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phenomena w i t h i n  cha r .  

(1925K), w i t h  expe r imen ta l  s imula t ion  t o  2300°F (1535K), were determined and inco rp3ra t ed  i n t o  a 

na themat i ca l  model. This model, i n  con junc t ion  w i t h  Experimental  r e s u l t s ,  was used t o  shDw the  

l i m i t a t i o n  of f rozen  and e q u i l i b r i u m  flow i n  p r e d i c t i n g  t h e  behavior  w i t h i n  t h e  cha r  l a y e r .  

The r e a c t i o n  k i n e t i c s  for a tempera ture  range of 500'F (533K) t o  3000°F 

I n  a d d i t i o n ,  r a d i o a c t i v e  t r a c e r  s t u d i e s  us ing  carbon-14 were conducted t3 de termine  carbon 

d e p o s i t i o n  and p r s d u c t  d i s t r i b u t i o n s  w i t h i n  t h e  cha r .  I n  gene ra l ,  d e p o s i t i o n  was g r e a t e s t  nea r  t h e  

f r o n t  s u r f a c e  where t h e  tempera ture  v a r i e d  between 1800 - 2300°F (1252 - 1535K). 
A bromine homogeneous gas phase catalyst w a s  investigated as a means of increasing the energy 

abso rp t ion  by chemica l  r e a c t i o n s .  E x c e l l e n t  a c t i v i t y  was observed. The tempera ture  a t  which reac- 

t i o n s  s t a r t e d  decreased  from 1930°F (13-K) t o  1500°F (1084K). 
t h e  expe r imen ta l  e x i t  g a s  composi t ions  w i t h  composi t ions  c a l c u l a t e d  by  t h e  non-equilibrium flow 

model u s ing  conven t iona l  k i n e t i c  d a t a .  Heterogeneous c a t a l y s t s  (molybdenum and t u n g s t e n )  had essen- 

t i a l l y  n s  e f f e c t  OQ chemica l  r e a c t i o n s  i n  t h e  cha r .  

This  e f f e c t  w a s  neasured  by comparing 
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R i  

r 1  

S 

T 

U 

V 

Area 

Heat capac i ty  of a pure component a t  constant  pressure  

Heat capac i ty  of a mixture a t  constant  pressure  

Concentration of a component i n  t h e  system 

Energy of a c t i v a t i o n  of a chemical r e a c t i o n  

Enthalpy of a component o r  mixture.  

Tota l  number of gas spec ies  i n  t h e  system 

Thermal conduct iv i ty  of a pure component o r  r e a c t i o n  rate constant  f o r  

a chemical r e a c t i o n ,  see Table 1 

Frequency f a c t o r  f o r  a chemical r e a c t i o n ,  see Table 1 

Char Thickness 

Molecular weight of a component i n  t h e  system 

Tota l  number of chemical r e a c t i o n s  i n  t h e  system 

Number of s p e c i e s  i n  t h e  system 

Pressure  

S t o i c h i o m e t r i c  c o e f f i c i e n t  of t h e  products i n  a chemical r e a c t i o n  

Power on t h e  product concent ra t ion  term f o r  a chemical r e a c t i o n  

Conductive, convective and r a d i a t i v e  energy t r a n s f e r  r a t e  

I d e a l  gas constant  

E f f e c t i v e  chemical r e a c t i o n  rate f o r  s o l i d  s p e c i e s  

Chemical r e a c t i o n  rate of a spec ies  i 

Power on t h e  r e a c t a n t  concent ra t ion  term f o r  a chemical r e a c t i o n  

Power on t h e  temperature i n  t h e  rate equat ion 

Temperature 

Velocity component i n  t h e  x-coordinate d i r e c t i o n  

Veloci ty  component i n  t h e  y-coordinate d i r e c t i o n  
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W Mass f l u x  based on t h e  s u p e r f i c i a l  v e l o c i t y  

W Mass f l u x  based on the  v e l o c i t y  wi th in  t h e  pore spec ie s  

x Mass f r a c t i o n  
F 

z Distance i n  t h e  axial  d i r e c t i o n  

Greek 

@ I n e r t i a l  c o e f f i c i e n t  i n  t h e  modified Darcy's equat ion 

y 

A Forward d i f f e rence  ope ra to r  

Poros i ty  of a porous medium 

Permeabi l i ty  of a porous medium 

Emissivi ty  of a porous medium 

Viscos i ty  of a pure component 

Density of a pure component 

Product ope ra to r  

cL 

Subscr ip ts  

c Conductive o r  convective 

cz Char zone 

e Ef fec t ive  o r  o v e r a l l  va lue  

f F lu id  o r  gas phase 

g Gas phase 

L Front s u r f a c e  of t he  char  

o I n i t i a l  o r  i n l e t  condi t ion  

P Pyro lys i s  o r  pores o r  pressure  

r Radiat ion 

rr Reradiat ion 

T Temperature of t o t a l  

z Distance from t h e  back su r face  of t h e  char  

i v  



TABLE OF CONTENTS 

Sect ion 

NOMENCLATURE 

I. INTRODUCTION 

11. MATHEMATICAL MODEL 

111. CHAR ZONE THERMAL ENVIRONMENT SIMULATOR 

IV. RESULTS O F  THE NONEQUILIBRIUM ANALYSIS 

V . CONCLUSIONS 

REFERENCES 

V 

Page 

. iii 

1 

3 

11 

13 

57 

59 



SECTION I 

INTRODUCTION 

The cha r r ing  a b l a t o r  h a s  proven t o  be one of  t he  most success fu l  thermal 

p ro tec t ion  systems f o r  r een t ry .  

t h a t  decompose t o  a char  o r  porous carbon and low molecular weight gases .  

t e c t i o n  of  t he  veh ic l e  i s  achieved by conductive and convect ive h e a t  t r a n s f e r ,  

p l a s t i c  decomposition, t r a n s p i r a t i o n ,  endothermic chemical r eac t ions  o f  t he  

py ro lys i s  products ,  and r e r a d i a t i o n  from the  char  f r o n t  sur face .  

a b l a t o r  i s  convenient ly  divided i n t o  th ree  separa te  zones which include the  

p l a s t i c  decomposition l a y e r ,  the  char  l a y e r  and the mater ia l - f low f i e l d  i n t e r -  

a c t i o n  zone. 

research  e f f o r t ,  and var ious  types  of mathematical models t o  descr ibe  the  cha r r ing  

a b l a t o r  have been developed (1,2,3).  

These h e a t  s h i e l d s  are a combination o f  p l a s t i c s  

Pro- 

The cha r r ing  

Each of t h e  above regions has  been the subjec t  of  a s i zeab le  

In t h i s  research  a b e t t e r  d e s c r i p t i o n  of the phenomena tak ing  place i n  

the  cha r  zone is  presented.  An accura te  d e s c r i p t i o n  is  needed of  the energy 

t r a n s f e r  i n  the  char and of  the spec ie s  compositions and f luxes  e n t e r i n g  the  

boundary l aye r .  

e i t h e r  f rozen  (no chemical r eac t ions )  o r  t o  be i n  chemical equi l ibr ium.  

A t  p resent  these  are evaluated by consider ing the  flow t o  be 

For a more accurate d e s c r i p t i o n  of t he  r e a c t i n g  flow i n  the  char  l a y e r  

the  k i n e t i c s  of  the  chemical r eac t ions  m u s t  be included i n  so lv ing  the  t r a n s p o r t  

equat ions .  

spec ie s  c o n t i n u i t y  equat ions  must be solved a l s o .  

The s o l u t i o n  i s  more complex than t h e  l i m i t i n g  cases because the  

O f  a l l  the poss ib l e  r e a c t i o n s  

that could occur w.ithin the  char  over  t he  temperature range encountered, 

those t h a t  a c t u a l l y  occur must be se l ec t ed  and included i n  the  ana lys i s .  

In add i t ion ,  experiments must be conducted t o  a s su re  t h a t  the  t h e o r e t i c a l  

model accu ra t e ly  p r e d i c t s  the  energy t r a n s f e r  i n  the  char  layer .  This can be 

achieved by flowing a mixture of  compounds t y p i c a l  of the  a c t u a l  py ro lys i s  

1 



gases  through chars  formed i n  a r c - j * t  h e a t e r s .  

heated t o  s imula te  t h e  s u r f a c e  h e a t i n g  during reent ry .  

l eav ing  t h e  char  l a y e r  can b e  analysed t o  determine t h e  e x t e n t  of t h e  r e a c t i o n s  

tak ing  place.  Thus t h e  accuracy of t h e  mathematical a n a l y s i s  can be assessed.  

Furthermore, t h e  r e s u l t s  of the  a n a l y s i s ,  r e f e r r e d  t o  as t h e  non-equilibrium 

model, can be compared with t h e  l i m i t i n g  cases. 

t h a t  r e s u l t  by assuming equi l ibr ium o r  f rozen flow are evaluated.  

The chars  can b e  r a d i a n t l y  

Gases e n t e r i n g  and 

I n  t h i s  way t h e  approximations 

2 



SECTION I1 

MATHEMATICAL MODEL 

General Descr ipt ion 

The momentum, energy and mass t r a n s f e r  a s s o c i a t e d  wi th  t h e  flow of pyro- 

l y s i s  products through t h e  char  l a y e r  of a char-forming a b l a t i v e  p l a s t i c  i s  

considered. 

p l a s t i c  h e a t  s h i e l d ,  e n t e r  t h e  char  zone a t  t h e  decomposition temperature of 

t h e  p l a s t i c .  

through t h e  char  and undergo thermal cracking t o  lower molecular weight s p e c i e s  

which react wi th  each o t h e r  and wi th  t h e  carbonaceous char  l a y e r .  These pre- 

dominantly endothermic r e a c t i o n s  are important modes of energy absorp t ion  and 

must b e  included i n  any rea l i s t ic  a n a l y s i s  of t h e  energy t r a n s f e r  i n  t h e  char  

l a y e r .  

The pyro lys i s  products ,  formed by t h e  thermal degradat ion of t h e  

The products experience a temperature i n c r e a s e  as they flow 

The mathematical model descr ib ing  t h e  t r a n s p o r t  phenomena t a k i n g  p l a c e  

has  t h e  form of a one dimensional and s teady  flow. The p y r o l y s i s  gas products  

are considered t o  de i d e a l  with phys ica l  and thermodynamic p r o p e r t i e s  a funct ion 

of temperature.  

assumed. Char p o r o s i t y  and p e r m e a b i l i t y  are considered cons tan t ,  while  t h e  

char  thermal conduct ivi ty  can vary with temperature.  

i n d i c a t i n g  p y r o l y s i s  gas flow through a porous char  zone i s  depicted i n  Fig.  

1. 

t u r e ,  To,  and t h e  e x i t  a t  a h igher  f r o n t  s u r f a c e  temperature,  TL. 

t h e  mass f l u x  of t h e  var ious  s p e c i e s  w i t h i n  t h e  char  occur as a r e s u l t  of 

chemical r e a c t i o n s  a t  f i n i t e  r e a c t i o n  rates, Ri. 

