lys i s  

products.  It was determined t o  be 700°C as  a weighted averaged baaed 

on t h e  mass l o s s  rate. 

To be a b l e  t o  compare experimental ly  measured and ca lcu la ted  va lues  

of t h e  hea t  of pyro lys i s  the  weighted average temperature of 700°C based 

on mass l o s s  r a t e s  from thermal gravimetr ic  analyses  and h e a t s  of formation 

a t  25OC a r e  l i s t e d  i n  Table A - 1  of Appendix A f o r  compounds repor ted  t o  be 

present  during pyrolys is .  Values of the  h e a t s  of pyro lys i s  of nylon, 

phenolic r e s i n  and t h e i r  composites were repor ted  by Sykes (3) and Nelson 

(4). Heats of formation of nylon and phenolic r e s i n  a s  r e a c t a n t s  were 

ca lcu la ted  from experimental ly  determined h e a t s  of combustion, and these  * 

a re  presented i * ~  Tables A 2  and A3, r e s p e c t i v e l y ,  of Appendix A. D e t a i l s  

of t h e  procedure f o r  computing the  h e a t  of formation from the  measured 

va lues  of the  heat  combustion a r e  contained i n  Appendix A a s  a r e  the methods 

used f o r  the measurement o f  the hea t  of  combustion. 

The colnbustion of an a b l a t i v e  p l a s t i c  component such a s  phenolic 

r e s i n  forming carbon dioxide and water  is  represented  by the  fol lowing 

expression: 

phenol ic  r e s i n  + O2 k c02 + H 2 0  

The h e a t  of formation of phenol ic  r e s i n  is then simply: 

bHf ,phenol ic  r e s i n  AHc - z AHfpi 
i=l 

Therefore,  f o r  a known composition o f  the  va r ious  spec ies  i n  an a b l a t i v e  



composite, the  hea t  of  formation of the  composite assuming no i n t e r a c t i o n  

is:  

Now alX of  the p e r t i n e n t  d a t a  a r e  now a v a i l a b l e  t o  eva lua te  the h e a t  

o f  pyro lys i s .  I n  doing so ,  a s e l e c t e d  composition determined by some 

a n a l y t i c a l  o r  numerical method i s  pos tu la ted  t o  be v a l i d .  I f  the  c a l -  

cu la ted  va lue  o f  the  h e a t  of pyro lys i s  i s  approximately equal  t o  (3. - 10% 

o f  the  d e s i r e d  va lue ,  f o r  example), t h e  composition i s  judged a represen-  

t a t i v e  composition. I f ,  on the o the r  hand, the  experimental and ca lcu la ted  

va lues  do not  agree  wi th in  lo%, the  composition t h a t  was proposed as  

v a l i d  i s  e i t h e r  i n  e r r o r  o r  incomplete. 

Correc t ion  of the pos tu la ted  composition is made using any s i m i l a r  

l o g i c  t o  t h a t  l i s t e d  below: 

(1) Inspec t  the  l i t e r a t u r e  d a t a  over a wide range of condi t ions  

by s e v e r a l  au thors ,  when a v a i l a b l e .  

(2) Se lec t  those pyrolys is  products which appear i n  a major i ty  of the 

analyses .  

(3 )  I f  t h e  composition of va r ious  f r a c t i o n s  a r e  presented, weight each 

composition according t o  the  s i z e  of each f r a c t i o n .  

(4) Superimpose these  r e s u l t s  and cons t ruc t  an o v e r a l l  spec ies  

l i s t i n g .  

( 5 )  Average va iues  of spec ies  t h a t  appear wi th in  a reasonable range 

of  va lues .  

( 6 )  Use t h e  s p e c i e s  t h a t  appear i n  only one .ana lys is  t o  make minor 

adjustments  t o  t h e  composition being cor rec ted .  

(7) Continue the  eva lua t ion  u n t i l  t h e  c a l c u l a t e d  hea t  o f  pyro lys i s  

agrees  wi th  t h e  l i t e r a t u r e  va lue  w i t h i n  t h e  accuracy o f  the da ta .  Nuw, 



based on the  b e s t  p o s s i b l e  l i t e r a t u r e  composi t ion,  dec ide  whether the  

c o r r e c t i o n s  made i n  S t e p  (6) t o  o b t a i n  t h e  agreement a r e  l o g i c a l  and 

reasonable .  I f  so ,  t h e  procedure is ended; i f  no!., r e p e a t  the  procedure 

wi th  o t h e r  more r ea sonab le  s p e c i e s .  

When l i t t l e  o r  no measured composit ion d a t a  a r e  a v a i l a b l e ,  examining 

the polymer bond s t r u c t u r e  is suggested t o  a r r i v e  a t  p y r o l y s i s  p roduc ts  

which a r e  r ea sonab le  as d i scas sed  i n  the  fo l lowing  s e c t i o n .  

P y r o l y s i s  Product  Composit ion by R e l a t i v e  S t r eng th  o r  Weakness of  Chemical 

Bonds 

The thermal  deg rada t ion  of  cha r  forming a b l a t i v e  m a t e r i a l s  is a  com- 

plex p roces s .  A s  i n d i c a t e d  p rev ious ly ,  l i t t l e  q u a n t i t a t i v e  d a t a  on the  

decomposit ion mechanism have been reported. The a b i l i t y  of the  char  

l aye r  t o  wi ths tand  aerodynamic s t r e s s e s  and h igh  temperatures  of r e e n t r y  

i s  w e l l  e s t a b l i s h e d .  I 'his a b i l i t y  i s  a t t r i b u t e d ,  i n  p a r t ,  t o  t h e  higtil y 

c ros s l i nked  n a t u r e  o f  t h e  aromat ic  polymers such a s  phenol ic  r e s i n ,  The 

a l r e a d y  s t r o n g  C-C bonds a r e  r e i n f o r c e d  by resonance e f f e c t s  r e s u l t i n g  

, from t h e  c r o s s l i n k e d  s t r u c t u r e .  Therefore  du r ing  ther.;lal degrada t ion  

these  C-C bonds remain i n t a c t ;  and t h e  weaker bonds (C-PY', N-S, 0-0, e t c  .) 

break producing the  p y r o l y s i s  gas  p roduc ts .  It is  t h e  p r p o s e  o f  t h i s  

s e c t i o n  t o  i n d i c a t e  t h e  o r i g l n  o f  l i k e l y  p y r o l y s i s  p roduc ts  based on 

t h e  bond e n e r g i e s  of  t h e  polymers. A q u a l i t a t i v e  d i s c u s s i o n  f o r  nylon 

and pheno l i c  r e s i n ,  and composites o f  t h e s e  1s presen ted  i n  the  fol lowing 

paragraphs .  

Decompcsltion - of  Phenol ic  Resin:  Parker  (10) p resen ted  a p o s s i b l e  mech- 

ar.fsm f o r  t h e  thermal deg rada t ion  of pheno l i c  novalac  r e s i n s .  Emphasis 

was p laced  on t h e  f i n a l  cha r  s t r u c t u r e ;  however, a g r e a t  d e a l  o f  i n f o r -  

mation r e g a r d i n g  t h e  o r i g i n  o f  some p y r o l y s i s  p roduc ts  w a s  a l s o  r e p o r t e d .  



