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ABSTRACT 

Polymer degradation t o  small fragments i s  t r e a t e d  as a r a t e  c o n t r o l l i n g  

s t e p  i n  hybrid rocke t  combustion. 

so lu t ions  of  t h e  complete energy and polymer chain bond conservation equat ions 

Both numerical  and approximate a n a l y t i c a l  

f o r  t h e  condensed phase are obtained. Comparison w i t h  i n e r t  atmosphere data 

i s  very good. It i s  found t h a t  t he  i n t e r s e c t  of curves of pyro lys i s  ra te  v e r s u s  

i n t e r f a c e  temperature  f o r  hybrid combustors, wi th  t h e  thermal  degradation theo ry ,  

fa l l s  at a py ro lys i s  rate very close t o  t h a t  for which a pressure  dependence 

begins t o  be observable.  Since simple thermal degradation cannot give s u f f i c i e n t  

depolymerization a t  higher  pyro lys i s  ra tes ,  it i s  suggesteci t h a t  ox ida t ive  

c a t a l y s i s  of t h e  process  occurs at  t h e  s u r f a c e ,  g iv ing  a f i r s t  order  dependence 

on reactive spec ie s  concentrat ion a t  the  w a l l .  Estimates o f  t h e  r a t i o  o f  t h i s  

a c t i v a t i o n  energy and i n t e r f a c e  temperature are i n  agreement w i t h  b e s t  f i t  

procedures for hybr id  combustion data. Requis i te  a c t i v e  spec ies  concentrat ions 

and f l u x  are shown t o  be compatible w i t h  t u rbu len t  t r anspor t .  Pressure 

dependence of hybr id  rocket fuel regress ion  rate i s  thus  shown t o  be descr i :Jable  

i n  a cons i s t en t  manner i n  terms of  r e a c t i v e  spec ies  c a t a l y s i s  of polyrner 

degradation. 



TMI;E OF COBTEiJTS 

ABSTRACT 

TABU OF CONTENTS 

LIST O F  FIGURES 

NOMENCLATURE 

I ,  INTRODUCTION 

11. THEORETICAL TREATMENT 

A. Polymer Degradation - Analytical Treatment 
B. Act ivat ion Ehergy Variation 

C. Polymer Degradation - Numerical Integration 

D. Comparison with Experiment 

E. Oxidizer Transport i n  Turbulent Systems 

1I I .CONCLUSIONS 

APPnvDIX A: VAPORIZABLE FRAGMENT SIZE C R I T E R I A  

REFERENCES 

. .  - 

. .  
11 

, . .  - - -  
I-- 

? .- _ I  

li 

10 

li 

12. 

15 

21 

2 3  

28 



-. LIST OF FIG~TRES 

1. 

2. 

3. 

4. 

S .  

6 .  

7. 

0.  

Turbulent Boundary L a y e r  Combustion Format 

Polymer Regression Rate Dependence ofi Free Stream Mass Velocity 

Polymer Degradation Region Geometry 

Dimensionless Variable  Solut ion Curve 

Calculated Polymer Pyrolysis Rate 
Analytic So lu t ion ,  Act ivat ion Energy Constant 

Calculated Polymer Pyrolysis  Rate 
Numerical Solu t ion  f o r  PMMA, with Varying Act ivat ion Energy , 

Polymer Pyro lys is  Rate; PMMA 
Sol id  Lines - Varying E, a Solut ion 

Turbulent Mixing and Reaction i n  Hybrid Boundary Layer 



i 

AO 

B 

C 

D 

E 

G 

H 

Hv 

hP 

I 

K 

K1 

x2 

9. 

M 

N 

n 

P 

P 

i 
R 

Rex 

rt, 

Avogadro’s number’ 

k i n e t i c  r a t e  frequency f a c t o r  

s p a c i f i c  hea t  of condensed phase 

D a r d h l e r  s Number 

k i n e t i c  r a t e  a c t i v a t i o n  energy 

gas phase m a s s  v e l o c i t y ,  f’ree stream 

enthalpy requi red  for bondbreaking t o  give 
monomer, pe r  mass 

heat  of vapor iza t ion ,  p e r  mole 

apparent- hea t  of’ polymer. py ro lys i s  

number of breakable bonds pe r  u n i t  mass 

gas phase ’ spec ies  concentrat ion 

polymer degradation constant  

polymer degradation constant  

ox ida t ive  degradation depth 

molecular weight 

number of monomer u n i t s  p e r  polymer chain 
(averaged 

number of monomer units def in ing  s p e c i f i c  
polymer chain length  

pressure  

s p a t i a l  gradient  of temperature 

. .  heat f lux 

universal gas constant  

Reynolds number based on a x i a l  pos i t ion  

turbulence time c o r r e l a t i o n  funct ion 

[ gm-mole-l] 

[ c d / g m  mole] 

E c a l l d .  

[ 

[o 1 

[ O ]  Eq. 11 

L O ]  Eq. 11 

[OI 

[ atmosph,eres 1 

[ O ]  Eq. 11 

[cal/cmL sec I 
[ cal/gm m o l e O K  J 

101 

Eo1 

3 



v 

l i n e a r  py ro lys i s  r,ate 

T temperature 

t i m e  

tu rbulen t  mixing re ference  time 

t 

to 

U [cmisec 1 gas ve loc i ty  p a r a l l e l  with wall 

[ cm/sec] U' t u rbu len t  pe r tu rba i ion  ve loc i ty  

gas ve loc i ty  perpendicular  t o  wall V 

s p a t i a l  coordinate  normal t o  w a l l ,  i n  solid X 

s p a t i a l  coordinate  normal t o  w a l l ,  i n  b o m d a r j  
l a y e r  

Y 

6 boundary l a y e r  th ickness  

temperature v a r i a b l e  ; T 

c h a r a c t e r i s t i c  t i m e  

d i s tance  va r i ab le  

temperature va r i ab le  

a c t i v a t i o n  e n e r a  parameter 

number dens i ty  p e r  mass 

polymer thermal c m d u c t i v i t y  

5 

Y 

0 A 
V 

[ o ]  Eq. 16 

E/RTy = [ O ]  

. 
[cal/cm secoK] 

i gm/cm3 I 
[gm/cm 1 3 

x 

polymer dens i ty  p F  

'n gas phase dens i ty  o f  fragment length  n a t  w a l l  



vi 

Subscr ip ts  

C combust ion chamber 

e boundary layer outer  edge 

i i n i t i a l  

J re fe rence  state f o r  Clapeyron Equation 

m monomer 

n fragment l eng th  n monomer units 

0 i n i t i a l  polymer s t a t e  

ox oxidizer,  oxida t ive  

. t h  thermal . 

W w a l l ,  phase change i n t e r f a c e  



1 
POLYMER DEGIUDATIOB U T E  CONTROL 

OF 
HYBRID ROCXET CCIBUSTION 

I. INTRODUCTION 
The concept of hybrid combustion as a means of production of a working 

f l u i d  for  propuls ion appl ica t ions  has been under cons idera t ion  f o r  a number of 

years. The e a r l i e s t  experimental  work vas c a r r i e d  out i n  Germany, where s o l i d  

graphi te  vas canbusted with gaseous n i t rous  oxide (Fl 0 ) .  2 
and 

a circular port in t h e  g raph i t e  c a r r i e d  t h e  oxid izer  gas, with turbulen t  trans- 

- 

Subsequently, B a r t e l  

at JPL s tud ied  combustion of graphi te  with air. In both  cases ,  

port of oxid izer  t o  t h e  so l id  wall t h e  rate c o n t r o l l i n g  s t ep .  The high ignition 

temperature r e q u i s i t e  for  graphi te  sur face  oxida t ion ,  and low l i n e a r  regression 

rate obta inable ,  rendered these  systems of l i t t l e  p r a c t i c a l  value.  . 
More recen t ly ,  polymeric f u e l s  i n  combination with r e l a t i v e l y  concentrated 

2, N20,+, F2, CLF oxidizers such as 0 

such systems was found t o  be uniformity of f u e l  py ro lys i s ,  and subsequent 

mixing of fuel and ox id ize r  t o  e s t a b l i s h  a flame zone. A number of  combustor 

systems, d i f f e r i n g  e s s e n t i a l l y  i n  t h e  primary f l u i d  flow f i e l d ,  have been in -  

ves t iga ted .  

lwer combustion, 88 shown i n  Figure  1. 

t h e  free stream, and of +el from t h e  polymer su r face ,  . r e su l t  i n  a combustible 

mixture within t h e  boundary l aye r .  

flame zone t o  polymer su r face  provides energy for pyrolys is .  