Thermal equi l ibr ium between t h e  gases and t h e  char  is l ikewise  

A schematic diagram 

As shown, t h e  pyro lys i s  products e n t e r  t h e  char  a t  t h e  decomposition tempera- 

Changes i n  

Because of t h e  r e l a t i v e l y  high mass f l u x  va lues  experienced during r e e n t r y ,  

a modified form of Darcy's equat ion inc luding  i n e r t i a l  cont r ibu t ions  i s  used 

t o  c a l c u l a t e d  t h e  pressure  grad ien t  (Po - PL) across  t h e  char .  Energy 

3 
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t r a n s p o r t  by v iscous  d i s s i p a t i o n ,  P-V work, d i f f u s i o n  and g r a v i t y  are s m a l l  

and are not  included i n  the  model. 

Equations of Change 

To compute the  energy t r a n s f e r r e d  and t h e  pressure  d i s t r i b u t i o n  w i t h i n  

a porous cha r ,  it is  necessary t o  so lve  the energy and momentum equat ions  

wi th  appropr i a t e  boundary condi t ions .  For the  r e s t r i c t i o n s  s t a t e d  above, 

t he  energy equat ion  has the  following form: 

K 

i=l 

- dT W C - = le 4 - C HiRi - (1- € ) H  c c  R p p dz  d z  

To desc r ibe  t h e  pressure  d i s t r i b u t i o n ,  a modified form of Darcy's equa- 

t i o n  is  used which accounts f o r  i n e r t i a l  e f f e c t s  t h a t  are important due t o  

r e l a t i v e l y  high m a s s  f l uxes  of t he  degrada t ion  products.  The following 

equat ion  g ives  f o r  t he  pressure a t  any po in t ,  z ,  wi th in  the  char:  

E L 

The energy absorbed i n  the  char zone is equal  t o  t h e  d i f f e r e n c e  between 

the  h e a t  f l u x  a t  t h e  high temperature su r face  and t h e  h e a t  f l u x  a t  the  back 

su r face .  

by the  following h e a t  f l u x  equat ion:  

Thus t h e  n e t  energy absorbed f o r  nonequi l ibr ium flow is c a l c u l a t e d  

A d e t a i l e d  d e r i v a t i o n  of t he  above equat ions  is presented i n  Ref. 4. 

Boundary Conditions 

There are two sets o f  boundary cond i t ions  t h a t  are used t o  so lve  the  

5 



equat ions of change f o r  flow of r e a c t i n g  gases wi th in  the  char  l aye r .  The 

f i r s t  set s p e c i f i e s  t he  pressure  and temperature a t  t h e  f r o n t  su r f ace ;  and, 

t h e  temperature and py ro lys i s  gas composition en te r ing  t h e  back s u r f a c e  of 

the  char. 

T = TL , P = PL at 2 = L (4) 

T = T  , x i = x  i = 1 , 2 ,  ..., n r i t  z = 0 (5) 
0 i o  

These condi t ions  f o r  mass f l u x ,  W ,  as a parameter make t h e  s o l u t i o n  of t h e  

energy equat ion a two po in t  boundary va lue  problem. This r equ i r e s  an i t e r a t i v e  

so lu t ion .  Because P-V work i s  n e g l i g i b l e ,  tpe momentum equat ion i s  solved 

using an average p res su re  wi th in  t h e  char. 

s u r f a c e  is  ca l cu la t ed  using Eq. ( 3 ) .  

The hea t  f l u x  a t  t h e  char  f r o n t  

The second set of boundary condi t ions  s p e c i f i e d  t h e  temperature ,  i n i t i a l  

py ro lys i s  gas composition and the  sum of the  h e a t  of py ro lys i s  and t h e  hea t  

conducted i n  t h e  v i r g i n  p l a s t i c  (Q ) a t  the  back su r face .  

T = To I 
xi = x i o  i = 1, z ,  ... n a t  z = o I 

= - ke (dT/dz) 
0 

For m a s s  f l u x ,  W ,  and Q as parameters,  t h e  s o l u t i o n  of t h e  energy equat ion P 

as an i n t i a l  va lue  problem is  obtained f o r  a s p e c i f i e d  char  th ickness .  This 

does no t  r equ i r e  an i t e r a t i v e  s o l u t i o n  as d id  the  f i r s t  case.  The h e a t  f l u x  

a t  t h e  s u r f a c e  i s  ca l cu la t ed  us ing  Eq. ( 3 )  as a func t ion  of t h e  char  th ickness .  

Applicat ion of t he  Equations t o  Nonequilibrium Flow 

The a p p l i c a t i o n  of t h e  s implf ied  equat ions of change t o  nonequilibrium 

flow is  d i f f e r e n t  from the  f rozen  and equi l ibr ium flow models i n  the  manner 

by which the  term HiRi is ca l cu la t ed  i n  Eq.  (1)  and Eq. ( 3 ) .  For frozen 

6 



flow H R is ze ro  s i n c e  t h e r e  are no chemical r e a c t i o n s  t ak ing  p lace .  For 

flow i n  chemical equi l ibr ium,  the  term H R is no t  zero ,  and R t h e  r e a c t i o n  

rate of  spec ie s  i, is c a l c u l a t e d  as a func t ion  of temperature and p res su re  by 

i i  

i i  i’ 

the  method of f r e e  energy minimizat ion ( 5 ) .  I n  t h e  case of nonequi l ibr ium 

flow of gases  w i t h i n  t h e  cha r ,  H R 

from t h e  spec ie s  c o n t i n u i t y  equat ions.  

term is  aga in  nonzero wi th  R c a l c u l a t e d  
i i  i 

i For t h e  j t h c h e m i c a l r e a c t i o n ,  among spec ie s  of  chemical symbol A 

be low 

n n 
ri j  Ai = 2 Pij  Ai 

t= 1 i=l 
j = 1,2,  ..., m 

t h e  r e a c t i o n  rate, Ri, has  the  form of Eq. (8). 

The t e n  chemical r e a c t i o n s  which desc r ibe  the  r e a c t i n g  gas flow through 

the  char  between 500°F and 3000°F are l i s t e d  i n  Table 1. A d e t a i l e d  d i scuss ion  

of t h e  c r i t e r i a  used i n  a r r i v i n g  a t  these  r e a c t i o n s  is presented i n  Ref.  6. 

In a d d i t i o n  t o  the  important c h e m i c a l  r e a c t i o n s ,  the  i n i t i a l  pyrolysis 

The composition gas composition must be s p e c i f i e d  as a boundary condi t ion .  

used i n  t h i s  r e sea rch  i s  based on t h e  r e c e n t  r e s u l t s  r epor t ed  by Sykes (7,8) 

and are shown i n  Table 2.  These d a t a  r e p r e s e n t  t he  i d e n t i f i c a t i o n  of 

approximately 90 percent  of t h e  t o t a l  products  r e l eased  when a nylon-phenolic 

r e s i n  is thermal ly  degraded. 

i n  t h e  experimental  po r t ion  of t h i s  r e sea rch  is  a l s o  l i s t e d  i n  Table 2. 

Phys ica l  and Thermodynamic P rope r t i e s  

The s imulated py ro lys i s  gas composition used 

In  any problem where the  temperature g rad ien t  v a r i e s  over a wide range,  

7 



Table 1. Important Reactions and Associated Kine t ic  Data f o r  the  F'yrolysis 

Product Species i n  the  Char Layer Between 500°f and 3000°F. 

~ ~~ ~ ~~ ~ ~ ~ ~ ~ , 
General Rate Constant Equation: k = k"T-' ap(-E/RT) 

No. 

1. 

2.  

3 .  

4 .  

5.  

6. 

7 .  

8. 

9. 

10. 

- 
4 L 

C2H6 + C2H4 + H2 

C2H4 4 C2H2 -I- H2 

C2H2 4 2 C + H2 

C + 2  H2 -,CH 

C H O + H 2 + H 0  6 6  2 

C6H6 4 3 C2H2 

4 

4- 'gH6 

C -I- H20 4 CO 1- H2 

CO + H 2 0  4 H2 + C02 

c + co2 i2 2 co 

Act i v a t  ion Energy 
Rate Law Kcal/gm-mole, E 

95.0 

70.0 

40.0 

10.0 

17.0 

45.0 

35.0 

82.0 

30.0 
n 

kfA - krRL 50.0 

61.0 

Frequency 
Fac tor ,  ko 

7 . 6 ~ 1 0  ( a )  

3 . 1 ~ 1 0  ( a )  

2 . 6 ~ 1 0  ( a )  

2.1~10 (b) 

14 

14 

a 
10 

9 

13 

9 

12 

1 2  

2.0x10 ( c )  

2 . 0 ~ 1 0  ( a )  

1 . 4 ~ 1 0  ( a )  

1 . 2 ~ 1 0  (b) 

1 . 0 ~ 1 0  (b) 

6 1.0~10 (a) 

1 . 0 ~ 1 0 - ~ ( b )  

5 - 
0 

0 

0 

0 

0 

0 

0 

-1 

0 

-1 

0 

( a )  F i r s t  Order React ion (sec-') 

(b) Second Order Reaction (cm /gm-mole-sec) 

(c )  Zeroth Order Reaction (gm-mole/cm -sec)  

3 

3 
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Table 2 .  Pyrolysis Products from the Thermal Decomposition of a Nylon- 
Phenolic Resin Composite Heat Shield 

Component 
Identif icat ion 

D i m e  thy lphenol 

Phenol 

Benzene 

Toluene 

Water 

Carbon Dioxide 

Carbon Monoxide 

Methane 

Hydrogen 

Composition, Mole Percent 
Analysis of Sykes (7,8) Simulated Pyrolysis Products 

1 . 2  

4.7 

0 . 1  

0 .2  

48.9 

1.1 

3 . 7  

6.7 

33.4 

0.0 

6.2 

0.0 

0.0 

48.9 

1.1 

3.7 

6.7 

33.4 

Total 100.0 100.0 
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changes i n  t h e  phys ica l  and thermodynamic p r o p e r t i e s  as a func t ion  of tempera- 

t u r e  occur. For t h e  multicomponent flow of a r e a c t i n g  has  w i t h i n  a porous 

char ,  composition change by chemical r e a c t i o n s  i s  a l s o  important.  The 

equat ions used i n  t h i s  i n v e s t i g a t i o n  f o r  c a l c u l a t i n g  t h e  v a r i a t i o n s  i n  thermo- 

dynamic p r o p e r t i e s  with temperature and composition are of t h e  usual  polynomial 

fiorm found i n  t h e  l i t e r a t u r e .  Equations f o r  t h e  v i s c o s i t y  and thermal conduct- 

i v i t y  of gases are of t h e  form presented by t h e  Chapman-Enskog and Chapman- 

Cowling t rea tments ,  respec t ive ly .  Details are presented i n  Ref. 4 .  

The Numerical Solu t ion  of t h e  Equations of Change 

The s o l u t i o n  of t h e  equat ions appl ied  t o  t h e  nonequilibrium flow of 

pyrolysis products wi th in  a porous char  w a s  obtained by numerical techniques on 

an I B M  360/65 computer. 