Represen t i  m;g t h e  pllenolic novalac polymer as s l ~ o ~ ~ n  below: 

Parker po in ted  o u t  t h a t  t he  p l a c e  where c leavage  was most l i k e l y  t o  be 

i n i t i a t e d  was a t  t he  methylene b r idge  (-CII. -)  l i nkage .  This r e s u l t e d  i n  
2 

t he  format ion  of  a v a r i e t y  of  f r e e  r a d i c a l s  i nc lud ing  those  of  phenol,  t h e  

c r e s o l s  and man) s h o r t e r  polymeric u n i t s  of t h c  novalac  r e s i n  which under- 

go s t i l l  fu r t l l e -  . ?grada t ion .  A schemat ic  diagram o f  the  proposed mech- 

anism i s  reproduced Cn Figure  1. I n  a d d i t i c a  t o  the  above mentioned 

produc ts ,  wa te r ,  hydrogen, carbon monixide, and methane a r e  a l s o  shown 

t o  be formed. 

Decolnpos i t  ion o f  Kylon-66 ( H c x a m c ~ l c . n e d i a m i n e - A d i p i c  Acid) : The nylon- 

66 polymer i s  formed by the  po lymer iza t ion  of  occ monomer of  a d i p i c  a c i d  

w i t h  one n~onorner of hexamc thylenediaminc i n  a 1  ter-nat i n g  s t e p s  . 

In spec t ion  of t he  bond ene rg i e s  between atoms of  t h e  CHON system l i s t e d  i n  

Table 2 ,  u e l g e c t i n g  c o n s i d e r a t i o n s  of  resonance and e l e c t r o n e g a t i ~ ~ t y  

e f f e c t s  that: e x i s t  i n  the  polymer, i n d i c a t e s  t h a t  t h e  most l o g i c a l  p l ace  

fo r  c leavage  t o  occur i s  a t  t h e  C-N bond. This  e s s e n t i a l l y  s e p a r a t e s  

the  polylller i n t o  s h o r t e r  cha in  polymers and monomer u n i t s .  From t h i s  

po in t  c leavage  of bonds w i t h i n  t h e  monomer s t r u c t u r e  can occur  forming 

such s p e c i e s  as HH CO, C02, H20, H CH4, C2H6, e t c .  I n  f a c t .  r t ~ o r t e d  
3' 2' 

exper imental  d a t a  shows t h a t  on ly  about  seven pe rcen t  (by weight )  o f  

nylon-66 is  degraded t o  r e s i d u e  (3 ,4 ) .  The remaining n i n e t y - t h r e e  p e r c e n t  

forms gaseous produc ts .  From t h i s  a n a l y s i s ,  i t  is  e v i d e n t  t h a t  the  char  

s t r u c t u r e  of a  c h a r r i n g  nylon-phenol i c  r e s i n  composite i s  p r i m a r i l y  



- 

@OH-CH2-@OH-CH2-* + @OH-* 

@OH-CH2-$OH-* + @OH-CHr* 

(phenol) 

+ OOHFH - @OH-FH-@OH + OOHCH3 * 3000c[ * 3 (Cresols) 

300°C 
fmoa-cs-mo~j- - -[m-!-rn*] + H, 

*.J 
500°C 

{C$O~~-~-$*] + @OH-CH2-GO*-CH3 - @OH- CII~-@-CH,-, I 

0 

+ 
0 

500" C 
CH4 + CO - DECARBONYLATION 

* 
I I 

-6-6- 
5000C, H20 + H2 + 1 I I 

CHAR FORMATION -0-@- 
I '  

Figure 1. Mechanism of Phenolic Novalac Degradation to Char. 
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Table 2. Bond Energies Between Atoms in the 
CHON System (11). 

Bond 
I 

.H 7 H 

H - C  

H  - N 
H - 0  

C - C  

C - I? 

Bond Energies, Kcal/gram 

104 

99 

84 

110 

80 

62 



composed o f  t he  pheno l i c  degrada t ion  t o  carbon,  wh i l e  a  major p o r t i o n  o f  

t h e  p y r o l y s i s  gases  are formed from t h e  nylon-66. 

Decomposition o f  Nylon-Phenolic Res i n  Composites : Combining t h e s e  two 

polymers w i th  subsequent  thermal deg rada t ion  would r e s u l t  i n  a l l  o f  t h e  

above mentioned produc ts  wi th  r e l a t i v e  q u a n t i t i e s  based on the  weight  

f r a c t i o n  o f  each polymer i n  t h e  composite i f  t h e r e  i s  no i n t e r a c t i o n .  

A d e t a i l e d  l i s t i n g  o f  t he  v a r i o u s  p y r o l y s i s  p roduc ts  i d e n t i f i e d  by gas  

chromatographic and/or  mass s p e c t r o g r a p h i c  a n a l y s e s  i s  p re sen ted  i n  

Table 3 .  Many o f  t h e  s p e c i e s  may on ly  e x i s t  i n  small q u a n t i t i e s ;  however, 

t h e  l a r g e  number formed i s  a  v e r y  good r e f e r e n c e  of  t y p i c a l  products  

which may be p r e s e n t  when a b l a t i v e  composites undergo thermal decomposit ion.  

R e s t r i c t e d  Equi l ib r ium Analysis  

It h a s  been suggested (12) t h a t  the  composit ion of t h e  deg rada t ion  

produc ts  from an a b l a t i v e  compos it.e could p o s s i b l y  be computed a c c u r a t e l y  

by cons ide r ing  them t o  be i n  a " r e s  t r i c  tedt '  thermodynamic equ i l i b r ium.  

The composit ions p red ic t ed  by c o n s i d e r i n g  the  produc ts  t o  be i n  thermo- 

dynamic e q u i l i b r i u m  assumes t h a t  s u f f i c i e n t  energy is  supp l i ed  o r  removed 

t o  equa.l t h e  n e t  h e a t  of  r e a c t i o n  of t he  chemical  r e a c t i o n s  t h a t  t a k e  

p l ace .  The concept  o f  r e s t r i c t e d  equ i l i b r ium proposes t h a t  the  compo- 

s i t i o n  o f  the  p y r o l y s i s  gases  and c h a r  be  cons t r a ined  w i t h  the  amount 

of energy supp l i ed  f o r  t h e  decomposit ion t o  be e q u a l  t o  t h e  h e a t  o f  p y r o l y s i s .  

The c o n s t r a i n t  equa t ion  is g iven  by Equation (2), and t h i s  i s  an 

a d d i t i o n a l  c o n s t r a i n t  on t h e  compos it ion  o f  t he  r e a c t i n g  mix ture .  Equation 

(2) i s  r e w r i t t e n  below i n  a more meaningful  form as Equation (8).  Speci-  

f i c a l l y  AH is w r i t t e n  as i s  t h e  f i r s t  term on t h e  r i g h t  hand s i d e  and 
PYr 

t h e  second term on t h e  r i g h t  hand s i d e  is t h e  en tha lpy  o f  the  a b l a t i v e  

composite a t  T . The sum o f  t h e s e  terms is a c o n s t a n t  f o r  a  g iven  a b l a t i v e  r 

composite and t h e  l e f t  hand s i d e  o f  t h i s  equa t ion  must be  equa l  t o  t h i s  



Table 3. Various Species Identified as Pyrolysis Gas Products by Gas Chromatographic 
and/or Mass Spectrographic Analy.sis of Thermally Degraded Nylon- 

Phenolic Resin Composites. (1,2,3,5,6,7,8,10) 

Hydrogen 
Nitrogen 
Oxygen 
Methane 
Carbon Monoxide 

Carbon Dioxide 
Water 
Ethylene 
Ethane 
Propad iene 

Propylene 
Propane 
Butad iene 
Butene 
Butane 

Isoprene 
Cyclopentene 
Cyclopentadiene 
Cyclopentanone 
Pentadiene 

b 

Pent ene 
Fentane 
Benzene 
Cyclohexane 
Hexad iene 

Hexene 
Hexane 
Toluene 
Dimethyl Benzene 
Dimethyl Phenol 

Hexad iene 
Methyl Phenol 
Phenol 
2-Propano1 
Acetone 

Benzaldehyde 
~orialdeh~de 
Ammonia 
Acetylene 
Hydrogen Cyanide 

Methanol 
Propyne 
Ethanol 
Diacetylene 
Vinylacetylene 

Acrolein 
Propanol 
Isopropanol 
2-Pentene-4-yne 
Isopentanes 

n-Butanol 
Phenyl Acetylene 
Styrene 
Xylenes 
4-Ethyl-l-Cyclohexane 

Methyl Phenyl Acetylene 
Methyl Styrene 
Cg Aromatics 
C10 Aromatics 
Dimethyl Styrene 



cons tant .  Examining the  l e f t  hand s i d e ,  the  term i n  the brackets  is a 

known constant and the  compositions, x 
p i '  

m u s t  be v a r i e d  such t h a t  the  

e q u a l i t y  holds .  