G i l b e r t ,  Wxman, Wolldridge, and Muzzy. ( 3 ' 4 9 5 )  

have been s tudied .  The inajor problem i n  3 

The 'most highly developed system is based upon t u rbu len t  boundary 

Turbulent t r a n s p o r t  of ox id i ze r  from 

Heat t r a n s f e r  from t h e  high temperature 

A model based upon 

. t u r b u l e n t  t r anspor t  as t h e  primary r a t e  con t ro l  i s  well developed, pr imari ly  by 

"he b a s i c  pred ic t ion  of t h i s  

is t h a t  f u e l  l i n e a r  regression rate va r i e s  with free stream mass veloc i ty  G ,  

and is independent of pressure  P . It can be expressed in t h e  form 
C 

0.8 i . = G  

The f u l l  form of this expression i s  found t o  p red ic t  q u a n t i t a t i v e l y  the behavior 

of many fue l -oxid izer  systems, under low G ,  high P-  condi t ions .  However, i t  i s  
c 

ob6 e rye d ' 6 ' 7 )  t h a t  i n ' h i g h  C, low PC comhustion s i t u a t i o n s ,  t he  f u e l  pyrolysis 

rate is lower than  p red ic t ed ,  and, f o r  very high C, appears independent of i t ,  

and dependent only on P. This behavior i s  shown quan t i t a t ive l - j  as Flgure 2 .  . 

and t r e a t e d  i n  t h e  form of mathematical models. (' '9s10) 

A number of phys ica l  explanations of this behavior have been proposed, 

These concepts include 



flame zone broadening due  t o  i nc reased  turbulence l eve l ,  f i n i t e  r a t e  gas k i n e t i c s ,  

and f i n i t e  rate heterogeneous exothermic r eac t ion .  While some of t h e s e  models 

can be msde t o  fit experimental data f a i r l y  c lose jy ,  they  r e q u i r e  phys i ca l ly  

unrealistic  constant^ to do SO. 

The phase change of t h e  f u e l  component i m p l i c i t  i n  all cu r ren t  hybrid 

systems has commonly been assumed t o  proceed a t  a rate d l r e c t l y  p ropor t iona l  t o  

t h e  h e a t  flux available t o  t h e  surface, under steady s t a t e  condi t ions .  me 

cons tan t  of pmpor t iona l i4 j .  i n  t h i s  r e l a t i o n  has not been considered as o t h e r  

have attempted than  a cons tan t .  Both Rsbinovitch 

t o  cons ider  polymer behavior p r i o r  t o  vapor iza t ion  e x p l i c i t l y .  It is c lear  thnr; 

t h e  h igh  molecular weight polymer must degrade i n t o  lower molecular weight  frag- 

ments in orde r  t o  vaporize. 

su r f ace .  

(12) and Houser and Peck (11) 

Houser and Peck (I2) assumed monomer t o  leave t h e  

Rabinovitch (11) attempted t o  def ine  a " b r i t i c a l  fragment 'size" from 

energy u t i l i z a t i o n  cons idera t ions .  Neither gave 8n adequate treatment o f  t h e  

energy equat ion i n  the condensed phase, o r  considered v o l a t i l i z a t i o n  adequately.  

Some studies i n t o  polymer degradation and p y r o l y s i s  products have been 

c a r r i e d  out by use of a r c  imaging furnaces.  (13) It is  found t h a t  fragments- 

. co l l ec t ed  as 
u n i t s  i n  size.  Since  thermal degradst ion in t he  gas phase, near  the imaging 

at  temperatures of i nke res t  range from one t o  s e v e r a l  monomer 

reg ion ,  w i l l  13180 have occurred, t h e  concept of v ipo r i z ing  fragment s i z e  g r e a t e r  

than  monomer is  well e s t a b l i s h e d ,  although a q u a n t i t a t i v e  l o c a l  number for  t h e  

polymer surface has not been obtained. Ragment s i z e  is a lso  s t rong ly  dependent 

upon t h e  s p e c i f i c  polymer treated. 
The vork undertaken here  w a s  i n i t i a t e d  t o  i n v e s t i g a t e  the e f f e c t  o f  .gas 

phase o x i d i z e r  on polymer p y r o l y s i s ,  as 8 rate c o n t r o l l i n g  s t e p  i n  hybrid com- 

bus t ion .  It is  hypothesized t h a t  c a t a l y t i c  ox id izer  a t t a c k  w i l l  r e s u l t  i n  an 

i n c r e a s e  in polymer fragmentation rate a t  t h e  su r face ,  and hence i n  an i nc rease  

in p o s s i b l e  vapor iza t ion  rate. A t h r e e  p a r t  problem i n  combustion then must be 

considered. The thermal degradat ion of polymer proceeds i n  t h e  condensed phase.  

Transp0i.t of ox id ize r  through a combustion zone t o  t h e  fuel sureace m u s t  be con- 

sidered i n  t h e  gas phgse. F i n a l l y ,  matching condi t ions  a t  t h e  phase change 

i n t e r f a c e  must be e s t ab l i shed  and sat i s f ied .  

It is shown a n a l y t i c a l l y  i n  Section I1 t ha t  thermal degradation of  po ly -  
-_ 

methylmethacrylate ( P b M )  proceeds a t  a s u f f i c i e n t  rate t o  permit low r eg res s ion  

rate hybr id  combustion, as occurs at  low f r e e  stream mass v e l o c i t y .  It is n o t  

?$-itself s u f f i c i e n t  t o  gi-re h i g h  l i neo r  regression rates such 3 s  are observed 



i n  t he  pressure  s e n s i t i v e  hybrid combustion region.  

ox ida t ive  bond breaking mechanism a c t s  at t h e  polymer su r face ,  at a r a t e  pro- 

po r t iona l  t o  the concentrat ion of oxid izer  a t  the w a l l .  

a c t i v a t i o n  enesgy 

as b e s t  f i t  f o r  t he i r  t reatment .  Oxidizer obtained by Wooldridge and Marxman 

concentrat ion and flux at t h e  wall r e q u i s i t e  for a t t ack  a t  the  necessary r3te  x-2 

ca lcu la ted .  

l a t t e r  ordera of magnitude lower than the  maximum poss ib l e  i n  t h e  tu rbu len t  

boundary layer-flame zone flaw f i e l d .  Data on t h e  tu rbu len t  mixing and coinbustion 

of free je ts  (17’18) i n d i c a t e s  tha t  reac t ion  proceeds at t he  i n t e r f a c e s  o f  “eddies“ 

of fuel and oxidizer .  Furthermore, t h e r e  i s  a f i n i t e  f l u x  of  unreacted ox id ize r  

through such a combustion region,  due t o  the  low r a t e  of molecular d i f fus ion ,  

requi red  f o r  combustion, r e l a t i v e  t o  turbulen t  t r anspor t  r a t e .  

t h e r e f o r e  e x i e t  f o r  ox id i ze r  supply t o  polymer sur face .  

It i s  hypothesized t h a t  an 

The est imated r a t i o  of 

t o  w a l l  temperature f o r  t h i s  s t e p  i s  found equal t o  that (14 1 
(10) 

The former is  found t o  be t h a t  commonly measured (15’16), and the 

A mechanism does 
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11. THEORE!l'fCAL TREATMENT 

A. Polymer Degradation - Analy t ica l  Treatment 

The chemical s t r u c t u r e  change inherent  i n  t h e  vapor iza t ion  of  a polymeric 

material a t  f i n i t e  pressures  proceeds a t  a f i n i t e  r a t e  i n  the'  s o l i d  phase ma te r i a l .  