Kunge-Kutta formula f o r  t h e  s o l u t i o n  of t h e  d i f f e r e n t i a l  energy and s p e c i e s  

c o n t i n u i t y  equat ions,  and Simpson's Rule f o r  t h e  s o l u t i o n  of t h e  d i f f e r e n t i a l  

momentum and h e a t  f l u x  equat ions.  I n  t h e  case of nonequilibrium flow, t h e  energy 

and spec ies  c o n t i n u i t y  equat ions were solved simultaneously because of t h e  

interdependence of t h e  temperature and spec ies  concentrat ions.  

The s p e c i f i c  techniques used were a f o u r t h  order  

10 



SECTION 111 

CHAR ZONE THEXMAL ENVIRONMENT SIMULATOR 

The experimental  d a t a  presented i n  t h i s  s tudy  were obta ined  us ing  

an appara tus  t h a t  simulated the  flow of py ro lys i s  gases through t h e  char 

l aye r .  Low d e n s i t y ,  nylon-phenolic r e s i n  cha r s  were obtained from the  

National Aeronaut ics  and Space Adminis t ra t ion ' s  Entry S t r u c t u r e s  Branch a t  

the  Langley Research Center. 

ho lder  wi th  t h e  f r o n t  su r f ace  exposed t o  a bank of i n f r a r e d  qua r t z  lamps 

used t o  s imula te  t h e  high temperatures experienced by a r e e n t e r i n g  v e h i c l e .  

Simulated py ro lys i s  gases were passed through the  char from the  rear su r face  

t o  t h e  heated f r o n t  s u r f a c e .  The e x i t  gases were sampled and analysed f o r  

comparison wi th  the  i n l e t  gas composition t o  determine t h e  e x t e n t  of 

chemical r e a c t i o n  w i t h i n  the  char .  

the c a l c u l a t e d  e x i t  gas compositions f o r  f rozen ,  equ i l ib r ium and non- 

equ i l ib r ium flow cond i t ions .  Thus t h i s  method determined the  accuracy of 

t he  nonequi l ibr ium model f o r  p r e d i c t i n g  t h e  flow of r e a c t i n g  py ro lys i s  gases 

i n  the  char  l a y e r .  

ment Simulator  is  shown i n  Fig.  2 .  A d e t a i l e d  d e s c r i p t i o n  of t he  equip- 

ment i nc lud ing  dimensions m a t e r i a l s  of cons t ruc t ion  and assembly 

diagrams are given i n  Ref. 4. 

These specimens were placed i n  a metal 

These r e s u l t s  w e r e  a l s o  compared wi th  

A schematic diagram of the  Char Zone Thermal Environ- 

1 1  
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SECTION I V  

RESULTS OF THE NONEQUILIBRIUM ANALYSIS 

Comparison of t h e  Nonequilibrium Analysis with Experimental Data 

The b a s i s  f o r  e v a l u a t i n g  t h e  nonequilibrium flow model as an a c c u r a t e  and 

real is t ic  a n a l y s i s  of energy t r a n s f e r  i n  t h e  char l a y e r  i s  t h e  comparison of 

t h e  experimental ly  determined e x i t  product compositions from t h e  Char Zone 

Thermal Environment Simulator with t h e  c a l c u l a t e d  compositions i n  t h e  non- 

equi l ibr ium flow model. This w a s  done f o r  seventeen experiments using low 

d e n s i t y ,  nylon-phenolic r e s i n  chars  i n  which f r o n t  s u r f a c e  temperatures of 

1550°F t o  2300°F (1090-1535°K) and p y r o l y s i s  gas m a s s  f l u x  va lues  of 0.00003- 

0.108 l b / f t 2 - s e c  (0.00015-0.540 kg/m*-sec) were i n v e s t i g a t e d .  

I n  order  t o  o b t a i n  s i g n i f i c a n t  conversion of t h e  pyro lys i s  gases over t h e  

temperature range s t u d i e d ,  t h e  residence time wi th in  t h e  porous char  w a s  in- 

creased by decreasing t h e  mass f l u x .  Thus t h e  combination of t h e  h ighes t  

temperature and lowest mass f l u x  produced t h e  l a r g e s t  conversion r e s u l t i n g  from 

chemical reac t ions .  

Typical experimental  r e s u l t s  f o r  t h e  ent i re  range of parameters s t u d i e d  

are presented i n  Table 3.  Also l i s t e d  are t h e  ex i t  gas compositions r e s u l t i n g  

from t h e  frozen ( o r  i n i t i a l  composition),  equi l ibr ium and nonequilibrium flow 

analyses .  

with t h e  experimentally determined e x i t  gas composition obtained i n  t h e  Char 

Zone Thermal Environment Simulator prove t h e  a n a l y s i s  t o  b e  realist ic and 

accura te  over t h e  range of temperature and mass f l u x  va lues  i n v e s t i g a t e d .  

I n  a d d i t i o n ,  a d e f i n i t e  t r a n s i t i o n  from t h e  frozen condi t ion ,  corresponding 

t o  r e l a t i v e l y  low temperatures and high m a s s  f l u x e s ,  t o  a nonequilibrium con- 

d i t i o n ,  corresponding t o  h igher  temperatures and lower m a s s  f l u x e s ,  i s  noted. 

Also, i n  a l l  cases except those i n  which t h e  mass f l u x  values  were extremely 

The e x c e l l e n t  agreement of t h e  c a l c u l a t e d  nonequilibrium compositions 
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small ( l e s s  than 0.0015 kg/mz-sec) , t h e  compositions pred ic ted  by t h e  

equi l ibr ium flow model were inaccura te  and u n r e a l i s t i c .  A more d i r e c t  com- 

par i son  of t h e  t h r e e  models w i l l  b e  discussed i n  t h e  following s e c t i o n  with 

emphasis on t h e  shortcomings of t h e  two i d e a l  flow cases (frozen and equi l ibr ium 

analyses) .  

Comparison of t h e  Nonequilibrium Analysis with t h e  I d e a l  Models 

The frozen and equi l ibr ium flow models bracke t  t h e  nonequilibrium case. 

Frozen flow corresponds t o  a system i n  which no chemical r e a c t i o n s  occur ,  while  

equi l ibr ium flow r e f e r s  t o  a system of s p e c i e s  undergoing chemical r e a c t i o n s  

which are a t  equi l ibr ium. 

p r e d i c t s  t h e  behavior ,  comparison of t h e  e x i t  gas compositions, temperature and 

pressure  d i s t r i b u t i o n ,  and s u r f a c e  h e a t  f l u x  f o r  each model w i l l  determine t h e  

accuracy of t h e  two l i m i t e d  flow analyses  i n  p r e d i c t i n g  t h e  energy t r a n s f e r  wi th in  

t h e  char  l a y e r .  

Since t h e  nonequilibrium flow model more accura te ly  

These r e s u l t s  are presented i n  Fig.  3 and Table 4 f o r  a mass f l u x  of 

0.05 lb / f tZ-sec  (0.25 kg/m2-sec) , a f r o n t  s u r f a c e  temperature of 1500°F (1090°K) 

and a back s u r f a c e  temperature of 500°F (533°K). 

and the char th ickness  i s  0.25 inches (0.0064m). As seen the temperature 

p r o f i l e  of t h e  nonequilibrium flow a n a l y s i s  i s  i d e n t i c a l  t o  t h e  frozen flow 

temperature p r o f i l e .  The r e l a t i v e  closeness  of t h e s e  two models a t  t h e s e  

condi t ions  i s  l ikewise  seen by comparing t h e  e x i t  gas compositions, p ressure  

drop across  t h e  char  and s u r f a c e  h e a t  f l u x  i n  Table 4. There i s  l i t t l e  

evidence of chemical reac t ions  i n  t h e  char  and t h e  energy t r a n s f e r  i s  c l o s e l y  

pred ic ted  by t h e  frozen flow model. 

I n  Fig. 4 and Table 5,  t h e  same r e s u l t s  are presented f o r  a f r o h t  s u r f a c e  

The char  p o r o s i t y  i s  0 .8  

temperature of 2000°F (1368'K). Although t h e  reported nonequilibrium values  

are again n e a r l y  equal  t o  t h e  frozen flow r e s u l t s ,  a n o t i c e a b l e  change, 

e s p e c i a l l y  i n  t h e  concentrat ion p r o f i l e s  and s u r f a c e  h e a t  f l u x ,  i s  observed. 

15 
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Figure 3. Temperature Profile for the Frozen, Equilibrium, 
and Non-Equilibrium Flow of Pyrolysis Gases Through the 

Char Zone of a Nylon-Phenolic Resin Ablator, 
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Table 4. Resu l t s  of t h e  Frozen, Equi l ibr ium and Nonequilibrimn Flow 

Analyses f o r  Pyro lys i s  Gas Flow Through a O n e q u a r t e r  Inch 

~ 

Low Densi ty  Nylon-Phenolic Resin Char a t  1500°F (logOK), TL. 

2 Conditions: W = 0.05 l b / f t  gec, Q = 0.8, L = 0.0208 f t ,  To = 500°F TL = 1500°F 
(0.25 kg/m s e c )  (0.0063 m)  (533°K) (1090°K) 

1 Char Pos i t i on :  I n l e t  Ex i t  (z/L) = 1 

1 Flow Model: Frozen Equi l ibr ium Nonequil i b r  ium 
I 

~ Composition (Mole%) : 33.4 33.4 12.6 33.4 

I Hydrogen 6.7 6.7 31.8 6.7 

~ Pheno 1 6.2 6.2 0.0 6.2 

i Water 48.9 48.9 45.8 48.9 

Carbon Monoxide 
1 

3.7 3.7 0.2 3.7 

- 5.8 5.3 5.9 
2 

I P ressure  Drop ( l b / f s  ): 

I Heat Flux (BTU/ft -sec) :  

I ( W m  1 - 29.0 26.5 29.5 

- 31.8 46.3 31.9 

- 340.0 509.7 350.4 

2 

2 
(KJ/m -sec)  
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and Non-Equilibrium Flow of Pyrolysis Gases Through the 
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~ ~~ ~~ ~~ 

Table 5 .  Results of the Frozen, Equilibrium and Nonequilibrium Flow 

Analyses €or Pyrolysis Gas Flow Through a One-Quarter Inch 

Low Density Nylon-Phenolic Resin Char at 2000'F (1368'K), TL. 