= H(a cons tan t )  (8) 

Thus Equation (8) becomes an a d d i t i o n a l  c o n s t r a i n t ,  along with the  m a t e r i a l  

balance c o n s t r a i n t s ,  on the f r e e  energy funct ion  which is  minimized t o  

obta in  t h e  equi l ibr ium cornposit ion  of t h e  r e a c t i n g  mixture.  This approach 

and computational. procedure has been discussed i n  d e t a i l  by del Val le  (14),  

and r e s u l t s  a r e  given i n  the  following s e c t i o n .  

* 



'V. COMPARISON OF THE METHODS FOR ESTIMATING THE PYROLYSIS GAS COMPOSITIONS 

To i l l u s t r a t e  the  use of  the  above discussed methods, the  r e s u l t s  

repor ted  by Sykes (2 ,3 ) ,  Nelson (4 ) ,  Freidman (5) ,  Ladachi -- e t  a l .  (6) 

and Jackson -- e t  a l .  (7 )  w i l l  be used. The a b l a t i v e  composites considered 

i n  these  works were composed of  pheaol ic  r e s i n ,  nylon and s i l i c a .  

Comparison of Experimentally Measured 'and Computed Heat of Pyro lys i s  

Sykes (2 ,3)  repor ted  t y p i c a l  pyro lys i s  gas compositions f o r  83% 

of the  t o t a l  decomposition products  evolved dur ing  the  thermal degradat ion 

of nylon-phenolic r e s i n  composites. The techniques t h a t  were employed 

included d i f f e r e n t i a l  thermal a n a l y s i s ,  thermogravirnetric a n a l y s i s  and 

pyro lys i s  gas chromatography of  the  h o t  gases  evolved during rap id  hea t ing  

of t h e  con~posi te  ma te r i a l s .  The remaining 17% was repor ted  t o  be an 

u n i d e n t i f i e d ,  dark,  t a r r y  substance.  The composites from t h i s  r e sea rch  

a r e  presented i n  Tables 4 and 5. Also shown a r e  the comparisons of the 

h e a t  of pyro lys i s  c a l c u l a t i o n s  with the experimental  va lues  of Sykes 

. (2) .  A very good agreement is  obtained i n  Table 4 which i n d f .  .rites a high 

r e l i a b i l i t y  i n  the repor ted  compositions. The unldrnt  i f !  ;:d pal , ion  of the 

pyro lys i s  products w a s  taken as phenol f o r  c a l c u l a t i n g  the heat of pyrolys is .  

In  an e a r l i e r  work on phenolic r e s i n  only the  r e s u l t s  were somewhat 

poorer a s  shown i n  Table 5. This is  ind ica ted  by the  l a r g e r  d i f f e r e n c e  

i n  the  ca lcu la ted  (110 B T U / ~ ~ . )  and the experimental  (146 B T U / ~ ~ . )  hea t  

of pyro lys i s  values.  This w a s  probably caused by e i t h e r  improper cu r ing  

of t h e  specimen r e s u l t i n g  i n  the  h igher  water  content  o r  inaccurac ies  

i n  t h e  a n a l y s i s  of the  evolved pyro lys i s  products.  

A s  a t h i r d  example the  pyro lys i s  products repor ted  by Freidman (5) 

a r e  compared i n  Table 6, f o r  a nylon-phenolic r e s i n  composite. I n  t h i s  

case  the  composition was determined from near  room temperature samples 



Table 4 .  Comparison of the Experimental Yeat of Pyrolysis with Calculated Values 
Based on Heats of Formation of the Reported Pyrolysis Gas Components (2); 

Component 
Name 

Phenol 
Methylphenol 
Dimethylphenol 
Trimethylphenol 
Benzene 
Toluene 
Cyclopentanone 
Hydrogen 
Methane 
Carb . Monoxide 
Carb . Dioxide 
Water 
Ammonia 
Unidentified* 
Carbon Residue 

Weight Fraction -- by: Average Weight 

* Unidentified materials were considered to be phenol in the calculation of AH 
PY ~ '  

xj 'Lean'' 
( B T U / ~ ~  

250 

250 

C 
"jAHrj 
(BT U / ~ ~ )  

-384 
-501 

-885 

Reactants 

Nylon 
Phenolic Resin 

A 

Xi AH£ 
Flash 

0.124 
0.067 

AHPYr 
(Calculated) = A + B - C - D 

. = 213 B T U / L ~  

(Experimental) = 200 BTU/lb  AH^^ r 

Weight 
&action, xj 

0.4 
0.6 - 
1.0 

B 
Xi cp AT 

( S T U / ~ % ~  

- 49 - 33 

50°C Increments. Fraction, xi 

0.112 0.118 
O,CI51 0.064 

( B T V ~ ? ~  ) 

34 
18 
14 
12 
2 
1 
9 
34 
10 
6 
5 
23 
2 
51 
99 
320 

0.049 
0.040 
0.004 
0.000 
0.019 
0.010 
0.010 
0.025 
0.087 
0 059 
0 . 002 
0.173 - 

0.052 
0.042 
0.001 
0.002 
0.039 
0.010 
0.010 
0.016 
0.047 
0.066 
0.001 
0.173 - 

0.051 - 29 
0.041 1 - 25 
0.003 2 
0.001 
0.029 
0,010 
0.03LO 
0.021 
0.067 
0.062 
0.002 
0.181 
0.340 
1 .OOO 

1 - 18 
0 - 20 - 18 - 36 

-258 - 2 - 72 
133 

I -742 



Table 5. Comparison of the Experimental Heat of Pyrolysis with Calculated- Values 
Based on the Heats of Fornlation of Reported Pyrolysis Gas Components ( 3 ) .  