A number of chemical bonding changes may occur during polymer degradation. For 

a s t r a i g h t  chain s t r u c t u r e  such as PMMA, o r  one wi th  few cross links r e l a t i v e  t o  

s t r a i g h t  chain links, t h e  most i n t e r e s t i n g  process p r i o r  t o  vapor i za t ion  i s  random 
* 

A broken polymer bond m a y  i n  some cases  serve as an (11) thermal band breaking. 

i n i t i a t i o n  po in t  for very r ap id  l o c a l  "unzipping" of  t h e  chain. This behavior i s  

&ported with p a r t i c u l a r  referonce t o  PMMA. (13y19) If t h i s  is i n  f a c t  t h e  phys ica l  

s i t u a t i o n ,  one m u s t  consider e s s e n t i a l l y  all t h e  polymer t o  vaporize as monomer, 

r a t h e r  than as l a r g e r  fragments as observed f o r  polystyrene.  (13) In e i t h e r  case ,  

t h e  k i n e t i c a l l y  &on t ro l l ed  polymer degradation process i s  respons ib le  f o r  breaking 

.a f r a c t i o n  'of t h e  s t r a i g h t  chain bonds i n i t i a l l y  present .  The remainder e i t h e r  
I 

break r ap id ly  upon i n i t i a t i o n ,  o r  do not break p r i o r  t o  fragment vapor iza t ion .  

A local fragment s ize ,  notably a f i n a l  chain length  a t  t h e  wall i s  then a useful 

mathematical concept f o r  both s i t u a t i o n s ,  sub jec t  t o  proper phys i ca l  i n t e r p r e t a t i o n .  

The . r a t e  of thermal  bond breaking i n  a polymer can be expressed i n  an Arrhenius 

format as 

d I  -E/RT - =  -I B e  d t  

where I i s  t h e  number of breakable bonds p re sen t  p e r  u n i t  m a s s  a t  t i m e  t. I n i t i a l l y  

t h e  polymer has  a mean molecular weight of Mo , and a constant monomer molecular 

weight of M 90 t h a t  the number of monomer units per  polymer chain i s  m 

- m ( 3 )  N = Mo/M 
0 

and the number of breakable  bonds i n  No - 1. Normally, N is a sufficiently large 
0 

number t h a t  N - L-;=N 
0 0 
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However, when polymerization i s  ayproaching completion, this approxircation is 

not  va l id .  The number of breakable bonds p e r  mass follows simply from t h e  

above as 
N - l A o  

1 a -- 
Mm 

and t h e  f r a c t i o n  of breakable 

Steady state degradation 

i n  the  condensed phase by t h e  

( 5 )  

bonds present, relative t o  t h e  i n i t i a l  number, i s  

N - 1  
= -  0 

N 
No - 1 N 

and pyro lys i s  of a due l  material can be represented 

well established energy equation 

I -E/RT 
-HP$ e 
IO ( 7 )  

where li is  t h e  energy required fo r  cornplebe depolymerization of one unit m a s s  

of polymer, i n i t i a l l y  of chain length  No, and t h e  s ign  conventions are ind ica t ed  

on Figure 3. The condensed phase s p e c i f i c  hea t  and thennal  conduct ivi ty  a r c  

ind ica ted  as being dependent on x in thls formulation. This follows from t h e  

v a r i a t i o n  of temperature and mean molecular weight,  o r  fragment s i z e ,  w i t h  pos i t i on .  

It is assumed i n  t h e  maly-tical t reatment  t h a t  both c and A m a y  be represented 

as appropriate  average q u a n t i t i e s .  

The appearsnce of a f r a c t i o n a l  number dens i ty  of breakable polymer bands 

on t h e  r i g h t  hand s i d e  of t h e  energy equation requi res  t h e  wr i t i ng  of a r e l a t i o n  

analogous t o  a chemical spec ies  equation. If it i s  assumed t h a t  convection at a 

mass rate p$ i s  t h e  so i e  means of s p a t i a l  species t r a n s p o r t ,  Equation ( 2 )  can 

be r ewr i t t en  as 

d .  I I ,-E/RT 
'F p i.- (-1 = F dx Io 

~~ondlmens iona l iza t ion  at1 Equa t ions  ( 7 )  and (8) 'ojj m e  o f  t h e  d e f i n i t i o n s  given 



below (Equation 11) leads t o  - 

where 
T -Ti 

T = -  
TY-Ti 

PF i. c 
E = .  A X 

d i  
p = d E  (11) 

This t rea tment  e l imina te s  all e x p l i c i t  s p a t i a l  dependence i n  t h e  problem, 

s impl i fy ing  both the  ana lys i s  and t h e  boundary condi t ions ,  w i t h  no l o s s  i n  

useful information. It i s  c l e a r l y  analogous t o  t h e  approach taken i n  laminar  

I 

flame propagation theory.  

Multiplying Equation 

a (L) = 
dT Io 

( 9 )  by K2 and sub t r ac t ing  from (101, there results 

with i n i t i a l  condi t ions  deep wi th in  t h e  polymer; 

x + - :  T ' O  

P + O  
I/Io+ 1 

This i n t e g r a t e s  t o  

1 + ( r + p )  K2 I 
I 
- =  
0 
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Combined with t h e  energy equat ion,  t h i s  gives 

The most u s e f u l  result t o  be obtained from t h i s  equat ion i s  an eigenvalue 

for  t h e  constant  K1, so t h a t  a l in,oar regression r a t e  f o r  the  polymer, as a 

funct ion of w a l l  temperature  and degree of depolymerization a t  the  w a l l ,  may be 

obtained. To approximate t h i s  a n a l y t i c a l l y ,  it is most useful t o  t r e a t  two 

l i m i t i n g  cases ,  one applying w e l l  wi thin t h e  polymer, and the  o the r  i n  the region 

near  t h e  surface.  The former region has t < 1;and t h e  r i g h t  hand side of 

Equation ( 1 4 )  assumed n e g l i g i b l e  . r e l a t ive  t o  conductive and convective r a t e s .  

The form r e s u l t s  

with t h e  aondi t ions at 

X * " : f + o  

P + O  

so t h a t  

P ' - T i  T < 1  ( 1 5 )  

Referr ing back to t h e  dimensionless s p a t i a l  coordinate  5 ,  t h i s  gives  

A curve of t h e  g rad ien t  p versus  T is sketched as Figure 4. 

necessary t h a t  t h e  phys ica l  s lope  of T increase  i n  absolu te  va lue ,  t o  account 

f o r  t h e  heat r e q u i r e d - f o r  a f i n i t e  r a t e  of depolymerization near the  sur face .  

As T + 1, it i s  

The quant i ty  p then approaches a , v a l u e  p This i s  ob- 

t a i n a b l e  from t h e  phys ica l  requirement t h a t  a t  t h e  su r face ,  conductive hea t  t r a n s f e r  

r a t e  i n t o  the  polymer be equal  t o  the  t o t a l  energy u t i l i z a t i o n  rate w i t h i n  t h e  

golymer. The equation follows as 

< -1 as T approaches 1. 
W - 



This is  nondimensionalized-by use of Equation (11) to give 

W 
I = -(1 + - 1 (1 - y) 1 

K2 0 
P W  

The same r e s u l t  i s  d i r e c t l y  obta inable  as the  w a l l  l i m i t  of Equation (131, but  

w i t h  less obvious phys ica l  o r i g i n ,  

Solu t ion  of Equat ion(l4)  i d  the region of high thermal degradation r a t e  

leads t o  an eigenvalue K This proceeds by t h e  v a r i a b l e  changes 1' 

t o  give rn 

K1 

Tw 

Tw - Ti 
@A 

- eA 
e 1 - $/O, 

The term i n  Y on the left side i s  r e a d i l y  seen t o  be very small i n  t h e  w a l l  region,  

and t o  zero th  order is  considered neg l ig ib l e .  
l 

The convective enthalpy flux is 

t hus  dropped i n  t h e  high depolymerization r a t e  region near  t h e  w a l l .  

denominator of t he  exponent ia l  is  expanded. 