2 Conditions: W = 0 . 0 5  lb/ft sec, F = 0 . 8 ,  L = 0 .0208 ,  ft, T = 500'F TL 20000F 
0 

(0.0063m) (533'K) (1368'K) 2 (0.25 kg/m sec) 

Char Position: 

Flow Model: 

Compos it ion (Mole %) : 

Hydrogen 

Me thane 

Pheno 1 

Water 

Carbon Monoxide 

Carbon Dioxide 
2 Pressure Drop (lb/ft ):  

n 

(kslm') : 

2 Heat Flux (BTU/ft sec): 
2 

( K J ~  -sec): 

Inlet 

(All) Frozen 

3 3 . 4  3 3 . 4  

6 .7  6 . 7  

6 . 2  6 . 2  

4 8 . 9  4 8 . 9  

3 . 7  3 . 7  

1.1 1.1 

- 7 . 2  

Exit (z /L)  = 1 

Equilibrium Nonequilibr ium 

2 8 . 3  34 .7  

2 3 . 4  6 . 7  

0 .0  6 . 2  

36 .2  4 7 . 4  

1.0 3 . 2  

11.1 2.0 

6 . 0  7 . 2  
- 3 6 . 0  3 0 . 0  3 6 . 0  

- 5 0 . 1  9 8 . 3  50 .5  

550 .8  1081.5 555 .7  - 
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This i n d i c a t e s  chemical r e a c t i o n s  among spec ies  wi th in  t h e  char l a y e r .  

A cont inua t ion  of t h e  a n a l y s i s  t o  f r o n t  s u r f a c e  temperatures of 2500°F 

(1645°K) (Fig. 5 and Table 6) and 3000°F (1925°K) (Fig. 6 and Table 7) shows 

a 'more dramatic change which is r e f l e c t e d  by a downward s h i f t  of t h e  non- 

equi l ibr ium temperature p r o f i l e  toward t h e  equi l ibr ium curve and corresponding 

rap id  changes i n  t h e  concentrat ion p r o f i l e s  and h e a t  f luxes .  

are obviously a very important mode of energy absorpt ion under t h e s e  l as t  two 

sets of condi t ions.  

Chemical r e a c t i o n s  

It is  not  poss ib le  t o  extend t h e  nonequilibrium a n a l y s i s  t o  temperatures 

above 3000°F (1925°K) s i n c e  t h e  chemical behavior w i t h i n  t h e  char  w i l l  no t  b e  

pred ic ted  by the chemical r e a c t i o n s  i n  Table 1. I n  t h i s  event a d d i t i o n a l  

reac t ions  must be included t o  accura te ly  descr ibe  t h e  energy t r a n s f e r  wi th in  

t h e  char l a y e r .  

- Parametric Study of Reacting Gas Flow i n  t h e  Char Layer 

A comparison of t h e  nonequilibrium flow r e s u l t s  with t h e  experimental  d a t a  

w a s  important i n  determining t h e  accuracy of t h e  flow model. 

l i t t l e  q u a n t i t a t i v e  information,  bayodd t h e  d i s c r e t e  sets of d a t a  f o r  each 

experiment , w a s  assembled regarding t h e  e f f e c t  of changing m a s s  f l u x  and/or 

temperature. As a r e s u l t ,  a parametr ic  s tudy w a s  undertaken t o  accura te ly  

relate t h e  changes i n  t h e s e  v a r i a b l e s  with u a r i a t i o n s  i n  energy abserp t ion  

w i t h i n  t h e  char .  

t h e  back s u r f a c e  temperature and temperature grad ien t  were s p e c i f i e d  as 

boundary condi t ions f o r  var ious  values  of t h e  mass f l u x .  The r e s u l t s  of t h e  

c a l c u l a t i o n s  were i n  t h e  form of t h e  net  h e a t  t r a n s f e r  a t  t h e  s u r f a c e ,  c a l l e d  

t h e  approximate aerodynamic hea t ing ,  which w a s  t h e  sum of t h e  s u r f a c e  h e a t  

However, very 

To do t h i s  t h e  i n t i a l  value problem w a s  solved i n  which 

f l u x  and r a d i a n t  h e a t  f l u x  r e s u l t i n g  fram t h e  c a l c u l a t e d  f r o n t  s u r f a c e  temperature:  

(9)  
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Table 6. Results of the Frozen, Equilibrium and Nonequilibrium Flow 

Analyses for Pyrolysis Gas Flow Through a One-Quarter Inch 

Low Density Nylon-Phenolic Resin Char at (1650°K) 

= 500°F TL = 2500°F 2 Conditions: W = 0.05 lb/ft sec Q = 0.8, L = 0.0208ft 
2 (0.0063~1) To (533°K) (1650°K) (0.25 kg/m -sec) 

Char Pos it ion : 

Flow Model: 

Compos it ion (Mole %) : 

Hydrogen 

Methane 

Pheno 1 

Water 

Carbon Monoxide 

Carbon Dioxide 
2 Pressure Drop (lb/ft sec) 
2 

(kg/m : 

2 I Heat Flux (BTU/ft sec) 

(KJ/m2-sec) : 

Inlet Exit (z/L) = 1 

(Q) Frozen Equilibrium Nonequilibrium 

33.4 

6.7 

6.2 

48.9 

3.7 

1.1 

- 
- 
- 
- 

33.4 

6.7 

6.2 

48.9 

3.7 

1.1 

9.1 
45.5 

70.2 
2771.7 

55.7 

7.8 

0.0 

19.2 

5.5 

11.8 

6.7 
33.5 

192.6 
2118.7 

53.8 

5.1 

4.7 

9.0 

21.7 

5.6 

9.0 
45.0 

110.7 
1217.5 
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Table 7 .  Resul t s  of t h e  Frozen, Equilibrium and Nonequilibrium Flow 

Analyses f o r  Pyro lys i s  Gas Flow Through a One-Quarter Inch 

Low Density Nylon-Phenolic Resin Char a t  3000°F (1940°K) T L' 

Conditions:  W = 0.05 l b / f t 2 s e c  € = 0.8, L = 0.0208ft  To = 500'F TL = 3000°F 

(0.25 kg/m2-sec) (0;0063 m) (533'K) (1940°K) 

Char Pos i t ion :  

Flow Mosdel 

Compos i t  ion (Mole%) : 

I n l e t  

(All) 
Exi t  (z/L) = 1 

Equilibrium Nonequilibr ium Frozen 

Hydr o,gea 33.4  33.4 80.0 0.C 

0.0 54.0 Methane 6.7 6.7 

6.2 6.2 0.0 2.4 Phenol 

48.9 48.9 0.2 

10.4 

0.0 Water 

3.7 

1.1 

11.3 

56.5 

28.9 Carbon Monoxide 3.7 

Carbon Dioxide 

2 
Pressure Drop ( l b / f t  ): 

2 
( k d m  1 

2 
Heat Flux (BTU/ft sec) 

2 
(KJ/UI -sec) 

1.1 9.4 1 7 . 4  

11.0 

55.0 

7.3 

36.5 

92.5 

1017.3 

335.5 

3690.5 

193.4 

2126.9 

~ ~ ~ ~~ ~~ ~ 

I (a) Nonequilibrium flow model r e q u i r e s  a d d i t i o n a l  important r e a c t i o n s  and 

assoc ia ted  k i n e t i c  d a t a  t o  a c c u r a t e l y  descr ibe  t h e  energy t r a n s p o r t  

above &3000"F (1940°K). 
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where a .value of 0.95 w a s  used f o r  t h e  e m i s s i v i t y ,  . This information i s  

summarized i n  Fig. 7 i n  which t h e  mass f l u x  is p l o t t e d  aga ins t  t h e  approximate 

aerodynamic hea t ing  f o r  var ious h e a t s  of p y r o l y s i s ,  Qp. The h e a t  of p y r o l y s i s  

i s  a funct ion of t h e  composition of t h e  h e a t  s h i e l d  and is  c a l c u l a t e d  by 

making an energy balance a t  t h e  back s u r f a c e  of t h e  char:  

where Q i s  t h e  sum of t h e  energy absorbed by t h e  decomposition of t h e  p l a s t i c  

h e a t  s h i e l d  and t h e  energy conducted through t h e  v i r g i n  p l a s t i c .  

t h e  f rozen,  equi l ibr ium and nonequilibrium flow models a r e  presented.  This 

form of present ing  t h e  r e s u l t s  is a very convenient and informative method as 

w i l l  be  seen. 

P 
Resul ts  f o r  

In  h e a t  s h i e l d  design one of t h e  important quest ions asked is ,  "What i s  

t h e  requi red  h e a t  s h i e l d  weight necessary f o r  t h e  p r o t e c t i o n  of a v e h i c l e  f o r  

a s p e c i f i c  mission?". S p e c i f i c a t i o n  of t h e  type of h e a t  s h i e l d  material t o  be 

used ( e .  g.,  nylon-phenolic r e s i n )  bracke ts  t h e  h e a t  of p y r o l y s i s  va lue ,  while  

t h e  t r a j e c t o r y  c a l c u l a t i o n s  determine t h e  amount of aerodynamic h e a t i n g  t h a t  

can b e  expected. For example, an approximate aerodynamic h e a t i n g  rate of 500 

BTUlftZ-sec (5x106 J/m2-sec) and a h e a t  of p y r o l y s i s  of 400BTU/lb (8x105 J /kg)  

l o c a t e s  t h r e e  d i s t i n c t i v e  p o i n t s  on Fig. 7;  one f o r  each of t h e  f rozen ,  equi- 

l ib r ium and nonequilibrium flow models. 

t h e  m a s s  f l u x ;  0.017 lb/f tZ-sec (0.085 kg/m2-sec) f o r  f rozen,  0.002 lb/f tZ-sec 

(0.01 kg/m2-sec) f o r  equi l ibr ium and 0.009 l b / f t 2 - s e c  (0.045 kg/m2-sec) f o r  

nonequilibrium flow; The nonequilibrium flow a n a l y s i s  accura te ly  p r e d i c t s  

t h e  behavior and would s p e c i f y  t h e  more c o r r e c t  h e a t  s h i e l d  weight [which i s  a 

func t ion  of t h e  mass f l u x )  required.  

because important endothermic chemical r e a c t i o n s  are omit ted,  and t h e  equi l ibr ium 

flow model shows an underpredict ion because chemical r e a c t i o n s  are assumed t o  

This corresponds t o  t h r e e  values  of 

The f r o m  flow model shows an overpredict ion 
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@ Non-Equilibrium Flo 

Figure 7 .  Aerodynamic Heating vs. 
the Mass Flux of Pyrolysis Gases 
in the Char Zone of a Charring 
Ablative Heat Shield (Low Density 
Nylon-Phenolic Resin Composite). 

Pyrolysis Gas Composition (Mole%) 
Phenol 6 .2  
Water 48.9 
Carb. Dioxide 1.1 
Carb. Monoxide 3.7 
Methane 6.7 

100.0 
Hydrogen 33.4 

Mass Flux (lb/f tL-sec) 

-05 

L I I I I J. 

0 0.05 0.10 0.15 0.20 0.25 

Mass Flux (kg/m -see> 2 

L l O O O  

1100 
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occur a t  a g r e a t e r  e x t e n t  than the a c t u a l  behavior.  

The r e s u l t s  presented i n  Fig. 7 a l s o  provide a method determining 

a t  what po in t  t he  nonequilibrium flow changes from f rozen  flow behavior.  

Refer r ing  t o  the  f i g u r e  a l l  t h r e e  models g ive  the  same r e s u l t  on ly  a t  very low 

mass f luxes  and approximate aerodynamic hea t ing .  

and f rozen  flow occurs  about a mass f l u x  of 0.01 l b / f t  - sec  (0.05 kg/m -sec). 