B 
Xi 'pmean AT 

(BTU/ lb) 

6 
10 
2 
5 
52 
17 
29 
55 
91 
43 - 10 1 
411 

A 
xi AHfi 
(BTU/ lb) 

- 74 - 71 
2 
1 - 75 - 34 - 87 

-661 
0 - 62 - 137 

-924 

Component 
Name 

/ 

Carb . Dioxide 
Carb . Monoxide 
Benzene 
Toluene 
Phenol 
Methylphenol 
Methane 
Water 
Hydrogen 
Unidentified* 
Carbon Residue 

AHPyr (Calculated) = A + B - C - D 
= 110 B T U / ~ ~  

A H ~ ~ r  
(Experimental) = 146 ~TtJ/lb 

Ref (2) 

. 
Reactant 

Phenolic Resin (Only) 

Average Weight 
Fraction, xi 

0.019 
0.042 
0.004 
0 -009 
0.181 
0.060 
0.043 
0.114 
0.027 
0.150 
0.350 
1.000 

Pyrolysis Gas 
Analysis 

* Unidentified materials were considered to be phenol in calculation of AH 
& - -- PYr ' 

& 

Moles 

1.6 
5.5 
0.2 
C +3 
7.i 
1.8 
10.0 
23.4 
50.1 - - 

C 

x j AHfr 
B T U / ~ ~  

-823 

Pounds 

70.4 
154.1 
15.6 
32.4 
668.2 
219.9 
160.0 
421.0 
100.2 
- 
- 

D 
AT Xj 'pmean 

~ ~ u l l b o  

200 



.- 

I Table 6 .  Comparison of the Experimental Heat of  Pyrolysis with Calculated Values 
Based on Heats of Wrmation of the Reported Pyrolysis Gas Components ( 5 ) ,  



analysed by gas chromatography. The absence of the  higher  molecular weight 

spec ies  such a s  phenol and the  c r e s o l s  is  evident .  This r e s u l t e d  i n  a  

much poorer comparison between the  c a l c u l a t e d  and e x p e r i m e ~ t ~ a l  hea t  of 

pyro lys i s  as would be expected i f  important spec ies  were omitted from the  

composition. The inc lus ion  of phenol and similar high molecular weight 

spec ies  which a r e  l i q u i d s  a t  roorr temperature where the p a r t i c u l a r  samples 

were c o l l e c t e d  should be included. The q u a n t i t y  of each spec ies  added t o  

c o r r e c t  the  composition t o  a  more r e p r e s e n t a t i v e  va lue  can only be 

determined by i n v e s t i g a t i n g  the  l i t e r a t u r e  f o r  the  s p e c i f i c  condi t ions  

of the  experiment and subsequent a n a l y s i s .  I f  no such information is  

a v a i l a b l e ,  comparison with an analogous sys  tem ( s imi la r  composite 

m a t e r i a l s ,  f o r  example) is  a l o g i c a l  approach. 

The r e s u l t s  repor ted  by Ladacki -- e t  a l .  (6) a r e  repor ted  i n  Table 7 

f o r  a s i l i c a ,  phenol ic  r e s i n  composite. I n  t h i s  work the hea t  of  formation 

of  the composite was ca lcu la ted  from the hea t  of combustion, and mass 

spectrometry was used t o  i d e n t i f y  the  pyralys is  products ,  The o b j e c t i v e  

c f  t h i s  work w a s  t o  c a l c u l a t e  the  hea t  of  pyro lys i s  and compare i t  with 

experimental ly  measured va lues .  This is the  converse o f  the  r e s u l t s  given 

i n  t h i s  r e p o r t  but  t h e  same numbers should be obtained. This was the  

case a s  seen  i n  Table 7 with the  values being e s s e n t i a l l y  the  same 

i * e . Y  543 B T U / ~ ~ .  and 550 BTUIL~. 

The r e s u l t s  repor ted  by Jackson and Conley (7)  on the  thermal de- 

gradat ion  of phenol ic r e s i n  (base ca ta lysed)  were obtained by e l e c t r i -  

c a l l y  hea t ing  t h e  polymer i n  a quar t z  tube t o  800%. Hel. ium flow from 

the  pyro lys i s  oven t o  a gas chromatograph was through a heated l i n e .  Of 

the  observer  weight l o s s  50% was repor ted  t o  be non-condensables e.g., 

water,  paraformaldehyde and a h igh  molecular weight,  non-vo la t i l e  r e s idue .  

Refer r ing  t o  Table 8, an  experimental  va lue  of  t h e  h e a t  of pyro lys i s  w a s  



; Table 7 .  Comparison of the  Zxperimental Heat of Pyrolysis  with Calculated Values Based on 
I 

I Heat of Formation Data of  the Reported Pyrolysis  Cas Composition. (6) 

i i A I; Component Pyrolys is  Gas Frac t ion  I Act Weight 
1 

i 
I OHfp x i  bHfP x,r,, A: (1) 

Name i 1 Fract ion ,  xi I ( B T U / ~ ~ ]  ( B T U / ~ ~ )  (E:. . f '.:* 
P 

1 
750" F 1110°F 1 f i 2 0 n ~  1 

! 

: Hydrogen 
! 
I Carbon Monoxide 
: Water 
; Methane 
! Ethane 
i , Nitrogen 

Carbon Dioxide 
! Oxygen 
i Benzene 
; Toluene 
i 
I Xylenes 

Phenol 
, Cresols 

Dimethylphenol 
i : 2-Propanol 
f Acetane 

Residue 

(1) For a temperature range from 25OC t o  800°C. 
(2) For a temperature range from 25°C t o  25OC. 
+ poss ib le  a i r  contamination 

+ t C I D AHPYr (Calculated) - A + B - C - D 
" ih l t r r  ' xiCprhT(2) ! Weight I Reactants I i I 

= 543 B T U / ~ ~  
: Fract ion I R~IY.'/ 1 b B T U / ~ ~  

I i L I 

I i 
! 

dHPyr (Ref ( 6 ) * )  - 550 ~ ' W / l b  
1 ; s i l i c a -  { 0.7 j -1050 i I 0 

! Phenolic Resin ! 0.3 measured I i , iexpcrirncntnlly I i * ca lcu la ted  using heat  O F  
formation and heat  of pyrolys is  

I I 
1 

0 
d a t a  

C "  ' -105C 
. . 



I Table 8. Comparison of the Experimental Heat of Pyrolysis  with Calculated Values Based on 
Heat of Formation Data of the Reported Pyrolysis  Gas Composition. (7) 

i 
I r 
I 

I Pyrolysis  A B 
Component G a s  Frat t ion ~ K e t  Weight ; Xi AHfp I x ~ C  Pm AT (1) 1 

Xame Frac t ion ,  x B T U / ~ ~  j B T V / ~ ~  
500" C C, Qr3" , C i .  ? f 

I i v 

t 
: Methane 
j Carbon Monoxide 
' Ca~~bon  Dioxide 
t 
: Ethane 
' Toluene ! Mcthylphenol 
j Xylene 
j Phenol 
: ! Benzaldehyde 
: Water 
t Unident if ied 
i Residue 

Tota l  
L I 

--, \ \ I I 1 f 'I 
I I 1 259 

I 

C = -611 
(1) For a temperature range from 2.F°C t o  80O0C. 
(2) For a temperature range from T.5OC t o  350°C. 

4 

t 
I 

L I C D 
~Hpyr(Calculated) = A + B - C - D 

I AHEr i CprhT(2) xiAHfr 1 xiCprhT(2)3 = 235 3TU/lb 
Weight i 1 Reactants j I 

Frac t ion  1 B T U / ~ ~  1 B T U / I ~  B T U / ~ ~  i I B T U / I ~  : 
4- 

I 

I j AHpy, 
(7-.perimental) = 146 B T U / ~ ~  

i ! \ 
Phenol- i I I 

f I I Reference 2 
Formaldehyde 1.0 -835 248 ! -835 1 248 ? 

i 
4 

! t I t 
4 1 

i ' 
I r 

t 1 ! i 
4 i 

1 t I : i * I .  

I 

E a ,! -835 , 248 



no t  r e p o r t e d  s o  i t  w a s  necessary  t o  compare t he  r e s u l t s  computed o f  

235 R T U / ~ ~ .  w i t h  t h e  exper imenta l  v a l u e  r e p o r t e d  by Sykes of  146 B T U / ~ ~ .  

T1.is agreement i s  w e l l  w i t h i n  t h e  accuracy of  t h e  exper imenta l  d a t a ,  and 

i t  w a s  neces sa ry  t o  assume t h e  r e s i d u e  was carbon f o r  the  c a l c u l a t i o n .  