Also, t h e  

There then  results t h e  form 

where 
K K .e-'A - 1  2 A =  Tw - Ti 
OA 

Tw 
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This. has t h e  boundary condi t ions :  

polymer i n t e r i o r  phase change i n t e r f a c e  

n - t o  n = p w + l  

In t eg ra t ion  and use of Equations (17 )  and (6) r e s u l t s  i n  t h e  following expression 

f o r  the  eigenvalue A 

1 - -  1 Nw 
K2 (21) 

Nw - 1 K2 Nw A = (1 + -) I n '  

It is thus shown that' t h e  eigenvalue defined is dependent only on the  fragment 

size at the  w a l l ,  end t h e  thermal parameter K2. 

K1 and K2 are introduced e x p l i c i t l y  i n  Equations (20 )  and ( 2 1 ) .  

To r e t u r n  t o  the  phys ica l  p l ane ,  

The l i n e a r  

, pyrolys is  rate is found t o  be  

-E/RTV 1 / 2  

I 

A B  e 1 
H 

c(Tw - Ti)Ny 

.. + a -  

'F + 11  In *w - H 
cCT, - Ti) - 

Nw - 1 
(22) 

The dependence of ? on t h e  phase change i n t e r f a c e  temperature Tw is dominated 

by t h e  exponent ia l  term. This expression is  most r e a d i l y  p l o t t e d  as the  logarithm 

of t h e  burning r a t e  as a funct ion  of inverse w a l l  temperature, as done for poly- 

methyl methacrylate on Figure 5. Thermal d i f f u s i v i t y  of t h e  degrading condensed 

phase, and a c t i v a t i o n  energy, are he ld  cons tan t ,  independent of local temperature 

and degree of depolymerization. ' Numerical t rea tments  are employed below t o  

introduce such " r e a l  ma te r i a l "  e f f e c t s .  

taken as a parameter o f  the'  curve;. 

temperature,  is seen t o  increase  with increas ing  Nw. 

pyrolys is  r a t e  f o r  a less completely degraded. vaporizing mater ia l .  Requiring 

The mean e f f e c t i v e  fragment s i z e  N i s  w 

Linear pyro lys i s  r a t e ,  a t  a given wa l l  

This corrsponds t o  h igher  
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t h a t  Nw = 1 implies  t h a t  monmer i s  produced, by thermal bond breaking ,  a?d 

r e s u l t s  i n  a zero n e t  pyro lys i s  rate.  This i s  a consequence of t h e  approximation 

i n  t h e  bond conservation equat ion ,  t o  t h e  e f f e c t  t h a t  no spec ie s  d i f f u s i o n  occurs .  

This assumption is not  v a l i d  phys i ca l ly ,  b u t  i s  found t o  be unimportant f o r  t h e  

fragment s i z e s  o f  i n t e r e s t  i n  t h e  following discussion.  

B. Act iva t ion  Energy Variat ion 

It i s  found empir ica l ly  t h a t  t h e  absolu te  rate of PMMA thermal degradat ion (20) 

decreases  as t h e  degree of  depolymerization increases .  This has been i n t e r p r e t e d  

as being due t o  p r e f e r e n t i a l  breaking of weaker bonds [e .g .  -, C - 0 - C - ] 

i n i t i a l l y ,  so  t h a t  subsequent thermal  degradation r equ i r e s  breaking of  progress ive ly  

s t ronge r  chain bonds. ‘ A v a r i a t i o n  of  a c t i v a t i o n  energy with degree o f  depoly- 

mer iza t ion ,  i n  t h e  present  n o t a t i a n  1/1 It i s  expressed i s  thus  suggested.  ( 2 0 )  
0’ 

as 

I E =  Eo + AE (1 - - )  
Io 

The primary e f f e c t  of t h e  v a r i a t i o n  of a c t i v a t i o n  energy wi th  degree of  

thermal depolymerization i s  obtained i n  t n e  o v e r a l l  regress ion  rate,  as a func t ion  

of m e a n  e f f e c t i v e  fragment s i z e ,  Nw. 

a c t i v a t i o n  energy i n  Equation (201, so t h a t  i decreases both due t o  the  requi re -  

Decreasing N r equ i r e s  a higher  mean 
W 

ment t h a t  more polymer bonds be broken, and t h e  e f f e c t  of a lower absolu te  bond 

breaking rate.  This la t ter  i s  handled i n  t h e  numerical i n t e g r a t i o n  of Equation 

( 1 4 )  b y  d i r e c t  app l i ca t ion  of Equation (231, with  reference t o  local chain length .  

The e f f e c t  i s  clea.rly.unimportant f o r  N > 1 0 ,  o r  equiva len t ly ,  wi th in  t h e  cooler 

polyner regions.  , 



C .  Polymer Degradation - Numerical In t eg ra t ion  

The cases t r e a t e d  a n a l y t i c a l l y  lead t o  an approximation t o  numerically 

c o r r e c t  r e s u l t s  f o r  a py ro lys i s  ra te ,  and t o  a u s e f u l  form of t h e  energy equation 

f o r  numerical i n t e g r a t i o n .  This i s  rewr i t ten  here  as 

-E/R[(T~ - Ti)? -+ T.1 
1 

As i n  t h e  a n a l y t i c a l  t rea tment ,  t h i s  i s  handled numerical ly  as a boundary value 

problem, wi th  K t r e a t e d  as an eigenvalue.  The boundary condi t ions  a re  r e a a i l y  

c i t e d  from t h e  previous sec t ion  as . 
1 

x = 0;  phase change interface 

1 ' W  p = - [ 1 +  - (1 - -)I 
K2 I o  

x + =.; undi.sturbed polymer 

p = o  

A stepwise i n t e g r a t i o n  procedure i s  employed, running from t h e  phase change i n t e r -  

f ace  t o  t h e  T = 0 condi t ion.  I t e r a t i o n  on the  parameter K l eads  t o  s a t i s f a c t i o n  

of t h e  boundary value p = 0 a t  T = 0. The phys ica l  data input  t o  t h i s  t reatment  

1 

are t h e  phase change i n t e r f a c e  temperature Tw, and mean e f f e c t i v e  fragment s i z e ,  

as w e l l  as T and polymer c h a r a c t e r i s t i c s .  There  result cxrves of ? as a fllnction 

of Tw 

witn a constant  thermal d i f f u s i v i t y  case ind ica ted  by dasned l i n e s ,  and t h e  sane 

i 
-1 , with Nw as a parameter.  The r e s u l t s  f o r  PPWA are g iven  as Figure b ,  

' r e s u l t s  cor rec ted  for a varying d i f f u s i v i t y  by the  s o l i d  l i n e s .  This co r rec t ion  

i s  simuly a r a t i o ,  def ined as 



1 2  

where t h e  a v a r i a t i o n  i s  taken from data i n  re ference  22 as a l i n e a r  func t ion  of 

Tw , through known po in t s .  

Direct comparison of  t h e  constant  thermal d i f f u s i v i t y  l i n e s  of Figure 6 with 

t he  a n a l y t i c a l  r e s u l t s  o f  Figure 5 i s  somewhat misleading, due t o  t h e  use  of a 

varying a c t i v a t i o n  energy f o r  t h e  numerical  ca l cu la t ion .  A t  l a r g e r  vapor iz ing  

fragment s i z e ,  t h e  curves are q u i t e  similar. Smaller N leads both t o  a h i g h e r  

s lope  of the  5 vs Tw 

case.  

W 

1/2) and a lower absolu te  l i n e s  (%E than f o r  t h e  a n a l y t i c  -1 

However, f o r  a& given s e t  of constant  parameters,  it i s  follnd t h a t  t h e  

. a n a l y t i c  and numerical  so lu t ions  agree wi th in  a f e w  percent .  I n  subsequent 

d i scuss ions ,  t h e  variable E and a numerical case i s  employed f o r  comparison with 

PMMA pyro lys i s  and combustion data .  

D. Comparis'on y&h Experiment 

There are t w o  c l a s s e s  of experimental  data with which t h e  above t reatment  

of polymer degradat ion can u s e f u l l y  be compared. These are data taken i n  chemically 

i n e r t ,  and i n  r e a c t i v e  atmosphere. The former bear  some c lose  resemblance t o  

t h e  p red ic t ions  of t h e  thermal degradat ion theory .  The 1at ter . lead t o  t h e  concept 

of ox ida t ive  depolymerization as a pressure  s e n s i t i v e  mechanism. i n  hybrid combustion. 