Calcu la t ion  of t he  Reacting Gas Heat Capaci ty  

The break between non-equilibrium 

2 2 

In a d d i t i o n  t o  the  above information,  the r e a c t i n g  gas  hea t  capac i ty  

f o r  the  nonequilibrium flow of  py ro lys i s  products  through a porous char  

l a y e r  h a s  been determined. This term i s  very u s e f u l  i n  the c a l c u l a t i o n s  of the  

one-dimensional, t r a n s i e n t  response o f  an a b l a t i v e  composite s t r u c t u r e .  The 

energy equat ion  f o r  the  t r a n s i e n t  case can be put i n  the  fol lowing form f o r  

where w i s  the  mass f l u x  of py ro lys i s  products a t  z ,  and W is the  mass f l u x  

of py ro lys i s  products  e n t e r i n g  the  char. The term i n  bracke ts  i s  r e f e r r e d  t o  

as the  r e a c t i n g  gas  hea t  capac i ty .  In Fig.  8 a p l o t  of the  r e a c t i n g  gas  h e a t  

capac i ty  as a func t ion  of temperature is  shown f o r  f rozen,  equi l ibr ium and 

nonequilibrium flow wi th in  t h e  char  l a y e r  up t o  3000°F (1925°K). 

were ca l cu la t ed  f o r  a mass f l u x  of 0.05 l b / f t  -sec (0.25 kg/m -sec) ,  a back 

su r face  temperature of  500°F (533"K), and, char  po ros t iy  and th ickness  of 0.8 

and 0.25 inches (0.0063m), r e spec t ive ly .  The d i f f e r e n c e s  i n  the method used t o  

c a l c u l a t e  the  energy t r a n s f e r  by chemical r e a c t i o n  (H.R.) f o r  equi l ibr ium and non- 

equ i l ib r ium flow causes the  curves t o  sepa ra t e  as shown a t  the h ighes t  temperature.  

0 

These curves  

2 2 

1 1  
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Flow of Pyro lys is  Products Through Chars and Porous Graphite 

There are two important reasons f o r  using porous g r a p h i t e  t o  s imula te  low 

dens i ty ,  nylon-phenolic chars  used i n  a b l a t i v e  h e a t  s h i e l d  a p p l i c a t i o n s .  

These are a v a i l a b i l i t y  and machinabi l i ty  of t h e  graphi te .  

Nylon-phenolic r e s i n  chars  were obtained from t h e  Nat ional  Aeronautics 

and Space Adminis t ra t ion 's  Langley Research Center f o r  use i n  t h e  Char Zone 

Thermal Environment Simulator.  Electric air-arc jets were used t o  char  

t h e  nylon-phenolic r e s i n s ,  and t h i s  represented a considerable  e f f o r t  i n  

supplying j u s t  a few specimens f o r  use i n  t h i s  research.  Although two s e c t i o n s  

of char w e r e  u s u a l l y  obtained from each specimen, t h e  demand f o r  a d d i t i o n a l  

chars  could not  be r e a d i l y  m e t .  I n  a d d i t i o n  t o  t h e  problem of obta in ing  t h e  

samples, t h e  b r i t t l e  n a t u r e  of t h e  chars  caused s e r i o u s  problems i n  mounting 

on t h e  char  ho lder  s e c t i o n .  These complications l e d  t o  t h e  t e s t i n g  and use of 

g r a p h i t e ,  e s p e c i a l l y ,  f o r  use i n  r a d i o a c t i v e  tracer and c a t a l y s t  eva lua t ion  

s tudied .  However, f o r  t h e  s u c c e s s f u l  s u b s t i t u t i o n  of g r a p h i t e  f o r  t h e  chars  

t o  b e  complete, t h e  chemical behavior of t h e  two must be e s s e n t i a l l y  t h e  s a m e .  

S p e c i f i c a l l y  t h e  r e a c t i o n s  and rates occurr ing i n  t h e  char  must b e  t h e  same as those 

i n  porous graphi te .  This w i l l  b e  shown i n  t h e  following s e c t i o n s  by comparing 

t n e  e x i t  gas compositions from t h e  Char Zone Thermal Environment Simulator wi th  

,he composition predic ted  by t h e  nonequilibrium flow model, and by d i r e c t  

comparison of char  and g r a p h i t e  experimental  r e s u l t s  over a range of mass f l u x  

rates and f r o n t  s u r f a c e  temperature common t o  both.  

Other than t h e  di .fferences i n  t h e  s t r u c t u r a l  p r o p e r t i e s  of chars  and 

g r a p h i t e ,  t h e  one most important cons idera t ion  t h a t  must be accounted f o r  i s  t h e  

change i n  m a s s  f l u x  rates caused by d i f f e r e n c e s  i n  material poros i ty .  Therefore, 

t o  put  t h e  materials on a common b a s i s  t h e  mass f l u x  rates previously discussed 
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i n  terms of t h e  t o t a l  area (kg/m2total-sec) must be divided by t h e  p o r o s i t y  

t o  o b t a i n  rates w i t h i n  t h e  pores (kk/m2voids-sec). Even though t h e  s u p e r f i c i a l  

mass f l u x  rates are d i f f e r e n t  f o r  each porous medium, t h e  mass f l u x  rate w i t h i n  

t h e  pores  w i l l  be  t h e  same. Again, t h e  poros i ty  of t h e  chars  and g r a p h i t e  were 

0.8 and 0.5,  respec t ive ly .  

The foregoing d iscuss ion  i s  not  intended t o  mean t h a t  chemical r e a c t i o n s  

w i l l  n o t  b e  inf luenced by o t h e r  s t r u c t u r a l  p r o p e r t i e s  bes ide  t h e  p o r o s i t y  

(e .g . ,  c r y s t a l l i c i t y ,  permeabi l i ty ,  e t c . ) .  However, i t  emphasizes t h a t  t h e  

mass f l u x  wi th in  t h e  pore spaces  must be equiva len t  f o r  a v a l i d  comparison. 

Differences i n  t h e  chemical r e a c t i o n  rates r e s u l t i n g  from d i f f e r e n c e s  i n  

s t r u c t u r a l  makeup could e l imina te  g r a p h i t e  a s  a s u i t a b l e  s u b s t i t u t e .  

t h i s  could only be determined by a comparison of experiments conducted over 

t h e  range of condi t ions  f o r  which t h e  proposed flow model i s  v a l i d .  

However, 

I n  Table 8 the  e x i t  gas composition from t h e  Char Zone Thermal Environment 

Simulator f o r  t h e  flow of pyro lys i s  products through g r a p h i t e  are presented 

f o r  mass f l u x  rates of 0.0034 t o  0.0059 l b / f t 2 - s e c  (0.017-0.30 kg/m2-sec) a t  

a f r o n t  s u r f a c e  temperature of approximately 1950°F (1340°K). 

with c h a r s ,  t h e r e  i s  a s i g n i f i c a n t  amount of chemical r e a c t i o n s  occuring i n  

t h e  porous medium f o r  t h e  lower mass f l u x  (0.05 kg/m2-sec). 

however, i t  i s  t h e  agreement, w i t h i n  experiment e r r o r ,  between t h e  measured 

e x i t  gas compositions and t h e  pred ic ted  values  by t h e  non-equilibrium flow 

model using t h e  same k i n e t i c  d a t a  employed f o r  t h e  char  experiments. 

A s  i n  t h e  case 

More important ly ,  

A similar .comparison i f  presented i n  Table 9 f o r  an average mass f l u x  

rate of 0.0035 l b / f t 2 - s e c  (0.017 kg/m2-sec) and f r o n t  s u r f a c e  temperatures 

of 1950°F (1340°K) and 2065°F (1410°K). Again, agreement w i t h i n  t h e  experimental  

accuracy of t h e  analyses  was obtained between t h e  non-equilibrium flow model 
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the experimental accuracy of the analyses was obtained between the non- 

equilibrium flow model compositions and the experimental values. 

A s  a final comparison, several char and graphite experiments are examined 

in Table 10. To accomplish this the mass flux rates based on the void area 

were calculated and are shown in brackets. The listing in Table 10 is, also, 

made in order of increasing chemical reactions; i.e., low temperatures and 

high mass flux rates appear first. A s  seen, the char and graphite experiments 

are indeed compatible and behave in essence as one material. 

permits the use of the more easily workable graphite materials in experiments 

designed to study carbon deposition and product distribution using carbon-14 

tracers, and, to investigate the effect of catalysts in accelerating the rates 

of chemical reactions within the char layer. Details of the results from these 

experimental investigations follow. 

Radioactive Tracer Studies Using Porous Graphite 

Consequently, this 

Radioactive methane and phenol in simulated pyrolysis products were used in 

separate experiments to determine the specific products of decomposition from 

each labeled species. 

char due to the thermal cracking of each species was determined. 

Also, the amount and location of carbon deposition in the 

The method used involved the sampling of the exit simulated pyrolysis products 

stream followed by gas chromatographic analysis. The fractionated gas chromato- 

graphic effluent stream was then passed through a combustion furnace forming car- 

bon dioxide and water. After trapping the water, the carbon dioxide was absorbed 

in a one molar hydroxide of hyamine (in methanol) solution. Collecting the radio- 

active concentrations corresponding to the separated gases indicated on the gas 

chromatogram. By comparing the two curves for identical retention times, the 

relative amount of each carbon-containing species formed from the thermal degrada- 

tion of the labeled pyrolysis product entering the char was determined. 
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Typical r e s u l t s  f o r  t h e  s imulated p y r o l y s i s  products conta in ing  carbon-14 

labe led  methane are shown i n  Figure 9 ,  i n  which t h e  gas chromatograms and 

corresponding r a d i o a c t i v i t y  curve are presented.  

s u r f a c e  temperature was 1935°F (1333°K) and t h e  gas mass f l u x  w a s  0.0059 l b / f t  - 
sec (0.030 kg/m -sec) .  By comparing t h e  two curves,  t h e  products of methane 

decomposition were found t o  b e  unreacted methane, carbon monoxide, carbon 

dioxide,  e thylene  and ace ty lene .  These r e s u l t s  f o r  methane are very important 

i n  t h e  l i g h t  of p r e d i c t i n g  t h e  manner i n  which energy can be absorbed by chemical 

reac t ion .  Ethylene and ace ty lene ,  f o r  example, are i n d i r e c t  products of methane 

decomposition predic ted  by r e a c t i o n s  (2),  through (3) i n  Table 1, while  carbon 

monoxide and dioxide are formed by t h e  r e a c t i o n  of steam with deposi ted carbon 

i n  r e a c t i o n s  (8) through (10).  This information a s s i s t e d  i n  e s t a b l i s h i n g  t h a t  

t h e  chemical r e a c t i o n s  used i n  t h e  a n a l y s i s  a r e  c o r r e c t .  