The r e s u l t s  r e p o r t e d  by Shulman and Lochte (8) f o r  t h e  deg rada t ion  

o f  phenol-formaldehyde r e s i n  i s  summarized i n  Takle 9  a long w i t h  t h e  

c a l c u l a t i o n  of t he  h e a t  of  p y r o l y s i s .  Experiments were conducted by 

pyro lys ing  t h e  polymer i n  a tungs ten  c r u c i b l e  of t he  Knutsen c e l l  i n l e t  

t o  a  t i ~ e - o f - f l i g h t  mass spec t rometer .  The sample was hea ted  a t  a l i n e a r  

r a t e  o f  2g0c/min. ,  and the  products  ana lysed .  The composit ion of phenol 

type compounds, gases  such as CH CO, and CO were measured and t h e r e  
4' 2 

was 50. s u e s  idue . Computing the  h e a t  o f  p y r o l y s i s  us ing t h e  compos i t  ions  

r e p o r t e d  gave a  v a l u e  of  110 B T U / ~ ~ .  An exper imenta l  va lue  was no t  

r e p o r t e d .  However, t h i s  comparable t o  the  v a l u e  r epo r t ed  by Sykes (2) 

of 7-46 B T U / ~ ~ .  and w i t h i n  t he  accuracy of  the  computations t ak ing  t h e  

I-esidue t o  be carbon 

In  summary, t he  comparison between t h e  exper imenta l ly  neasured and 

computed h e a t  o f  p y r o l y s i s  i s  w i t h i n  the  accuracy o f  t he  d a t a  when a  

reasonably complete a n a l y s i s  o f  t he  p y r o l y s i s  p roduc ts  i s  a v a i l a b l e .  

S p e c i f i c a l l y  t h e  composit ion of the  p y r o l y s i s  p roduc ts  used i n  t h e  

c a l c u l a t i o n  must c o n t a i n  t h e  h ighe r  molecular  weight s p e c i e s  such as 

phenol and o t h e r  r i n g  compourlds from t h e  deg rada t ion  of  phenol ic  r e s i n .  

Agreement between t h e  exper imenta l ly  measured and computed h e a t  of 

p y r o l y s i s  h e l p s  e s t a b l i s h  t h e  accuracy and bounds t h e  range  on the  com- 

p o s i t i o n  o f  t h e  s p e c i e s  p r e s e n t  i n  t h e  p y r o l y s i s  products  from t h e  degra-  

d a t i o n  of  a n  a b l a t i v e  composite. 



I 

Table 9. Comparison of the  Experimental Heat of Pyrolys is  with Calculated Values Based on 
Heat of Formation Data of the Reported Pyrolys is  Gas Composition. (8) 

I 

I f I 

A I B i 1 Component Net Weight X i  AHfp xiCPAT (1) I I 
d l 

, Name ; Fract ion ,  x B T U / ~ ~  1 B T U / ~ ~  
I i I 

b 

; I 

. i Methane 0,054 -109 i 30 I 
I 
i Carbon Monoxide 0.080 -136 I 16 

Carbon Dioxide 1 0.160 -616 I 45 i I I 1 Benzene I 0.030 14 7 i 
1 Toluene I 0.008 2 2 

I 
f Me thylphenol ! 0.008 I -4 

i 
1 2 ! i 

-87 ! 
Xylene 0.152 37 ! 

4 

I Residue i 0.505 198 1 122 t 
I I 

Tota l  

I 
j i 

i 
(1) For a temperature range from 25'C t o  800°C. ' C '1 -738 1 261 

i 
(2) For a temperature range from 25OC t o  35C°C. 

f 

I i I 

i : I 6 
I 

1 i AHpyr ( ~ x p e r i m e n t a l )  = 146 B T U / ~ ~  Phenol- 
f 1.0  I 248 -835 , 1 -835 i 248 

~ormaldehyde i i I 1 ! 
I I t I ! i Reference 2 

I L ---- --- .--- .- .-- . 
N 
G, 

r r Weight t I I 

Reactants j ~ r a c t i o n  
i 

-7 

AHfr CrhT(2)  I xiCprAT 
1 B T U / ~ ~  AHPYr 

(Calculated) = A + B - C - D 
B T U / ~ ~  I B ? U / Z ~  B T U / I ~  

I i I i = 110 B T U / ~ ~  



R e s t r i c t e d  Equi l ib r ium Analysis  

A r e s t r i c t e d  equ i l i b r ium a n a l y s i s ,  a s  p rev ious ly  d i scussed ,  was 

proposed as a  computat ional  technique which t ~ o u l d  g ive  more a c c u r a t e  

coniposit ions o f  p y r o l y s i s  p roduc ts  than t h e  u s u a l  chemical equ i l i b r ium 

a n a l y s i s .  Computations were made us ing  Equation (8) as an  a d d i t i o n a l  

c o n s t r a i n t  t o  t h e  f r e e  energy minimizat ion c a l c u l a t i o n s .  The d e t a i l s  

o f  t he se  computations have been r e p o r t e d  by d e l  V a l l e  and Pike (14) 

and the  r e s u l t s  a r e  summarized h e r e .  

The chemical  composit ion of  t h e  p y r o l y s i s  p roduc ts  r e s u l t i n g  from 

t h e  deg rada t ion  o f  a 40% (by weight )  nylon-60% (by weight)  phenol ic  

r e s i n  a b l a t i v e  c o ~ n p o s i t e  was computed by the  r e s t r i c t e d  equ i l i b r ium 

ana lys  is .  The comp~i t at  ions  have been done f o r  two decompos i t  ion 

temperatures  because s f  the  u n c e r t a i n t y  involved i n  the  phys i ca l  

p r o p e r t i e s  u s ~ c l  t o  c a l c u l a t e  t he  average tempera ture ,  T  . I n  a d d i t i o n  two 
P 

d i f f e r e n t  energy c o n s t r a i n t s  were used because o f  u n c e r t a i n t i e s  i n  t he  

h e a t  of  pyro:i:-sis. The l i m i t i n g  average temperatures  were 600" and 

700°C, and the  energy c o n s t r a i n t s  were -228 and -390 B T U / ~ ~ .  of a b l a t i v e  

compos < te .  

I n  Table 10 a comparison o f  r e s t r i c t e d  equ i l i b r ium wi th  t he  e x p e r i -  

mental  d a t a  of  Sykes (2) i s  g iven  f o r  two energy c o n s t r a i n t s  (H = -228 

and -390 B T U / ~ ~ . )  a t  a temperature  of  700°C. The r e s u l t s  show an o rde r  

o f  magnitude agreement w i t h  t h e  low molecular  weight  s p e c i e s  i d e n t i f i e d  

by Sykes ( 2 ) .  These are methane, hydrogen, ca rbon  monoxide, carbon 

d iox ide ,  wate r  and ammonia. The agreement w i t h  t he  hi.gh molecular  

weight  s p e c i e s ,  phenol,  to luene ,  benzene, e t c .  was r a t h e r  poor.  The 

change i n  t h e  energy c o n s t r a i n t ,  H, from -228 t o  -390 B T U / ~ ~  of  a b l a t i v e  

composite has  d i f f e r e n t  and o p p o s i t e  e f f e c t s  on s e v e r a l  o f  t he  s p e c i e s .  

For example, an  i n c r e a s e  i n  t h e  v a l u e  o f  H had t h e  e f f e c t  of  dec reas ing  Lhe 



TABLE 10. Comparison of Restricted Equilibrium Analysis Compositions 
with the Experimental Data of Sykes (2) for a 40% Nylon 
60% Phenolic Sesin Composite at a Temperature of 700°C. 