The v a r i a t i o n  of regress ion  rate w i t h  sur face  temperature f o r  thermal  degra- 

da t ion  of PMMA, and of 3 with  Tw as obtained from hybrid combustion measurements, 

are p l o t t e d  on Figure 7. 

The work of Chaiken e t  31. w a s  done w i t h  a hot  p l a t e  system, a t  m e f f e c t i v e  

pressure  o f  2.77 atmospheres. The c l o s e  f i t  of t h i s  theory with t h e i r  da ta ,  i n  

Also ind ica t ed  are several o t h e r  experimental  points. 

- 
terms o f  s l o p e ,  i s  apparent.  Th'e mean e f f e c t i v e  fragment s i z e  g i v i n g ' b e s t  f i t  

i s  reasonable ,  independent of i n t e r p r e t a t i o n .  A mean unzipping length  of four 

t o  t e n  monomer u n i t s  f o r  every thermal i n i t i a t i o n  s i t e  is  i n  ag remen t  v i t h  f:?e 
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r a d i c a l  unzipping mechanisms. Vapor pressure  equi l ibr ium i s  also a f e a s i b l e  

c r i t e r i o n .  "he l i n e  given on Figure 7 as a vapor pressure  c r i t e r i o n *  i s  obtained 
\ 

by app l i ca t ion  o f  t h e  Clapeyron equation t o  s t r a i g h t  chain hydrocarbon data,  and 

assumes a constant  hea t  of vapor i za t ion 'pe r  u n i t  mass of t h e  material i n  quest ion.  

A curve of N agains t  t h e  T requi red  f o r  2.77 atmospheres vapor pressure  i s  

obtained,  and matched wi th  t h e  N - T pyro lys i s  rate l i n e s .  The curve r e s u l t i n g  

is  of t h e  same shape as t h e  d a t a  po in t s  given by Chaiken. Choice of a reference 

W W 

W W 

p ressure  dependence on fragment s i z e  more c lose ly  approximating t h e  (unknown) 

behavior of  'short chain methyl methacrylate could perhaps improve t h e  matching. 

Present  data n e i t h e r  confirms nor  r e f u t e s  t h e  concept of a vapor pressure  equi- 

l ibr ium. Aside from gas gas phase composition measurements f o r  var ious pyrolyzing 

polymers, t h e r e  appears no grounds for choice between these  hypotheses. 

Combustion data are given by McAlevy e t  al. (22) for  what appears t o  be 

e f f e c t i v e l y  a s t agna t ion  p o i n t  laminar boundary l a y e r  s i t u a t i o n .  -These po in t s  

p a r a l l e l  t r e n d s  f o r  t u rbu len t  boundary l a y e r  combustion q u i t e  c lose ly  , altnough 

a t  a higher  w a l l  temperature.  Also, i f  ex t r apo la t ed ,  they i n t e r c e p t  data by 

McAlevy and Hansel ( 2 3 )  from porous p lug  burner experiments. 

i n  s lope  between t h e  curves f o r  thermal degradat ion,  and t h e  data for pyro lys i s  

A d i s t i n c t  d i f f e rence  

i n  r e a c t i v e  environments, i nc lud ing ,hybr id  combustion boundary l a y e r s ,  i s  apparent.  

Below t h e  i n t e r c e p t  of hybrid d a t a  with t h e  thermal degradation curve ,  t h e  

polymer t h e r m a l  degradat ion rate i s  s u f f i c i e n t  t o  allow t h e  observed hybrid 

combustor l i n e a r  regress ion  rates. The o v e r a l l  rate c o n t r o l l i n g  process  should 

then be hea t  t r a n s f e r  from gas t o  condensed phase. Polymer regress ion  r a t e s  

g r e a t e r  than  t h e  i n t e r s e c t  r a t e  require w a l l  temperatures much higher than ob- 

served i n  t h e  c i t e d  experiments,  i f  thermal degradation i s  t o  provide adequate 

depolymerization. It i s  also observed by comparison with Figure 2 t h a t  polymer 

regress ion  r a t e  at t h i s  i n t e r s e c t  i s  close t o  that f o r  which regress ion  ra te  

- - ~  - * See Appendix A f o r  more complete d iscuss ion .  



14 

pressure  s e n s i t i v i t y  becomes apparent ,  as a depar ture  from the  simple laminar 

and tu rbu len t  h e a t  transfer s i t u a t i o n s .  

Since simple thermal degradation does not  l ead  t o  bond breaking rates 

s u f f i c i e n t  f o r  t h e  observed high regress ion  rates with any reasonable e f f e c t i v e  

fragment s i z e  o r  wall temperature,  it i s  c l e a r  tha t  another  mechanism of polly-zer 

de-radation m u s t  ex i s t .  The pressure  dependent behavior  exhib i ted  l eads  imed i -  

a t e l y  t o  t h e  suggestiion t h a t  a r e a c t i v e  gas  phase component i s  involved. There 

are two d i s t i n c t  c l a s s e s  o f  chemical spec ies  which are present  i n  an hybrid 

bpundary layer and which can a f f e c t  c a t a l y t i c a l l y  polymer degradation. 

are unrescted ox id ize r ,  and radicals p re sen t  i n  equi l ibr ium i n  a flame zone. Only 

t h e  former may be expected t o  d i f f u s e  t o  t h e  phase change i n t e r f a c e  througn a 

"laminar sublayer"  flow region.  

These 

The conclusion of McAlevy and Hansel (23)  t h a t  ox ida t ive  a t t a c k  i s  i r r e l e v a n t  

i n  PMMA degradation w a s  based upon tests f o r  which the  minimum 0 concent ra t ion  2 

w a s  9 mole peroent ,  appreciably greater than  necessary f o r  ox ida t ive  a t t a c k ,  and 

s u f f i c i e n t  t o  mask t h e  effect  of any of t h e  add i t ives  employed by them. The 

thermal polymer degradat ion t reatment  given here  suggests  t h a t  s i g n i f i c a n t  ox id i ze r  

a t t a c k  w a s  involved i n  all such py ro lys i s  experiments,  with pressure  dependence 

appearing only a t  py ro lys i s  rates high enough t o  consume a s i g n i f i c a n t  f r a c t i o n  

of t h e  available ox id ize r .  This i n t e r p r e t a t i o n  i s  re inforced  by comparison w i t h  

d a t a  f o r  pressure  dependent combustion of PMMA-Oxygen i n  a laminar flow system. 

There i s  c l o s e  q u a n t i t a t i v e  agreement between t h e  pyro lys i s  rate a t  which pressure  

dependence i s  i n i t i a l l y  observed, and t h e  i n t e r s e c t  of h o t  p l a t e  ( i n e r t  atmosphere) 

data with t h a t  uf McAlevy and co-workers, as ind ica t ed  by Figures 2 ana 7 .  

- The e f f e c t  of ox ida t ive  degradation i s  assumed confined to  a p l ana r  r e g i o n  

nea r ' t he  phase change i n t e r f a c e .  As a f i r s t  e s t ima te ,  t h i s  region is assumed t h i n  

compared w i t h  t h a t  for vhicn thermal degradation i s  important.  .The rate o f  oxit iative 



bond breaking i s  modeled i n  conventional fashion as an Arrhenius r a t e  m u l t i p l i e d  

by re levant  concentrat ions.  The number dens i ty  o f  breakable bonds follows from 

t h e  thermal degradation t reatment  ai  t h a t  requi red  f o r  t h e  assigned ? and T,J. 