I n  t h i s  experiment t h e  f r o n t  
2 

2 

A similar d iscuss ion  i s  presented f o r  simulated pyro lys i s  products  containing 

l a b e l e d  phenol. These r e s u l t s  are l ikewise  shown i n  Figure 9 .  Conditions f o r  

t h e  presented d a t a  w e r e  a f r o n t  s u r f a c e  temperature of 1960°F (1350°K) and a mass 

f l u x  rate of 0.0034 l b / f t 2 - s e c  (0.017 kg/mz-sec). 

phenol degradat ion w e r e  methane, carbon monoxide, carbon d ioxide ,  e thylene  and 

ace ty lene ,  as w e l l  as unreacted phenol analysed i n  t h e  l i q u i d  phase. Once 

again i n s i g h t  i n t o  t h e  kind of r e a c t i o n s  necessary t o  product t h e  products 

w a s  obtained. The formation of hydrogen and carbon by r e a c t i o n  ( 6 ) ,  (7), and ( 4 )  

i s  probably by t h e  observed carbon depos i t ion  w i t h i n  t h e  graphi te .  Hydrogenation 

of carbon by r e a c t i o n  (5) t o  form methane, followed by t h e  steam-gas r e a c t i o n s  

(8,9 ,lo) and t h e  hydrocarbon cracking r e a c t i o n s  (1,2,3,4) accounts f o r  each 

readioac t ive  spec ies  observed. 

The e x i t  gas products  f o r  

I n  both methane and phenol degradat ion,  thermal decomposition of t h e  major 
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spec ies  i n  t h e  s imulated pyro lys i s  product steam w a s  descr ibed  and accounted 

f o r  by t h e  r e a c t i o n s  considered important between 500-3000°F (533-1925°K). 

I n  a d d i t i o n  t o  t h e  product d i s t r i b u t i o n  r e s u l t i n g  from t h e  thermal degradat ion 

of methane and phenol, deposi ted carbon was a l s o  observed t o  occur.  

l o c a t i o n  of t h e  carbon depos i t ion  w i t h i n  t h e  char  l a y e r  i s  important i n  

def in ing  t h e  temperature a t  which r e a c t i o n s  become s i g n i f i c a n t .  

discussed i n  d e t a i l  i n  t h e  next  s e c t i o n .  

Carbon Deposit ion S tudies  by Radioactive Tracer Methods 

The 

This t o p i c  i s  

The l o c a t i o n  and e x t e n t  of carbon depos i t ion  r e s u l t i n g  from methane and 

phenol decomposition was determined using carbon-14 l a b e l e d  methane and phenol. 

I n  t h e  s p e c i f i c  cases s t u d i e d ,  labe led  methane and phenol were fed  s e p a r a t e l y  

as components i n  t h e  simulated pyro lys i s  product steam e n t e r i n g  t h e  char .  The 

char  w a s  removed a f t e r  each experiment and sec t ioned  by removing t h i n  l a y e r s  

using emery paper.  

of t h e  t o t a l  char  and were combusted s e p a r a t e l y  with c o l l e c t i o n  of t h e  carbon 

dioxide i n  one molar hydroxide hyamine ( i n  methanol) s o l u t i o n .  The r a d i o a c t i v i t y  

of each t h i n  l a y e r  w a s  determined and p l o t t e d  as a func t ion  of char  depth. 

Figure 10 such a curve i s  shown f o r  t h e  trhermal degradation of phenol and Figure 

11 is a s i m i l a r  curve f o r  t h e  decomposition of r a d i o a c t i v e  l a b e l e d  methane. The 

hashed-in rec tangular  blocks represent  t h e  t o t a l  percent  r a d i o a c t i v i t y  of t h e  thick-  

ness  of t h e  i n d i v i d u a l  sl ices analysed,  whi le  t h e  d o t t e d  curve r e p r e s e n t s  t h e  

percent  r a d i o a c t i v i t y  per  u n i t  th ickness  a t  a p a r t i c u l a r  char depth. The r e s u l t s  

i n  Figure 10 are f o r  phenol decomposition a t  a mass f l u x  rate of 0.0059 l b / f t 2 - s e c  

(0.030 kg/m2-sec) and a f r o n t  s u r f a c e  temperature of 1960°F (1350°K). Deposi t ion 

of carbon appears t o  start a t  a char  depth of 0.38 corresponding t o  a temperature 

of 1300°F (978"K), and continues uniformly t o  0.925 where t h e  temperature i s  

These l a y e r s  v a r i e d  between one and t e n  percent  (by weight) 

I n  
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1925°F (1325°K). 

no f u r t h e r  carbon depos i t ion  o r  disappearance of carbon by chemical r e a c t i o n .  

A t  t h i s  po in t  a rap id  decrease i s  noted i n d i c a t i n g  e i t h e r  

S i m i l a r  r e s u l t s  are observed f o r  carbon depos i t ion  by methane decomposition 

i n  Figure 11. 

i t  is  un i k e l y  t h a t  carbon depos i t ion  r e a c t i o n s  have terminated. 

r e a c t i o n  of t h e  deposi ted carbon with steam (or  carbon dioxide) i s  a more 

probably explanat ion of t h e  d e c l i n e  noted i n  Figure 11. 

s u b s t a n t i a t e d  by t h e  rap id  decrease i n  water  concentrat ion a t  t h e  same temper- 

a t u r e  where carbon depos i t ion  dec l ines .  Addit ional ly ,  carbon was observed on 

t h e  quar tz  cover p l a t e  and i n s i d e  s u r f a c e s  of t h e  o u t e r  char ho lder  s e c t i o n  which 

i n d i c a t e d  t h a t  t h e  carbon depos i t ion  r e a c t i o n s  w e r e  continuing a f t e r  t h e  gases 

had l e f t  t h e  char  sur face .  

Since methane and/or phenol w a s  p resent  i n  t h e  e x i t  gas stream, 

I n s t e a d ,  t h e  

This was a l s o  

I n  summary, a comprehensive p i c t u r e  of carbon depos i t ion  wi th  regard t o  i t s  

l o c a t i o n ,  t h e  causes f o r  i t s  appearance and disappearance,  and i t s  e f f e c t  on t h e  

e x i t  gas product d i s t r i b u t i o n  w a s  obtained. The combination of t h e  r a d i a t i v e  

tracer techniques and t h e  non-equilibrium flow a n a l y s i s  w i l l  be appl ied  i n  eva lua t ing  

var ious  c a t a l y s t s  f o r  a c c e l e r a t i n g  t h e  chemical r e a c t i o n s  and, thereby,  i n c r e a s i n g  

t h e  energy absorbed wi th in  t h e  char zone. The e f f e c t i v e n e s s  of each c a t a l y s t  

w i l l  be  determined i n  t h e  following s e c t i o n  by comparing t h e  r e s u l t s  with d a t a  

from non-ca ta ly t ic  experiments and t h e  non-equilibrium flow model. 

- C a t a l y t i c  Reactions of t h e  Pyro lys is  Products i n  t h e  Char Zone 

The d iscuss ion  thus f a r  has  shown t h a t  chemical r e a c t i o n s  w i t h i n  t h e  char  

l a y e r  are ver.y important f o r  energy absorpt ion.  It w a s  a l s o  pointed out  t h a t  

chemical non-equilibrium becomes important between 2000-2500°F (1367-1644°K) f o r  

a mass f l u x  rate of 0.05 l b / f t 2 - s e c  (0.25 kg/m2-sec) (Tables 4 through 7) .  Below 

thi.s range, t h e  flow of pyro lys i s  products through t h e  char i s  e s s e n t i a l l y  f rozen.  

I n  a p p l i c a t i o n s  where t h e  temperatue gradien t  across  the a b l a t o r  may vary from 
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500-5000°F (533-5033°K) , t h e  f rozen s ta te  ( l e s s  than 1367°K) can extend over 

n e a r l y  one t h i r d  t h e  e n t i r e  thickness .  

conduction and convection are the  only important modes of energy t r a n s f e r .  

o rder  t o  i n c r e a s e  t h e  capac i ty  of t h i s  region t o  absorb h e a t ,  and thus proportion- 

a t e l y  reduce t h e  t o t a l  h e a t  s h i e l d  weight,  t h e  i n t r o d u c t i o n  of c a t a l y s t s  t o  

i n i t i a t e  chemical r e a c t i o n s  i n  t h e  lower temperature range (41367°K) w a s  evaluated.  

Within t h i s  region h e a t  absorp t ion  by 

I n  

There a r e  two types of c a t a l y s t  systems: homogeneous and heterogeneous. 

The f i r s t  involves  t h e  in t roduct ion  of a chemical compound which i s  i n  t h e  

same phase as t h e  pyro lys i s  gases.  

t h e  energy of a c t i v a t i o n  by i n t e r a c t i n g  with t h e  var ious  s p e c i e s  present .  

i l l u s t r a t e  t h i s  i n t e r a c t i o n  t h e  c a t a l y t i c  c h l o r i n a t i o n  of d i t r o u s  oxide i n  t h e  

presence of bromine i s  used as an example (Ref. 9) of t h e  a c t i o n  of a homogeneous 

c a t a l y s t .  The d i r e c t  c h l o r i n a t i o n  occurs by Reaction (12):  

The homogeneous c a t a l y s t  e f f e c t i v e l y  reduces 

To 

2NO + C 1 2  + 2NOC1 

Introducing t h e  bromine r e s u l t s  i n  a two r e a c t i o n  sequence as fol lows:  

2N0 + B r  + 2NOBr (13) 

2NOhr + C 1 2  - 2NCC1 + B r  (14) 
2 

The r e a c t i o n  with t h e  g r e a t e s t  a c t i v a t i o n  energy between (13) and (14) i s  t h e  rate 

determining s t e p  f o r  t h e  sequence. 

i f ,  t h e  energy of a c t i v a t i o n  of t h e  rate determining s t e p  i s  smaller than t h e  

energy of a c t i v a t i o n  of r e a c t i o n  (12). 

homogeneous c a t a l y s t s  are iodine ,  hydrogen bromine,’hydrogen f l u o r i d e ,  n i t r i c  

oxide,  ch lor ine  and mercury (10,11,12,13,14). 

Bromine is considered a c a t a l y s t  i f ,  and only 

Such is t h e  case f o r  t h i s  example. Other 

I n  t h e  case of t h e  halogens,  incorpora t ion  of an organic  h a l i d e  i n t o  t h e  

composite whic thermally degrades a t  o r  n e a r  t h e  temperature f o r  t h e  nylon- 
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phenol ic  r e s i n  composite could be used t o  in t roduce  t h e  c a t a l y s t  i n t o  t h e  

p y r o l y s i s  products.  One example f o r  bromine is tribromobutane which vaporizes  

a t  500°K (nylon-phenolic r e s i n  a t  525°K) and forms H B r  and cracked products  of 

an o l e f i n .  

The second type of c a t a l y s t  with a p p l i c a t i o n  t o  f!.ow of hydrocarbon products  

through porous media i s  t h e  heterogeneous c a t a l y s t .  These c o n s i s t  of a t h i n  

d i s p e r s i o n  of an a c t i v e  m e t a l  on a porous s o l i d ,  c a l l e d  a c a t a l y s t  support .  