Experimental 
(Mass Percent) 

Restricted Equilibrium Analysis (Mass Percent) 
H = -390 B T U / L ~  I H = -228 B T U / ~ ~  

Phenol 

Me thylphenol 

Dimethylphenol 

Trimethylphenol 

Benzene 

Toluene 

Cyclopentanone 

Me thane 

Hydrogen 

Carbon Monoxide 

Carbon Dioxide 

Water 

NH3 

N2 
unidentified 

Carbon 

TOTAL 



amount of hydrogen, and carbon monoxide, whi le  increas ing  the  concent ra t ions  

of carbon dioxide and water .  It should be noted t h a t  the mass f r a c t i o n  

of un iden t i f i ed  plus t h a t  of carbon makes up 0.521 of the  t o t a l  mass 

f r a c t i o n  of the  experimental  composition, whi le  the  r e s t r i c t e d  equi l ibr ium 

p r e d i c t s  a mass f r a c t i o n  of 0.635 carbon. It should be f u r t h e r  not iced  

t h a t  the  mass of n i t rogen  makes up about four  percent  of the mixture and 

no n i t rogen  w a s  repor ted  i n  t h e  experimental  r e s u l t s .  

I n  Table 11 a s i m i l a r  comparison i s  made, but the  decomposition zone 

temperature is  taken t o  be 600°C. Again an order  of magnitude agreement 

is  observed among the  composition of the  lower molecular weight spec ies .  

Changing H a f f e c t s  t h e  composition i n  the  same fashion  as  was f o r  the 

700°C. case .  

I n  genera l ,  r e s t r i c t e d  equi l ibr ium provided an order  of magnitude 

agreement f o r  the composition of low molecular weight compound. It 

f a i l e d  t o  give any agreement with t h e  h igher  molecular weight component. 

I n  Table 12 a comparison of r e s t r i c t e d  equi l ibr ium with the 

. general  equi l ibr ium a n a l y s i s  i s  given. It is  shown t h a t  the  compositi<ans 

a r e  w i t h i n  an order  of magnitude of each o t h e r .  The only mass f r a c t i o n  

t h a t  is  the  same i s  t h a t  of n i t rogen ,  s i n c e  i t  i s  p r a c t i c a l l y  an i n e r t ,  

and t h a t  of carbon is  wi th in  one percent .  

Representa t ive  Pyrolys is  Gas Compositions from Nylon-Phenolic Resin 

Ablat ive Compos i t e  

An accura te  d e s c r i p t i o n  of t h e  composition of the  a b l a t i o n  products 

from t h e  degradat ion of the composite is  requi red  t o  accura te ly  compute 

the energy absorbed by a h e a t  s h i e l d  during e n t r y .  Furthermore these  

products undergo chemical r e a c t i o n s  a s  they pass through the  char  zone 

and a r e  i n j e c t e d  i n t o  the  boundary l a y e r .  Key i n  the  a n a l y s i s  of the  

energy t r a n s f e r r e d  t o  t h e  s u r f a c e  of  abbator  is an accura te  eva lua t ion  



11. Comparison of Restricted Equilibrium Analysis Compositions 
with the Experimental Data Sykes (2) Lor a 40% Nylon 
60% Phenolic Restn Composite at a Temperature of 700°C. 

TABLE 

Experimental 
(Mass percent) 

Restricted Equilibrium Analysis (Mass Percent) 
H = -390 B T U / ~ ~  H = -228 B T U / ~ ~  Species 

Phenol 

Methylphenol 

Dime thylphenol 

Trimethylphenol 

Benzene 

Toluene 

Cyclopentane 

Me thane 

Hydrogen 

Carbon Monoxide 

Carbon Dioxide 

Water 

unidentified 

Carbon 



Comparison of Restricted Equilibrium Analysis with the 
General Equilibrium Analysis for a 40% Nylon, 60% Phenolic 
Resin Composite, a t  700°C and 1 Atmosphere Pressure. 

TABLE 12. 

Restricted Equilibrium (-390 B T U / ~ ~ )  
(mass percent) 

Equ il ibr iu , Compos i t  ion 
(mass percent) Species 

Phenol 

Benzene 

Toluene 

Me thane 

Hydrogen 

Carbon Monoxide 

Carbon Dioxide 

Water 

TOTAL 



of the  composition of  the  spec ies  e n t e r i n g  the  shock l aye r .  This is  

p a r t i c u l a r l y  t r u e  f o r  r e e n t r y  speeds of  50,000 f t / s e c  where r a d i a t i o n  

from t h e  shock heated gas t o  t h e  su r face  i s  a s i g n i f i c a n t  p o r t i o n  of  

the energy t r a n s f e r r e d  t o  the su r face .  The amount of r a d i a n t  energy 

t r a n s f e r  is par  t i . cu la r ly  s e n s i t i v e  t o  t h e  a b l a t i o n  products d i s t r i b u t i o n  

i n  t h e  shock l aye r .  Thus based on the four  methods discussed i n  the 

r e p o r t  a composition of  the pyro lys i s  products was est imated t h a t  was 

cons is t e n t  wi th  the experimental  d a t a ,  the  h e a t  of pyro lys i s  a n a l y s i s ,  

the molecular s t r u c t u r e ,  and w a s  a l s o  s t i o c h i o r n e t r i ~ a l l ~  c o n s i s t e n t  wi th  

the elemental  composition of t h e  composite. 

In Table 13 i s  given the s e l e c t e d  pyro lys i s  product composition 

a r r ived  a t  from the  decomposition of 40% (by weight) nylon-60% (by 

weight) phenolic r e s i n  a b l a t i v e  composite. Also shown i n  Table 13  i s  
4 f  

the efemental composition o f  t h e  a b l a t i v e  composite. The composition 

shown i n  the t a b l e  was a r r ived  a t  by d i s t r i b u t i n g  the  n i t rogen ,  oxygen, 

hydrogen and carbon, i n  t h a t  o r d e r ,  among the  spec ies  known t o  be p resen t  

. i n  the  pyro lys i s  products .  The composition of each spec ies  was s e l e c t e d  

by matching the  experimental  d a t a  a s  c l o s e l y  a s  poss ib le  a s  constrained 

by the  hea t  of  pyro lys i s  c a l c u l a t i o n  and the  molecular s t r u c t u r e .  



Table 13. Representative Pyrolysis Product Composition from 
the Degradation of a 40% (by weight) Nylon-60X (by 
weight) Phenolic Resin Ablative Composite. 

Component 

CH4 

C2H2 

C2H4 

C2H6 

C6H6 

C6H50H 

CO 

Co2 

H20 

N2 

Carbon(so1 id) 

TOTAL 

Element 

C 

Mass Percent 

2 . 6 0  

Mass Perce~~t 

7 3 . 0 3  

7 . 2 9  

4.96 

14.72 

Mole Percent 

20.92 

Mole Percent 

41.54 

49.76 

2.42 

6.28 

TOTAL 
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H U T S  OF CO:.:BI.'S'~ IOS AS11 FOK2LlTION 
OF XYLO:; , PIiCiOLIC RES Ih' (ClrKED kXD UNCURED), 

Ah'D PHESOLTC MICRORALOOXS 

To compute the  h e a t  of r e a c t i o n  the  h e a t  o f  format ion of the  r e a c t a n t s  

and produc ts  of  the  chemical r e a c t i o n  must be known. The h e a t  of  p y r o l y s i s  

i s  the  h e a t  of r e a c t i o n  of  t he  deg rada t ion  of a  chemical s p e c i e s ,  and i n  

t h i s  s tudy  the  r e a c t a n t s  were the  polymer components o f  t he  a b l a t i v e  com- 

ponents .  Although a c c u r a t e  v a l u e s  f o r  t he  h e a t  of format ion of  t he  produc ts  

of  t h e  deg rada t ion  a r e  a c c u r a t e l y  known (Tablc A-1), t he  corresponding 

va lues  f o r  t he  r e a c t a n t s  i . e . ,  t h e  polymer components a r e  no t  a c c u r a t e l y  

known. Thus i t  was necessary  t o  measure t he  h e a t  of  fornlat ion f o r  nylon- 

66, pheno l i c  r e s i n  and phenol ic  microbaloons which a r e  the  components o f  

the  low d e n s i t y  phenol ic-nylon a b l a t i v e  composite.  