Oxidizer concentrat ion wi th in  t h i s  region i s  taken t o  be propor t iona l  t o  i t s  

p a r t i a l  p ressure  as gas a t  t h e  w a l l .  A bond breaking r a t e  follows as  

-E /RT ox w P B e  !z- - -I 
d t  w,th ox ox 

A c h a r a c t e r i s t i c  stay t i m e  f o r  polymer within t h i s  region i s  

tox = a / ;  

where P. i s  the  assumed th ickness  o f  t h e  oxida t ive  degradation region. Within t h i s  

time per iod ,  t h e  number of bonds broken p e r  u n i t  m a s s  of material is  approximately 

-Eo,/ RTw 
P B ~  'w , th  ox ox AI '= 

Some numerical estimates are r ead i ly  obtained from t h i s .  A s  a worst ca se ,  t h e  

r a t i o  A I / I w , t h  may be approximately 0.9. From measurements i n  hybrid systems, 

t h e  molar concentrat ion of oxidizing species  a t  t he  w a l l  is approximately one 

percent .  Act ivat ion energy f o r  ox ida t ive  polymer degradat ion,  and t h e  re levant  

frequency f a c t o r ,  are l e s s  w e l l  e s t ab l i shed .  However, experimental  measurements 

of polymer i g n i t i o n  i n  r e a c t i v e  atmospheres may provide an upper bound on E 

r epor t  Eox t o  be between 5 and 10  K Anderson and Brown 

f a c t o r  is taken t o  be 10 sec  . These assumptions l ead  t o  the  requirement t h a t  

(1s ,161 

ox' 

The frequency c a l  
(14) 

10 -1 

P t ?. 13. a t m  sec c ox 

Choice of a pressure  of 5 atmospheres and $ ?. 1 m.m.  per  pecond.gives as a minimal' 

depth 
- 

11 % 2 cm 
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which i s  cons i s t en t  with oxidat ive a t t a c k  over a depth charac te r ized  by a few 

monomer u n i t  lengths .  Increased combustion pressure  implies  a shallower r equ i r ed  

degradation region,  o r  equiva len t ly ,  more complete degradat ion,  and hence higher  

regress ion  r a t e .  I n  t h i s  l i m i t ,  polymer degradation r a t e  can then become s u f f i c i e n t -  

l y  high t h a t  t h e  e f f e c t i v e  pyro lys i s  rate con t ro l  is by heat  t r a n s f e r ,  so tha t  t h e  

simpler t r anspor t  model pred ic t ion  i s  approached. 

The flux of ox id i ze r  required for t h i s  degradation mechanism can be approximated 

as a worst  case by assuming a s i n g l e  atom of ox id ize r  per  monomer un i t  vaporizing.  

This leads  t o  t h e  approximate result . 

as a m a x i m u m  flux requirement f o r  PMMA. 

a pe r fec t  s ink  w a l l  can give t r anspor t  rates an order  of magnitude g r e a t e r  than 

t h i s .  It can t h e r e f o r e  be suggested t h a t  adequate ox id i ze r  t r anspor t  may e x i s t  

Turbulent t r anspor t  without r e a c t i o n  t o  

t o  permit t h e  hypothesized c a t a l y t i c  polymer degradation a t  observed rates. '  

-- E. Oxidizer Transport  i n  Turbulent System 

Calcula t ion  of oxid izer  f l u x  from f r e e  stream t o  w a l l ,  through the  hybrid 

combustor t u rbu len t  boundary l a y e r ,  is c l e a r l y  a complex problem. However, an 

argument regarding t h e  phys ica l  ex is tence  and approximate magnitude of such a 

flux can be given i n  simple fashion. Both s p a t i a l  t r anspor t  of ox id i ze r ,  and 

des t ruc t ion  of it by chemical r eac t ion ,  proceed a t  any given locus i n  the boundary 

l a y e r .  The former process  is r a t e  con t ro l l ed  by t h e  local t u rbu len t  t r a n s p o r t .  

The chemical r eac t ion  process presupposes molecular s c a l e  mixing between o x i d i z e r  

and f u e l .  Within a local mixed region combustion proceeds a t  a f i n i t e  r a t e .  

Such a mixed region i s  necessa r i ly  small i n  thickness  r e l a t i v e  t o  large s c a l e  

turbulen t  eddies, bu t  i s  assumed very l a r g e  compared with molecular mean f r e e  



pa ths ,  Consideration of r e l a t i v e  r a t e s  o f  ox id i ze r  t u rbu len t  eddy d i s s i p a t i o n ,  

and l o c a l  chemical r eac t ions ,  l eads  t o  a l o c a l  Damk8hler number v a r i a t i o n  which 

taken with an approximate turbulen t  mixing model i s  cons i s t en t  with the  ex is tence  

of a f i n i t e  ox id i ze r  concentrat ion i n  the  region of t h e  polymer su r face .  

A gross approach t o  a miximum local r a t e  of  t u rbu len t  mixing i s  here  based 

upon t h e  standard time c o r r e l a t i o n  funct ion f o r  homogeneous, i s o t r o p i c  turbulence.  

-t/to 
% = e  

The l o c a l  t i m e  rate of loss  of c o r r e l a t i o n  i s  the re fo re  

The re ference  t i m e  sca le .  t may be r e l a t e d  t o  t h e  boundary layer 'geometry as 
0 

Mixing Length = ~6- I" a RT d t  = 

Assuming mixing length t o  be on t h e  s c a l e  of t h e  l a r g e s t  eddy, which may i t s e l f  

approximate t h e  l o c a l  boundary l a y e r  thickness  6 ,  t h e  reference time i s  found 

t o  be - 4 2  2 to = 6 (u' ) 

The time a f l u i d  element,has been subjec t  t o  tu rbu len t  t r anspor t  and mixing 

wi th in  t h e  boundary l a y e r  is approximately i t s  f r e e  stream t r a v e l  t i m e  from 

t h e  leading  edge of t h e  boundary l a y e r .  For a given x ,  y pos i t i on ,  t h i s  corresponds 

t o  

x 6 - y  
U '  6 

t z -  

e 
-. 

The l o c a l  c h a r a c t e r i s t i c  mixing t i m e ,  as determined by loss of l a rge  s c a l e  

tu rbu len t  eddy i d e n t i t y  can the re fo re  be wr i t t en  



- - T mix 
l o c a l  

6 
U e 

( 2 7 )  

where t h e  ve loc i ty  r a t i o  can be t r e a t e d  as a tu rbu len t  i n t e n s i t y  l e v e l  i n  t h e  

boundary layer. Local boundary l a y e r  th ickness  ( 6 )  f o r  t he  hybrid system has 

been t r e a t e d  by Makxman and expressed as (24)  

where 7 ( 1 + 3 + 2  13 4 2 

B 2  I =  
72(1 + 2) 

A v a l i d  conceptual model f o r  t h e  l o c a l  time s c a l e  of chemical r eac t ion  i s  

not  r e a d i l y  ava i l ab le  f o r  t h i s  p a r t i c u l a r  case .  One can w r i t e  an Arrhenius r a t e  

expression,  as w i l l  be done here ,  f o r  t h e  conbustion process.  

t h e  ex is tence  of a continuous flame zone, with a def inable  temperature. Discre te  

However, t h i s  implies  

l oca l i zed  r e a c t i o n  zones might be more accura te ly  considered r a t e  con t ro l l ed  by 

l o c a l  i g n i t i o n  k i n e t i c s .  Use of  t h e  Arrhenius model w i t h  a temperature equal  t o  

t h e  l o c a l  t i m e  averaged temperature of  t h e  f l u i d  must then be considered a l'irst 

approximation. It m e y ,  however, be conservat ive i n  terms of o v e r a l l  ox id i ze r  

t r anspor t .  Assuming t h a t  some reference condi t ions a r e  known, one can w r i t e  

T S T  e x p F [ T - -  E l l ]  

Tre f r eac t ion  ref 

A Damk8hler group may be formed from these  chemical and mixing t i m e s ,  and w r i t t e n  

as 
T r e a c t  ion 

mix 
D =  [ -- 

T ' l o c a l  I 

L I Z -  

- 

e 



I n  t h e  region between t h e  time averaged v i s i b l e  flame zone and the  wall, t h e  

value of D can be taken as an approximate measure o f  t h e  s u r v i v a l  of  ox id izer  

i n  a homogeneous environment. For a locus with D l a r g e ,  one expects t h e  ex is tence  

of  a f i n i t e  l o c a l  homogeneous ox id ize r  concentrat ion.  In  p a r t i c u l a r ,  it i s  

suggested t h a t  oxidizer  d i f fused  through t h e  turbulen t  flame zone as d i s c r e t e  

eddies  m a y  survive i n  a homogeneous mixture i n  the  sub-flame reg ion ,  and d i f fuse  

i n  normal fashion toward t h e  w a l l .  The m a x i m u m  reasonable local concentrat ion of 

ox id i ze r  i n  the  region of small D i s  descr ibed by t h e  l o c a l  c o r r e l a t i o n  equation 