F lu ids  are thus absorbed on t h e  m e t a l  s u r f a c e s  as they flow through t h e  porous 

s o l i d ,  undergo chemical r e a c t i o n s ,  and desorb back i n t o  t h e  gas  stream. The kind 

of s o l i d  suppor ts  used vary from c lays  and alumina t o  porous carbon. 

Heterogeneous catalysts are w i d e l y  used i n  the  petroleum and ehemical 

i n d u s t r i e s  f o r  a c c e l e r a t i n g  hydrogenation and dehydrogenation r e a c t i o n s ,  hydro- 

cracking r e a c t i o n s  and hydroforming reac t ions .  Some t y p i c a l  active metals used 

i n .  t h e s e  a p p l i c a t i o n s  are platinum, tungsten,  molybdenum, palladium, etc.  (15). 

One example involves  t h e  c a t a l y t i c  hydrogenation of benzene t o  cyclohexane a t  room 

temperature with platinum on porous carbon suppor ts  (15). 

cracked t o  lower molecular weight compounds a t  722°K (16).  

c a t a l y t i c  cracking of numerous organic  compounds are presented by Vogh (17).  

Cyclohexane i s  then 

Details f o r  t h e  

I n  many cases  t h e  use of heterogeneous c a t a l y s t s  i s  r e s t r i c t e d  t o  appl ica-  

t i o n s  which do n o t  conta in  compounds t h a t  d e a c t i v a t e  t h e  metal s u r f a c e s .  Some 

of t h e s e  s o  c a l l e d  poisons are carbon monoxide, s u l f u r  and d e p o s i t s  of carbon 

o r  coke. Although t h e r e  i s  no s u l f u r  i n  t h e  pyro lys i s  product stream, carbon 

monoxide and deposi ted carbon are present  r e q u i r i n g  a d d i t i o n a l  screening of t h e  

heterogeneous c a t a l y s t  considered. Because t h e  heterogeneous c a t a l y s t  i s  on 

t h e  s o l i d  s u r f a c e ,  t h e r e  a r e  two p o s s i b l e  techniques f o r  placement of a f i n e l y  

d ispersed  metal c a t a l y s t  on t h e  char  s u r f a c e  during a b l a t i o n .  The f i r s t  would 

employ a nylon-platinum c a t a l y s t  used t o  hydrogenate benzene t o  cyclohexane (Ref. 



18). 

During ablation, the nylon would degrade and release the metal catalyst which 

would be distributed on the char surface. The presence of water and hydrogen 

at the lower temperatures (750'K) would prevent coking, leaving the metal sites 

exposed to promote the pyrolysis reactions. 

This platinum impregnated nylon could be moulded with phenolic resin. 

The second method is similar to the method used for introducing a homogenous 

catalyst into the pyrolysis product stream. In this case an organo-metallic 

compound such as nickel stearate (19) could be included which would vaporize 

in the decomposition zone with deposition of nickel on the char surface. This 

action is commonly observed in vapor phase cracking processes (19,20) in which 

increased activity of the cracking catalyst results in excessive carbon and 

hydrogen formation. 

iron and cobalt (21). The combination of both catalysts systems may also be 

possible by using compounds containing both metal and halogen atoms, such as 

platinum iodide. 

both groups were found to accelerate chemical reactions within the char layer. 

The following sections describes the results obtained in tests using the 

Other similar compounds are the carbonyl compounds of nickel, 

The advantage of this type of co-catalyst would exist only if 

Char Zone Thermal Environment Simulator. Each catalyst system will be compared 

with non-catalytic data to determine the extent of chemical reaction due to the 

addition of the catalyst. 

for introducing it into the experimental simulation will also be discussed. 

The preparation of each catalyst and the procedure 

Homogeneous Catalysis: Unlike the heterogeneous catalysis systems, very 

little information regarding the activity of various homogeneous catalyst 

systems is contained in the literature. One source, however, reported the 

relative activity of several organic halides and halogen catalysts for the 

catalytic degradation of hydrocarbons to carbon monoxide, carbon dioxide, organic 

acids, aldehydes and ketones (22). A list of the relative activities of these 
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catalysts is presented in Table 11 with iodine as a reference (relative activity 

of 100). No relative activities of nitrous oxide or mercury were found. Also 

hydrogen fluoride was omitted from the above list of relative activities. 

Although some of the above may indeed by excellent homogeneous catalysts, 

certain aspects of the ablative process prohibit their use. For example, 

nitrous oxide, while exhibiting excellent catalytic activity for the thermal degra- 

dation of certain hydrocarbons requires a concentration too great to be practically 

included in the composite (10). 

almost exclusively used as liquid phase catalysts (23.2L). A s  a result, attention 

in this research was given to the halides which were not only reported as good 

catalysts in hydrocarbon decomposition and oxidation reactions (25), but were 

also required in sufficiently small concentrations to be feasible for ablative 

heat shield applications. 

Similarly, hydrogen fluoride and mercury are 

Experimental Results for Homogeneous Catal.ysis of the Pyrolysis Product 

- Reactions with Bromine: 

for the experimental study. It was convenient to dissolve bromine in the water 

and feed the resulting solution with phenol and the gaseous pyrolysis products. 

The concentration of bromine in the water solution was varied from 1.0 to 4.0% 

(by wt. ) . 

Bromine was selected as a representative halide catalyst 

The selection of bromine as a suitable and typical catalyst was based on 

evidence of strong aromatic ring attack, such as with phenol, to form tribromo- 

phenol at ambient conditions. In addition it has excellent oxidative properties 

in decomposing hydrocarbons such as propane to carbon monoxide, carbon dioxide 

and other organic acids, aldehydes and ketones (25). Furthermore, the formation 

of HBr from hydrogen and bromine occurs at moderate temperatures (475-575°K) 

by the following mechanism (26). This gives the additional catalytic benefit of 
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HBr being present. 

Br2 - Br + Br 

Br + H2 -.) HBr + H 

H + "r2 -.) HBr + Br 

H + HBr -, H2 + Br 

Br + Br * Br2* 

Br2* -.) Br + Br 

The above mechanism is favored by low pressure and large surface area, both of 

which exist in the char zone during reentry. 

established a reference to the remaining halide catalysts contained in Table 11. 

In addition selecting bromine 

Results of several experiments are shown in Table 12. The experimental exit 

gas compositions are no longer predicted by the non-equilibrium flow model within 

the experimental accuracy as observed for the non-catalytic experiments. Also 

the reactions are not at equilibrium as seen from the table. 

The effect of bromine as a catalyst is best illustrated by comparing 

Experiment XXVIII-92, in which the mass flux was 0.0044 lb/ft2-sec (0.022 kg/m2-sec) , 
the front surface temperature of 1920'F (1322'K) and no bromine, with Experiment 

XXV-81 (mass flux of 0.010 kg/m2-sec, a front surface temperature of 1955'F 

(1370'K) and 4% (wt) bromine catalyst) in Table 13. The conditions are almost 

the same, and the extent of reaction is greater for the experiment with bromine 

present. The addition of bromine accelerated the chemical reactions as seen by 

the facts that significantly more of the water (17.6% rather than 25.4%) and 

phenol (7.2% rather than 9.5%) had been consumed than would have been if bromine 

had not been present. This is also seen by direct comparison of the experimental 

exit gas compositions from each of the similar experiments. A measured decrease 

in t:he water and phenol concentrations, with corresponding increases in methane, 

carbon monoxide, carbon dioxide, ethylene and acetylene are obtained in the bromine 
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I 

ca ta lysed  experiment. These same t r ends  are observed i n  a l l  i n v e s t i g a t i o n s  with 

bromine and are independent of  the  c a t a l y s t  concent ra t ions  used (1.0 t o  4.0% by 

weight).  

The e f f e c t  of t he  bromine c a t a l y s i s  is  a l s o  seen by in spec t ing  t h e  carbon 

depos i t ion  p r o f i l e s  f o r  the  thermal decomposition p r o f i l e s  o f  phenol i n  the 

simulated py ro lys i s  product stream. This is  presented i n  F igures  12 and 13. 

The carbon depos i t i on  p r o f i l e  f o r  the  non-ca ta ly t ic  experiment is shown i n  

Figure 12  f o r  a mass f l u x  of 0.0059 l b / f t  - s ec  (0.030 kg/m -sec) and 1935°F (1330°K). 

Deposi t ion begins  a t  a d i s t ance  of  0.38 i n  the  char  where the temperature is  

1312°F (980°K) wi th  a uniform increase  t o  a maximum value a t  0.925 o r  1915°F 

(1320°K), A t  t h i s  po in t  t he  p r o f i l e  decreases .  I n  c o n t r a s t  t o  t h i s  curve,  

Figure 13 rep resen t s  the  carbon depos i t i on  p r o f i l e  f o r  the  bromine ca ta lysed  

experiment i n  which the  mass f l u x  was 0.0075 l b / f t  -sec (0.038 kg/m -sec) and 

1900°F (1315°K). There is  a d e f i n i t e  s h i f t  i n  t he  carbon depos i t i on  curve wi th  

the  maximum value moving from 0.925 t o  0.71. Also a d d i t i o n a l  carbon depos i t i on  

was noted near  the  f r o n t  su r f ace  a t  a temperature of  about 1925°F (1325°K). 

2 2 

2 2 

S imi l a r  p r o f i l e s  were obtained f o r  carbon-14 labe led  methane decomposition 

(Ref. 4 ) .  Although the  r e s u l t s  were not qu i t e  as pronounced as the  phenol d a t a ,  

a de tec t ab le  s h i f t  i n  the  carbon depos i t i on  p a t t e r n  was aga in  observed. Deposi- 

t i o n  began a t  0.48 (1120°K) f o r  the non-ca ta ly t i c  experiment compared with 0.42 

(1090°K) f o r  the bromine ca ta lyzed  case. 

s h i f t e d  awav from the  f r o n t  su r f ace  t o  a p o s i t i o n  corresponding t o  1893°F (1300'K) 

o r  0.85. The peak f o r  the  bromine-free experiment w a s  loca ted  a t  0.98 (1330°K). 

I n  summary, these  r e s u l t s  showed t h a t  bromine i s  an a c t i v e  c a t a l y s t  f o r  t he  

The poin t  of  maximum depos i t i on  w a s  

c a t a l y t i c  c racking  of phenol i n  the  presence of  hydrogen (hydrocracking) and t o  

a lesser ex ten t  f o r  t he  hydrocracking of methane. 

the  c racking  of the py ro lys i s  products  us ing  heterogeneous c a t a l y s t  is presented 

A similar d i scuss ion  regard ing  
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i n  t h e  following s e c t i o n .  