The h e a t  of  format ion f o r  an o rgan ic  compollnd i s  no t  measured d i r e c t l y ,  

but i t  i s  conputed from measured v a l u e s  of ttle h e a t  of combustion, The 

h e a t  of zonibiis tion of nylori-66, phenol ic  r e s i n  and phenol ic  microbaloons 

' were measured a s  i s  subsequent ly  di-scussed.  Samples of  t he se  m a t e r i a l s  

which a r c  used t o  make a b l a t i v e  h e a t  s h i e l d s  was furn i shed  by M r .  George 

F. Sykes and M r .  Jamcs B. Kelson of the  Entry  S t r u c t u r e s  Brancb of t he  

Langley Kesearch Cente r ,  K.A.S.A. and h e a t  of  combustion measurements 

were made w i t h  a  Pa r r  Ad iaba t i c  Bomb Calor imeter  Model 2212. The c a l c u l a t i o n s  

of t h e  h e a t  of fornlat ion from the  measured h e a t  of  combustion f o r  nylon- 

66 and cured phenol ic  r e s i n  a r e  shown i n  Tables  A - 2  and A-3 .  

Theory - 
To measure the  h e a t  of  combustion, a s imple  ba tch  process  ( a  bomb 

c a l o r i m e t e r )  i s  g e n e r a l l y  used.  In  a  bomb c a l o r i m e t e r ,  t h e r e  i s  no accumula- 

t i o n  of  i n t e r n a l  energy i f  t h e  bomb i s  p laced  i n  a c o n s t a n t  temperature  
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Table A-1 .  Heats of Formation and Heat Capacit ies  of Various 
Pyrolysis  Products. ( 9 )  

Species 

Phenol 
Methylphenol 
Dimethylphenol 
TrimethylPhenol 
Benzene 
Toluene 
Hydrogen 
Methane 
Carbon Monoxide 
Carbon Dioxide 
Water 
Ammonia 
Butylamine 
Acetone 
Methylamine 
Formaldehyde 
Ethylene 
Ethane 
Acetylene 
Butane 
But ene 
Cyclohexane 
Cyclopentane 
EthylBenzene 
Hydrogen Cyanide 
Methyl Cyclohexane 
Methyl Cyclopentane 

 AH^, B T U / ~ ~  

-415.3 
-511.6 
-570.0 
-600.0 
456.3 
226.6 

0.0 
-2013.8 
-1697.1 
-3850.2 
-5780 .O 
-1160.5 

-384.1 
-2214.7 

-387.8 
-1697.9 
804.3 

-1212 .O  
3752.3 
-923.2 

9.7 
-629.1 
-475.0 

120.3 
2080.0 
-676.8 
-545.1 

JcJc 
C 

Pmean 
B T U / ~ ~ - O F  

0.3* 
0.3, 
0.3, 
0.3 
0 . 3 ~  
0.3" 
3.5 
0.7 
0.25 
0.35 
0.5 
0.67 

0.44 

0.41 
0.63 
0.6 
0.6 
0.7 
0.74 
0.44 
0.47 

0.4 
0.46 
0.5 

Pentane 
Propane 
Xylene 
Aniorphous Carbon 

**Mean heat capacity calculated over a temperature range 
from 250" - 1000°,C evaluated a t  a weighted average temgera- 
tu re  of 700°C based on mass loss  r a t e s  from thermal gnavi- 
metr ic  analyses,  ----.-.--- - --.. . . -- -.-. - __-_- 

- - - - " - - I  I-. - . + - --I*_ . __. . ___ _- - 

Mw 

94.1 
108.1 
1 2 2 . 2  
136.1 

78 .. 1 
93.1 

2 .O 
16 .O 
28.0 
44.0 
18.0 
1 7  .O 
73.1 
42.1 
31.1 
30.0 
28.0 
30.0 
26.0 
53.1 
56.1 
84.2 
70.1 

106.2 
27 .O 
98.2 
84.2 

0.6, 
0.6 
9.3" 
0.3 

analogy with homolog(s). 

-871.2 
-1012.2 

76 ;3 
390.0 

72.2 
44.1 

106.2 
12.0 

Note: * Estimated heat capacity by 
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Table A - 2 .  Heat of Formation of Nylon-66 from t h e  Experi- 
mental Heat of Combustion Data. 

Reaction: (C H N 0 ) + O2 = 12n CO + l l n  H20  + 2n NO2 12 22 2 2 n 2 

Basis :  1 gram of  nylon (Molecular weight of monomer = 226) 

1 gram nylon = 0.00442 gm moles 
226 g r / g r  mole 

gm moles CO = 
2 

0.00442 x 1 2  = 0.053 

gm moles I1 0 = 
2 0.00442 x 11 = 0.049 

gm moles NO2 = 0.00442 x 2 = 0.009 

A H f ~ 0 2  = -94,052 cal/gm mole (0.053) = 5004 callgrn 

A H f ~ 2 0  = -57,800 cal/gm mole (0.049) = -2815 c a l l g r  

A H f ~ ~ 2  = + 8 0 9 0  cal/gmrnole (0.009) = 72 cal/gm 

prod = -7747 caI/grr 

= -7214 cal/gm 

AM 
f~ 

= Z A H   AH^ 
prod 

= -7747 - (-7214) 

= -533 cal/gm (-959 B T U / ~ ~ )  

- 



Table A-3 .  Heat of Formation of Phenolic Resin from t h e  
Experimental Heat of Combustion Data. 

React ion: 
= 7n C 0 2  + 3n H20 

Basis :  1 gram phenolic r e s i n  (Molecular weight of monomer = 106) L 
I 1 gram phenolic r e s i n  - - 0.00943 gm moles 

106 gram/gram moles 

gm moles C 0 2  

gm moles H20 

A H f ~ ~ 2  = -94,052 callgm mole (0.0660) = -6207 callgm 

A H £ ~ 2 0  = -57,800 cal/gm mole (0.0283) = -1636 cal/gm 



bath  and t h e  system volume remained c o n s t a n t .  I n  t h i s  c a s e  t he  energy 

gene ra t ion  o r  consumption, Q,  i s  equa l  t o  t h e  h e a t  of r e a c t i o n  per  mole 

(or p e r  u n i t  mass) AII of t h e  r e a c t a n t  t imes the  number of moles r x n  A 

(or  mass) of  t h e  s p e c i f i e d  m a t e r i a l  t h a t  d i s a p p e a r s ,  
m~ 

Q = AH x m 
r x n  A A 

When t h e  r e a c t i o n  s t u d i e d  is  t h e  o x i d a t i o n  of a  subs tance  w i t h  oxygen, 

t he  h e a t  of  r e a c t i o n  i s  c a l l e d  a l s o  h e a t  of combustion. Thermochcmical 

d a t a  on o r g a n i c  compounds a r e  o r d i n a r i l y  expressed  i n  terms o f  the  h e a t s  

~f conlbustion. The convent ions  used w i t h  t h e  s t anda rd  h e a t s  of  format ion 

are (13) : 

) t h e  compound i s  ox id ized  w i t h  molecular  oxygen t o  t he  produc ts  

C02 (g), H 2 0  (11, H C l  

i i )  t h c  r e f e r e n c e  c o n d i t i o n s  a r e  2 5 O C  and 1 a tn~osphere  p r e s s u r e .  

i i i )  i f  o t h e r  o x i d i z i n g  s ~ b s t a n c e s  are p r e s e n t ,  i t  i s  necessary  t o  

- make s u r e  t h a t  s t a t e s  of  t h e  produc ts  a r e  c a r e f u l l y  s p e c i f i e d  

and a r e  i d e n t i c a l  t o  (o r  c&n be transformed i n t o )  t he  f i n a l  

c o n d i t i o n s  which determine t h e  s t a n d a r d  s t a t e .  