(24) .  With equations (25)  and (261, one f i n d s  

- 

The above equations can b e  compared with da t a  taken from hybrid boundary l aye r  

s imulator  measurements. In p a r t i c u l a r ,  t h e  hydrogen-air experiment repor ted  by 

Wooldridge and Muzzy, (25) with flame speed measurements by Rosenfeld and Sugden (26) 

form a numerical bas i s .  

as 

The corresponding chemical r eac t ion  t i m e  s c a l e  i s  wr i t ten  

% 1.25 lo-’ exp [32500( ; i ; -  1 0.000786)]  [ s e e ]  T chem 

and t h e  mixing t i m e  scale  

T % 0.067 exp [4.36(1 - :)I [ s ec ]  mix 

The Damkahler group i s  t h e r e f o r e  

14, exp ( 3 2 5 0 0 ( &  - 0.00786)l T 
D % ..._- 

exp [-4.36(1 - - $ ) I  

and t h e  local Concentration of unmixed oxid izer  
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These are p l o t t e d  on Figure 8,  toge ther  wi th  experimental  ox id izer  concentrat ion 

measurements given i n  reference 25. The experimental  po in ts  a r e  seen t o  remain 

c lose  t o  free stream ox id ize r  concentrat ion,  and well above t h e  c o r r e l a t i o n  l i n e ,  

f o r  t h e  boundary l a y e r  region above the  flame zone. As t h e  ca l cu la t ed  D decreases 

through un i ty ,  however, measured concentrat ion of oxygen drops toward t h a t  pre-  . 

d ic t ed  by t h e  c o r r e l a t i o n  l i n e .  I n  t he  region c lose  t o  the  w a l l ,  f i n i t e  oxygen 

concentrat ions remain observable,  cons is ten t  w i t h  a f i n i t e  eddy t r anspor t  p robab i l i t y  

and large local Damkdhler number. 

o f  c a r e f u l  t reatment  o f  such i n i t i a l l y  unmixed t u rbu len t  flames. 

These observat ions simply r e in fo rce  the  necess i ty  



21 

111. co~cmIoI?s 
The conhuetion p r i c e s s  in a hybrid rocket  is  w e l l  known t o  e x h i b i t  a posi-  

t i v e  presaure dependence, i n  regimes of high free stream mass flow. This e f f e c t  

is  most c l e a r l y  manifested as a lower polymer f u e l  pyro lys i s  rate a t  low pressures  

than is predic ted  by hea t  t r a n s f e r  a n a l y s i s ,  o r  observed a t  high pressures .  

chemical k i n e t i c  s t eps  i n  the  gas phase heat r e l ease  process ,  and heterogeneous 

Both 

exothermic mechanisms have been pos tu l a t ed  a8 explanatory of t h i s  phenomenon. 

The former appears not t o  take  full account of t h e  bas i c  s t r u c t u r e  of a turbulen t  

flame zone, and t h e  l a t te r  t o  r equ i r e  much h igher  ox id i ze r  concentrat ion a t  t h e  

w a l l  than  i s  observed experimentally.  

This s tudy is concerned with t h e  k i n e t i c s  of polymer degradat ion,  s p e c i f i c a l l y  

PMMA, as a prime rate con t ro l l i ng  s t e p  i n  pyrolysis .  It i s  found a n a l y t i c a l l y  

t h a t  linear pyro lys is  rate,  as a funct ion of w a l l  temperature,  e x h i b i t s  t h e  same 

slope as ho t  p l a t e  py ro lys i s  data, and matches it q u a n t i t a t i v e l y  it it is assumed 

t h a t  a s i n g l e  thennal  chain rup tu re  or i n i t i a t i o n  results i n  e l imina t ion  of s i x  

monomer units. I n  terms of t h e  &gradation k i n e t i c  rate, it i s  inconsequent ia l  

whether these  are considered a s i x  u n i t  chain,  two t r imers ,  or sir ind iv idua l  

monomer units. The pyro lys i s  rate curve for an e f f e u t i v e  fragment s i z e  of  s i x  

i n t e r s e c t s  both laminar and tu rbu len t  combustion data f o r  F versus l / T w  at re-  

gress ion  rates q u a n t i t a t i v e l y  q u i t e  c lose  t o  those fo r  which pressure  s e n s i t i v i t y  

is observed for  t h e  respec t ive  flow regimes. The hypothesis follows t h a t  c a t a l y t i c  

ox ida t ive  a t t a c k  i s  responsible  f o r  the excess of  polymer degradation required 

f o r  high py ro lys i s  r a t e s  a t  observed hybrid combustor w a l l  temperatures ,  r e l a t i v e  

t o  t h a t  due t o  thermal degradation. Such a mechanism gives pyro lys i s  r a t e s  i n -  

c reas ing  with oxid izer  concentrat ion at  t h e  wall, u n t i l  a pyrolysis rate corresponding - 
t o  t h e  heat  t r a n s f e r  l i m i t  is reached. The r e q u i s i t e  ox id i ze r  concentrat ion a t  

t h e  wall i s  found t o  be comparable w i t h  measured va lues ,  end t h e  naximum w a b i e  
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f l u x  is compatible with turbulen t  t r anspor t  through a r eac t ion  zone. “he th ickness  

o f  t h e  condensed phase region which must be sub jec t  t o  auch a t t a c k  i s  found t o  

be equivalent  t o  o r  less than  a few monomer unit l eng ths ,  so t h a t  one can i n  f a c t  

speak of a su r face  degradation process.  

Comparison of t h e  hypothesized mechanism w i t h  ava i l ab le  data y i e l d s  no qua l i -  

t a t i v e  disagreement. In  t h e  s p e c i f i c  case o f  PMMA - oxygen combustion, agreement 

between theory and experiment approaches q u a n t i t a t i v e .  

Numerous areas of incomplete knowledge axe evident  i n  t h i s  study. These most 

notably include d e t a i l s  of polymer fragmentation, and k i n e t i c s  of oxida t ive  degra- 

dat ion.  “he former i a  important v i t h  respec t  t o  q u a n t i t a t i v e  matching condi t ions 

between gas phase and sur face ,  t h e  l a t t e r  f o r  p red ic t ion  of a c t u a l  py ro lys i s  r a t e  

under pressure  dependent condi t ions.  Also, knowledge of mmbustion and t r anspor t  

processes i n  a tu rbu len t  boundary l a y e r ,  while c l e a r l y  adequaze f o r  time averaged 

hea t  transfer estimates, is no t  s u f f i c i e n t  f o r  an understaading of free stream 

spec ies  t r a n s p o r t  thmugh a combustion region t o  t h e  w a l l .  This las t  area is  

subjec t  t o  experimental  study by t h e  present  i nves t iga to r s .  
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APPENDIX A 

VAPORIZABLE FRAGMENT SIZE CRITERIA 

The treatment given above i n d i c a t e s  t h a t  t h e  l i n e a r - r e g r e s s i o n  rate 

of a p o l p e r  i 8  c lose ly  coupled w i t h  t h e  m e a n  number of mnomer units 

as soc ia t ed  with a polymer chain bond rupture .  

in tro ways .  

This number may be i n t e q r e t e d  

As is i m p l i c i t  i n  t h e  preceding s e c t i o n s ,  the  nllinber of monomer 

units 

ms~ly polymers. This i s  t h e  i n t e r p r e t a t i o n  o r i g i n a l l y  suggested by Rabinovitch. 

A l t e r n a t i v e l y ,  one can conceive of t h e  poin t  rup ture  of a PMMA chain as t h e  

be t r e a t e d  as a s i n g l e  vapor iz ing  fragment of chain length  NV f o r  

(11) 

i n i t i a t i o n  of a very rap id  local degradation process  r e s u l t i n g  i n  a number of 

ind iv idua l  lfYZnomer units. 

and -her discueaed by Magler. (I3) For an e f f e c t i v e  fragment s i z e  at  t h e  phase 

( 19) This i n t e r p r e t a t i o n  was put  fanward by Madorsky, 

change interface of seve ra l  monomer u u i t s ,  both these  i n t e r p r e t a t i o n s  me 

eqsaivalent v i t h  respect to t h e  k i n e t i c  thermal degradation treatment o f  Sec t ion  11, 

A and B. 

t h e  true fragment s i z e  vaporizing, bu t  on the number of thermal depolymerization 

. 