Heterogeneous C a t a l y s i s  of t h e  Pyro lys is  Product Reactions using a 

- Tungsten-Molybdenum Co-Catalyst: 

c a t a l y s t s ,  t h e i r  a p p l i c a t i o n s  and a c t i v i t i e s  has  been reported i n  t h e  l i t e r a t u r e  

(15,16,17,18). These c a t a l y s t s  are e x c e l l e n t  hydrogeneration a c c e l e r a t o r s  f o r  

a number of hydrocarbons common t o  t h e  petroleum and chemical i n d u s t r i e s .  

they are a l s o  s u s c e p t i b l e  t o  d e a c t i v a t i o n  by r e a c t i o n ,  absorpt ion o r  coa t ing  by 

s e v e r a l  poisons.  The two poisons which are present  i n  t h e  pyro lys i s  gases a r e  

carbon monoxide and coke (or  carbon) formation. These two poisons a r e  present  i n  

t h e  char  zone and must be considered when s e l e c t i n g  poss ib le  heterogeneous 

c a t a l y s t s .  These poisons r u l e  out  t h e  use of platinum, paladium, rhodium, n i c k e l  

and selenium s i n c e  these  a r e  a l l  poisoned by carbon monoxide. I n  l i g h t  of t h i s  

d i scuss ion ,  tungsten,  because of i t s  r e l a t i v e l y  good a c t i v i t y  i n  systems containing 

carbon monoxide, and molybdenum, because of i t s  high s e l e c t i v i t y  i n  t h e  thermal 

degradat ion of hydrocarbons, were s e l e c t e d  as co-ca ta lys t s .  

A g r e a t  d e a l  of research i n t o  heterogeneous 

However, 

The method used t o  d i s p e r s e  these  metals  on t h e  g r a p h i t e  specimens w a s  t h e  

s tandard procedure t o  prepare heterogeneous c a t a l y s t s  and i s  as follows. F i r s t ,  

t h e  metals, as m e t a l  a c i d s  (anhydrous), were added t o  h o t  (353°K) s u l f u r i c  ac id .  

Molybdenum w a s  completely d isso lved  while  tungsten formed a s a t u r a t e d  s o l u t i o n .  

The g r a p h i t e  specimens were placed i n  t h e  hot  s o l u t i o n  and s t i r r e d  vigorously f o r  

t h i r t y  minutes. The second phase of t h e  procedure involved t h e  passing of carbon 

d i s u l f i d e  vapors through t h e  g r a p h i t e  t o  convert  t h e  m e t a l  oxides  t o  s u l f i d e s  

which i n c r e a s e s  t h e  c a t a l y t i c  a c t i v i t y  of t h e  metals. The specimens were then 

d r i e d  a t  316°K and reweighed t o  determine t h e  weight of c a t a l y s t  d i spersed  w i t h i n  

t h e  pores.  The c a t a l y s t  concent ra t ion  v a r i e d  from 5 t o  6 percent  (by weight) of 

t h e  co-ca ta lys t  (50:50). This i s  t y p i c a l  of t h e  d ispersed  (metal)  phase composition 

of heterogeneous c a t a l y s t s .  

The e f f e c t  of t h i s  c a t a l y s t  on t h e  r e a c t i o n s  of t h e  p y r o l y s i s  products i n  
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t h e  char zone i s  shown i n  Table 14. There are n o t i c e a b l e  d i f f e r e n c e s  between ' the 

experimental ly  measured gas compositions and t h e  computed va lues  f o r  t h e  uncatalyzed 

case. However, they are not  a s  pronounced as t h e  r e s u l t s  f o r  bromine. This  i s  

b e t t e r  i n d i c a t e d  by comparing t h e  r e s u l t s  of non-catalyt ic  Experiments (XXVIII-92 

and XXIX-94) with t h e  va lues  obtained i n  t h e  heterogeneous co-ca ta lys t  systems 

(XXXII-92 and XXXI-98). 

average mass f l u x  rate of 0.0048 lb / f t2-sec  (0.025 kg/m2-sec) and a f r o n t  s u r f a c e  

temperature range of 1860" t o  1945°F (1260'K t o  1336°K). No d e t e c t i b l e  d i f f e r e n c e  

between the  f o u r  experiments i s  determined. S i m i l a r l y ,  a comparison of t h e  carbon 

depos i t ion  p r o f i l e s  f o r  carbon-14 labe led  phenol (XXVIII and XXXII) and methane 

(XXIX and XXXI) showed no s u b s t a n t i a l  s h i f t  i n  t h e  p o s i t i o n  of t h e  maximum 

depos i t ion  o r  t h e  l o c a t i o n  where carbon depos i t ion  begins .  

behavior near  t h e  f r o n t  s u r f a c e  was observed but  t h i s  r e p r e s e n t s  no s u b s t a n t i a l  

change from t h e  non-ca ta ly t ic  behavior.  

The e x i t  gas compositions a r e  shown i n  Table 15 f o r  an 

A s l i g h t  d i f f e r e n c e  i n  

A series of experiments with a platinum c a t a l y s t  d i spersed  on t h e  g r a p h i t e  

specimens w a s  a l s o  conducted using phenol-water f r e e  p y r o l y s i s  gases  having a 

r e l a t i v e l y  low carbon monoxide concentrat ion.  

a c t i v i t y  over a temperature range of 1370" t o  1755°F (1015°K t o  1230°K). The 

flow remained f rozen  i n  each experiment s tud ied .  

These s t u d i e s  showed no c a t a l y t i c  

Summary of t h e  C a t a l y t i c  S tudies  t o  Increase  Reactions i n  t h e  Char Zone: 

Resul t s  f o r  adding bromine t o  t h e  p y r o l y s i s  product stream as a homogeneous c a t a l y s t  

i n d i c a t e d  increased chemical r e a c t i o n s  w i t h i n  t h e  char zone. This a c c e l e r a t i o n  

was shown by comparison of t h e  e x i t  gas composition based on t h e  non-equilibrium 

(non-catalysed) flow model. Furthermore, carbon depos i t ion  p r o f i l e s  were used t o  

l o c a t e  t h e  p o s i t i o n  and temperature where depos i t ion  r e s u l t i n g  from methane and 

phenol thermal degradat ion occurred. 
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The use of bromine (or  HBr) as a r e p r e s e n t a t i v e  homogeneous c a t a l y s t  made 

a d e t a i l e d  i n v e s t i g a t i o n  unnecessary because of t h e  relative a c t i v i t y  of var ious  

h a l i d e s  t o  hydrogen bromine i n  Table 11. By comparison, iod ine  and organic  

i o d i d e  

c h l o r i n e  o r  t h e  organic  c h l o r i d e s  should have a less inf luence .  

should have a g r e a t e r  in f luence  on t h e  pyro lys i s  product r e a c t i o n s ,  while  

No d e t e c t a b l e  change i n  t h e  e x i t  product composition, and, t h e r e f o r e ,  i n  

t h e  rates of chemical r e a c t i o n  of t h e  p y r o l y s i s  products ,  were observed f o r  

tungsten and molybdenum co-ca ta lys t s  and platinum over a temperature range of 

1845" to  2300°F (1280°K t o  1535°K). 
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SECTION V 

CONCLUSIONS 

-- 

Based on the experimental and theoretical results of this research the 

following conclusions are drawn: 

The reacting flow of pyrolysis products from nylon-phenolic resin composites 

in the char zone was accurately described by a finite-rate, reacting flow model. 

This was confirmed for the simulated pyrolysis product compositions in Table 6 ,  

mass flux values between 0.00003 - 0.10 lb/ft2-sec (0.0015 - 0.5 Kg/m2-sec), 

front surface temperatures in the range of 1350 - 2300°F (1000°K - 1535"K), and 
the reactions and associated kinetic data in Table 5. 

up to a front surface temperature of 3000°F (1925'K). 

additional reactions must be considered to accurately describe the chemically 

reacting flow. 

Results are presented 

Above this temperature, 

Under conditions of high mass fluxles ($0.05 Kg/m2-sec) and/or low temperatures 

(~1365°K)~ the flow of pyrolysis products is essentially frozen. 

define the upper limit of frozen flow. 

These conditions 

The equilibrium flow model erroneously predicts the behavior in the char for 

all conditions except those in which the mass flux rate is smaller than 0.0001 

lb/f t2-sec (0.0005 Kg/m2-sec) . 

the use of a non-equilibrium flow analysis to accurately describe the changes in 

the chemical composition of the pyrolysis gases as they flow through the char. 

Mass flux rates greater than this value require 

The same results were obtained for the reacting flow of pyrolysis products in 

porous graphite. The same important reactions and kinetic data that applied to 

the low density nylon-phenolic resin chars likewise apply to the graphite between 

2 1350 - 2300°F (1000°K - 1535°K) and 0.00003 - 0.10 lb/ft2-sec (0.00015 - 0.5 Kg/m 
-sec). 

requiring post-experimental analyses of the porous media; i.e., carbon deposition 

This permits the substitution clf graphite for the brittle chars in studies 
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s tud ie s .  

Carbon is  deposi ted as a r e s u l t  o f  the  thermal degradat ion of methane and 

phenol. 

temperature is  1400°F (1035°K) and inc reases  uniformly t o  a maximum va3me near  

t h e  f r o n t  sur face  a t  a temperature of  1900°F (1310°K). 

Deposi t ion starts near  t he  middle of  the  char (z/L = 0.5) where t h e  

The products  of  methane degradat ion were determined by comparing r ad ioac t ive  

tracer concent ra t ion  p r o f i l e s  with the  gas  chromatograms of the e x i t  gases  

leav ing  the Char Zone Thermal Environment Simulator.  The spec ies  i d e n t i f i e d  

were carbon monoxide, carbon d ioxide ,  e thylene ,  ace ty lene  and unreacted methane. 

S imi l a r ly ,  the  products  of  phenol degradat ion were determined. The spec ie s  were 

i d e n t i f i e d  as methane, carbon monoxide, carbon d ioxide  and unreacted phenol. 

The above methods provided e x c e l l e n t  suppor t ing  evidence t h a t  t he  r eac t ions  

considered important i n  t h e  mathematical  model were c o r r e c t .  

The e f f e c t  o f  adding homogeneous c a t a l y s t s  (such as bromine) t o  the  py ro lys i s  

product  stream t o  accelerate chemical r eac t ions ,  and the re fo re ,  t he  hea t  absorp t ion  

i n  the  system w a s  determined. Bromine produced a c a t a l y t i c  e f f e c t  which reduced 

the  temperature a t  which carbon depos i t i on  starts from 1400°F (1035°K) t o  1200°F 

(911°K). 

(150°K). 

of carbon by r e a c t i o n s  wi th  water and/or  carbon dioxide.  

The temperature of  maximum depos i t i on  was  l ikewise  reduced to 300' F 

A sharp  dec l ine  i n  the  carbon depos i t i on  probably ind ica t ed  dep le t ion  

Molybdenum and tungsten heterogeneous c a t a l y s t s  d id  not  cause a measure- 

a b l e  change i n  t h e  behavior  of the system. A s l i g h t  s h i f t  i n  the  carbon depos i t i on  

p r o f i l e s  w a s  observed, but t h i s  change w a s  o f  the same o r d e r  as the accuracy 

o f  the  a n a l y t i c a l  e q u i p p n t .  Platinum c a t a l y s t  l ikewise  f a i l e d  t o  produce a 

change from uncatalysed case. 
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