Desc r ip t ion  o f  Apparatus 

The P a r r  Ad iaba t i c  Bomb Calor imeter  Model 2212 was used t o  measure 

the  h e a t  of  combus t i o n .  The bomb i s  a heavy c o n t a i n e r  i n  which t h e  

sample i s  p l aced ,  and oxygen is  e n t e r e d  a t  a p r e s s u r e  of  24 t o  30 

atmospheres.  Also a smal l  amount o f  wa te r  is  placed i n s i d e  t o  s a t u r a t e  

the  oxygen s o  t h a t  a l l  o f  t h e  water formed by combus t i o n  ends up i n  

l i q u i d  form. 

This  bomb j-s placed i n s i d e  a  wate r  j a c k e t  which c o n t a i n s  approximately  

2 Kgm of  wa te r .  A stirrer is used t o  ma in t a in  a uniform temperature  i n  t h e  



wa:er j acke t .  This water jacket  is immersed i n  a  water bath i n  which 

temperature i s  maintained equal t o  t h a t  of the  water  jacket  t o  make 

the process  a d i a b a t i c ,  (This i s  done by in t roducing  ho t  and cold  water 

i n  t h e  water ba th  u n t i l  temperatures a r e  e q u a l , )  The bomb i s  f i r e d  by 

an e l e c t r i c a l  c u r r e n t ,  and the  temperature r i s e  i n  the water jacket  is  

recorded. 

Experimental Resul t s :  

In Table 8-4 the  experimental  r e s u l t s  f o r  the determinat ion of the 

hea t  of combustion of nylon, phenolic r e s i n  (cured and uncured), phenolic 

microbaloons and benzoic ac id  (a  s tandard)  a r e  shown. Some d i f f i c u l t i e s  

with the  phenolic microbaloons a rose  when fabr i ca t ing  the  sample p i l l  

requi red  f o r  the combustion experiment. The p i l l  was noted t o  crumble 

because of the na tu re  of the inicrobaloon s t r u c t u r e .  A s  a  r e s u l t  there  is  

more s c a t t e r  i n  t h i s  d a t a .  Also the  h e a t  of coinbustion of benzoic ac id  
* 

(a  s tandard)  was determined experinlentally t o  wi th in  0.5% of the  a c t u a l  

value . 
Sample Calculations of the Heat of Combus t i o n  - 

In  these experiments an a d i a b a t i c  bomb ca lor imeter  was used and wi th  

da ta  obtained the h e a t  of combustion was c a l c u l a t e d .  To obta in  AH the 
C 

fol lowing formulae a r e  used: 

(A- 2) 

where: 

W energy e q u i v a l ~ u t  of ca lo r ime te r  i n  c a l o r i e s  per degrees F 

= h e a t  of combustion of  s tandard  benzoic ac id  i n  c a l o r i e s  
per grain 

m = mass of benzoic ac id  i n  grams 

AT = temperature r i s e  i n  O F  

"wire = . c o r r e c t i o n  f o r  h e a t  of  combustion of f u s e  wire i n  c a l o r i e s  



Table A- 4.  Experimental Determination of the Heat of Combus t ion of 
Nylon 66, Uncured Phenolic Resin, Phenolic Microbaloons, 
Cured Phenolic Resin, and Beneoic Acid. 

Nylon 66 

Run 
c a l m  due to  

T i n i t i a l  wire used T f i n a l  w t .  used AH (callgm) 
C 

4 ca l  86.38 

2 13 ca l  85.28 89.23 0.750 gm -7124.3 

3 19 c a l  84.70 89.95 0.975gm -7282.0 

- 4 17  c a l  81.86 84.95 0.5782 gm -7219.3 

Average Hc -7213.9 

Uncured Phenolic Resin 

Run # ca l .  due to  T i n i k i a l  T f i n a l  w t .  used AHc (callgm) wire used 

1 6 ca l  84.60 91.00 1.105gm -7372.0 

2 10 ca l  76.15 81.20 0.998 gm -6980.0 

3 6 ca l  86.91 92.66 1,076 gm -7240.7 

4 15 ca l  75.92 81.62 1.082 grn -7130.0 

5 6 ca l  84.74 90.74 1.1095 gm -7327.6 

Average Hc -7210.0 

Phenolic Microbaloons 

Run # ca l .  due to  T i n i t i a l  wire used T f i n a l  w t .  used hHc (callgm) 

1 12.5 ca l  85.7 87.6 0.432 gm -6570.3 

2 12.5 c a l  81.10 83.7 0.588 gm -5974.7 

3 15.0 c a l  83.55 85.60 0.460 grn -6010.9 

4 12.0 ca l  83.12 85.25 0.500 gm -5752,2 

5 15.0 c a l  83.40 86.10 0.440 gm -6287.0 - 
Average Hc -6119.5 



Table A-4. Continued. 

Cured Phenolic Resin 

Run 
cal. due to 
wire used T initial T final wt. used AH (cal/gm) 

C 

. 3. 10 cal 84.55 84.55 0.73 gm -7442.3 

2 15 cal 81.22 8.4.25 0.56 -7313.8 

3 10 cal 79.65 84.15. 0.82 gm -7402.7 

Average H 
C 

-7386.3 

Benzoic Acid (standardization) -- 
cal. due to 3r 

Run i% wire used T initial T final wt .' used A Hc cal/gm 

1 17.5 cal 79.65 83.0 0.722 -6318 

2 23.0 cal 87,35 -,.--.,-- 9 0 0.919 -6318 

%kStandard heat of combust ion of Benzoic Acid (Parr Calorimeter  landb book) . 
is 6317 cal/gm. 



and : 

where : 

bHc = h e a t  of combustion i n  c a l o r i e s  per gram 

AT = temperature change i n  OF 

'wire 
= c o r r e c t i o n  f o r  combustion of  fuse  wire  i n  c a l o r i e s  

m = mass of the sample substance used i n  grains 

The h e a t  evolved by the combustion of the f i r i n g  wire  i s  given by 

the  h e a t  per  u n i t  length  of wi re ,  Hw times t h e  length  of the wire  used 

I. The w i r e  used i n  t h i s  experimental study had the va lue  of H w of  

Using Equation (A-2) and t h e  da ta  on benzoic ac id  s t andard iza t ion  

experiment repor ted  i n  Table A-4 gives:  

* 

= c a l .  1356.44 y 

The repor ted  va lue  by the Parr  Calorimeter Handbook* f o r  W is 1357 

c a l / O ~ ,  and t h i s  demonstrated t h e  accuracy of t h e  experimental  procedure 

and apparatus  . 
The h e a t  of c o m b u s t i o ~ ~  f o r  nylon using t h e  d a t a  i n  Table A-4 (Run 1) 

and Equation (A-3) gives:  

P 
c a l  7232 - 
gm 

*Parr Instruments Company, Moline, I l l i n o i s .  
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