Polymer py ro lys i s  k i n e t i c  rate at an assigned Tw is aependent not on 

po in t s  involved. 

The chemical s t r u c t u r e  of py ro lys i s  products i s  however of dominant i nqor t  

wi th  respec t  t o  matching condi t ions a t  t h e  phase change i n t e r f a c e .  Both the  

fragment vapor pressure  r e l a t i v e  t o  combustion chamber p re s su re ,  and t h e  e f f e c t i v e  

hea t  of pyro lys i s  o f  t he  polymer are dependent upon this. 

s i t u a t i o n s  c i t e d  above a re  discussed i n  the following paragraphs. 

Both of the poss ib l e  

It is first aesumed t h a t  a t  t h e  phase change i n t e r f a c e ,  t he  gas phase i s  

composed e s s e n t i a l l y  of  only  fuel. molecules, with  a d i s t r i b u t i o n  of fragment 

s i z e s  n < l  represented,  and tha t  they are i n  vapor pressure  equi l ibr ium wi th  the 

condensed phase,  a t  t he  i n t e r f a c e  temperature.  The sum of t h e  partial pressures 
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of the various fragment sizes must then equal t h e  local s t a t i c  pressure  Pc, o r  

It  is useful to approximate the  temperature dependence of spec ie s  vapor p re s su re  

by means of the Clapeyron equat ion ,  v i z :  

vhere Hvn $s the l a t e n t  h e a t  of vapor iza t ion  per mole of spec ie s  n. 

from t a b u l a t i o n s  of Hv f o r  families of o rgsa i c  compounds t h a t  it i s  approximately 

cons tan t ,  taken on a mass b a s i s ,  or propor t iona l  t o  molecular w e i g h t ,  f o r  a given 

It i s  found 

- family. The npor pres su re  of a polymer fragment of size  n is then expressable  

J 

With Equation 22, t h i s  gives 

where Hm is t h e  molar heat of vapor iza t ion  of t h e  mononer. 

Combustion chamber pressure must be regarded as be ing  s e t  independently of 

t he  h e 1  pyro lys i s  processes.  

ex t en t  defined experimentally.  

general  i n  Equat ion(33)not  being s a t i s f i e d .  

Also, the i n t e r f a c e  temperature Tw is t o  some 

Arb i t r a ry  s e l e c t i o n  of a Tx and P r e s u l t s  in 
C 

Summing to one minimum fragment s i z e  

leads t o  pressure less t h a n  Pc, while t h e  next smaller Nmin results i n  an excess - 
polymer vapor pressure .  Two means of avoiding t h i s  d i f f i c u l t y  &an be considered. 

Vapor pressure equilibrium may beessumed for  a l l  fragment s i z e s  greater than  N m i 3  ' 
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v i t h  its vapor pressure cont r ibu t ion  just s u f f i c i e n t  t o  sum t o  Pc. This implies 

that the fragment of s i z e  n = Amin vaporizes at a rate con t ro l l ed  solely by t h e  

k i n e t i c  rate of its production. Alerna t ive ly ,  it could be assumed t h a t  a l l  

fragment size8 including the smal les t  allowed are in vapor pressure  equi l ibr ium,  

and that  Equat ion(33) i s  satisfied by permi t t ing  Tv t o  f l o a t  over a small range. 

These choices must be considered with re ference  t o  an energy equation and t h e  

k i n e t i c  rate equation. 

The assumption of vapor preesure  equi l ibr ium between t h e  gas phase polymer 

The m a s s  f lux  of gas fragments and condensed phase leads t o  a =her  problem. 

from the surface is equal  t o  p F  $, and, i n  terms of fragment vapor pressures, 

t h i s  is 

. 

This then imposes a requ’irtmcnt on t h e  r e l a t i v e  vaporizabion rates of t h e  various 

fragment s i z e s ,  and hence on the composition of t he  degraded polymer a t  t h e  bhase 

change i n t e r f a c e .  In order  t h a t  such a composition exists t h e r e ,  i n  genera l  it 

. m u s t  be assumed that fragments migrate by d i f fus ion  within the  polymer. This 

mechanism, although not necessa r i ly  unimportant, has not  been included i n  the 

polymer degradation PLodel. 

The o v e r a l l  energy balance f o r  a pyrolyzing ma te r i a l  i s  commonly w r i t t e n  as 
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and the quen t i ty  h 

d iscuss ion ,  hawever, that h 

and interface temperature.  

treated as B cnnstant.  It is  c l e a r  from the  preceding 
P 

i s  i n  f a c t  coupled with t h e  vaporizing fragment s i ze  
P 
It is here expressed as 

A first quest ion of i n t e r e s t  is whether the full set of equat ions descr ib ing  

polymer degradation and t h e  matching condi t ions has  a real so lu t ion .  

of them does i n d i c a t e  t h a t  a p r i o r i  s p e c i f i c a t i o n  of Pc &d 

Examination 

does lead  t o  a 

unique Tv and e, as w e l l  as a vaporizing fragment s i z e  d i s t r i b u t i o n .  

of  vhether  t h e  smallest f'ragmcnt included gives its -1 vapor pressure  at Tw, 

or only t h a t  f r a c t i o n  s u f f l c i e n t  t o  provide t h e  assigned Pc , has not been answered. 

The quest ion 

F'yrolysis of sll 'polymer as monomer i s ,  as noted above, k i n e t i c a l l y  feasible 

w i t h  t h e  sub jec t  analysis, i f  the  a l t e r n a t i v e  i n t e r p r e t a t i o n  ( l 3 ,  l9l0f N~ is taken. 

The energy balance f o r  t h e  polymer su r face ,  Equations 34 and 35, is c l e a r l y  a f f e c t e d ,  

hoverer.  

than for t r i m e r ,  at  a s p e c i f i e d  wall temperature. Since i n  convent iona l - turbulen t  

heat t r a n s f e r  models h 

appears aa B 0*23 , assuming trimer r a t h e r  than monomer pyro lys i s  leads t o  only a 

f i f t e e n  percent  increment i n  ca l cu la t ed  . The a c t u a l  vaporizing fragment s i z e  

The e f f e c t i v e  hea t  of pyro lys i s  is about 80% g r e a t e r  f o r  PMMA monomer 

appears only i n  t h e  thermochemical parameter B ,  which i t se l f  
P 

l e  t hus  no t  t o o  s i g n i f i c a n t  i n  t h e  energy t r a n s p o r t  model. 

Choice of monomer 82) pyrolys is  product ,  rather than  t h e  k i n e t i c a l l y  effective 

fragment s izes ,  r equ i r e s  a d i f f e r e n t  i n t e r p r e t a t i o n  of  pres5ure matching cor .di t ions.  

It is r ead i ly  shown t h a t  the  vapor pressure of methyl methacrylate a t  real w a l l  - 
' temperatures i s  appreciably higher  than any combustion pressure  of interest. The 

assumption of vapor pressure  equi l ibr ium is therefore clearly not tenable. I t  

must be assumed t h a t  monomer vapor pressure approximates combustion pressure, a t  



the w a l l ,  and that monomer vaporlzes e s s e n t i a l l y  as fast as produchd, rhile l a r g e r  

fragarnt -sizes remain i n  the condensed phase u n t i l  broken.* 

In general, t h i s  is  a simpler mathematical system than  i s  the case of large 

fragment vapor pressure equilibrium. 

ment s i z e  defines ? . The linear pyrolysis  rate and wall temperature, in the 

Specif icat ion of T and en effective frag- 
W 

energy matching condition, give a requis i te  heat flux t o  the w a l l .  

* It is  recognized that small fragments, with f i n i t e  vapor pressure, contr ibute  
a small smomt to the f ie1 vaporization rate.  
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