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ABSTRACT 

Thermophysical and thermochemical material property data and a h l a c i o n  

test data have been compiled for three charring ablators: low-deksity nylon 

phenolic, the Apollo heat shield material, and a filled silicone elastomer, 

These data are representative of the published data on these three natersals, 

Comments are made on the accuracy and credibility of these data, A l s o ,  the 

analysis of the ablation test data, with the NASA Langley Research Center 

Charring Ablation Program (CHAP), is discussed. 
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SECTION 1 

INTRODUCTION 

The present program aims to define the range of applic 

Langley Research Center Charring Ablation Program (CHAP), descrsrod 

References 1-1 and 1-2, using two versions of CHAP to predict tesc daea cver 

a wide range of conditions for three charring ablators: law denc icy  r y l a r  

phenolic, the Apollo heat shield material, and filled silicone e;ns;oner,* 

The program has two major tasks, scheduled to run successive%y, 'yasie 9: 

involves the collection of material properties data and ablation test da1.a 

and the conduct of qualifying calculations to demonstrate success~uL operation 

of the CHAP code, For reporting purposes, Task I is organized i n c o  scb- 

tasks as follows: 

Task Activity 

I Properties and Test Data Collection; 

Qudiifying Calculations 

I .1 Properties Collection 

1 - 2  Test Data Collection 

1 - 3  Establishment of Agreement Criteria; 

Qualifying Calculations 

1.4 Reporting and Review 

Task I1 will involve extensive computer runs to deter~~lrne m e  set.. ?.it 

thermophysical and thermochemical properties for each kind of maocriaE ajd rne 

range of applicability of the CHAP proqram for each material, 

The present report is the Task L Final Report. It prese2t: t h ~  J?C t e r ra1  

properties data and ablation test data which will subsequently be dsed in 

Task 11, and describes the results of the qualifying calculati~ns with ti-" 

simpler CHAP I version of the ablation code*". Section 2 presenta the pzc- 

perties data; Section 3 describes the ablation test data, and S e c L ~ o n  4 

*The thrust of this program is toward possible space shuttle studles, w h ~ c h  
will feature lower density materials, The three materials chosen represent 
a compromise between similarity to shuttle candidate materials on the one 
hand and the current availability of sufficient test data on the other, 

**Chap I1 includes a complex "coking" or char densification model, S ~ n e a  no 
good test data exist to evaluate this code, qualifying eaEcu l a t so r s  arc Less 
applicable, 

1- 1 



n t  c r i t e r i a  and t h e  qua l i fy ing  c a l c u l a t i o n s .  Because of 

r epo r t ed ,  r e f e r ences ,  f i g u r e s  and t a b l e s  a r e  numbered by 

n number p r e f i x e s )  and a r e  piaced a t  t h e  end of t h e  i n d i -  

S. Tompkins of t h e  Mater ia l s  Div is ion ,  Langley Research 

r g i n i a ,  was t h e  t e c h n i c a l  r e p r e s e n t a t i v e  f o r  t h i s  p r o j e c t .  

REFERENCES 

d  Pit tman, Claud M.: Numerical Analysis  of t h e  
f  Advanced Thermal P ro t ec t i on  Systems f o r  Atmos- 
TN D-1370, July 1962. 

T.,  Pit tman, Claud M.,  and Smith, J. C.: One-Dimensional 
y s i s  of t h e  Trans ien t  Response of Thermal P ro t ec t i on  Sys- 
D-2976, September 1965. 



SECTION 2 

PiiATERIAL PROPERTIES 

t ies  d a t a  on t h r e e  m a t e r i a l s ,  d e f i n e d  a s  fo l lows :  

e Low d e n s i t y  nylon p h e n o l i c ;  coinposi t ion by mass of 

nylon ( c l o t h  o r  powder) ; norninal v i r g i n  d e n s i t y  a  

a Low d e n s i t y  s i l i c o n e  e l a s t o m e r ;  composi t ion  by ma.ss 

78  p e r c e n t  s i l i c o n e  e las tomer  (polydiniethyl  s i l o x a n  

phenyl/dimethyl  s i l o x a n e ) ,  12 t o  16 p e r c e n t  hollow 

s p h e r e s ,  8 t o  12 p e r c e n t  hollow p h e n o l i c  microsphe 

e Apollo h e a t  s h i e l d  m a t e r i a l ,  comme~:cially d e s i g n a t e  

wi th  s i l i c a  f i b e r s  added., gunned i n t o  p l i eno l i c / f ibe rg lz ,  

cor~lb; nominal d e n s i t y  3 2  l b / f t 3  

P r o p e r t i e s  t o  be covered inc luded  t h o s e  p r o p e r t i e s  r 

t o  t h e  CHAP code: v i r g i n  and c h a r  d e n s i t i e s ,  :py ro lys i s  k i n e  

cliernical i n f o r m a t i o n ) ,  h e a t  of p y r o l y s i s  ( o r  e q u i v a l e n t  heat 

f o r m a t i o n ) ,  and t h e  s p e c i f i c  h e a t  of t h e  p y r o l y s i s  g a s e s ,  

The fo l lowin9  s u b s e c t i o n s  surnlnarize t h e  d a t a  o b t a i n e d ,  

r i a l ,  a  d e s c r i p t i v e  summary t a b l e  i d e n t i f i e s  t h e  s o u r c e s  of a 

cons ide red ;  i n f e r e n t i a l  p r o p e r t i e s  (such a s  p r o p e r t i e s  '"bac2r 

a b l a t i o n  t e s t  d a t a  w i t h  c h a r r i n g  a b l a t o r  computer codes)  wer 

t u r e  range  cons ide red  by each of t h e  xeasurernents ,  t h e  mate 

i n  each c a s e ,  t h e  nethod enlployed, and t h e  r e p o r t e d  accuracy  

inents ( u s u a l l y  n o t  g i v e n ) .  The t a b l e s  a l s o  g i v e  an e s t i m a t e  

accuracy of t h e  d a t a .  Th i s  e s t i x a t e  was a r r i v e d  a t  i n  each c 

2-1 



The r e p o r t e d  random e r r o r  of  t h e  measurement t echn ique  and/or  

apaarat tzs  

The observed randomness i n  t h e  r e p o r t e d  d a t a  

The s c a t t e r  i n  t h e  d a t a  f o r  d i f f e r e n t  m a t e r i a l  specimens o r  

saxples 

e Any a n t i c i p a t e d  b i a s  i n  t h e  d a t a  

These e s t i m a t e s  a r e  of n e c e s s i t y  somewhat c rude ;  t h e y  do p r o v i d e ,  however, a  

u s e f u l  idaa oT the approximate n a t u r e  of t h e  d a t a .  

T h e  a c t u a l  d a t a  a r e  p r e s e n t e d  i n  graphs  and t a b u l a t i o n s .  I n  most c a s e s ,  

the ama~zrzts o f  d a t a  p o i n t s  a r e  s u f f i c i e n t  t o  have a l lowed t h e  o r i g i n a l  r e p o r t e r s  

t o  draw a l i n e  of '%best i n t e r p r e t a t i o n " ;  i n  such c a s e s  it i s  t h i s  l i n e  which 

i s  reported, and n o t  t h e  o r i g i n a l  t e s t  d a t a .  

2 - 1  LOX-DEL(U'S1TY NYLOE PIIENOLIC 

T h e  low d e n s i t y  nylon p h e n o l i c  cons ide red  h e r e  has  been ve ry  thoroughly  

studied, The t a b l e s ,  g raphs ,  and t a b u l a t i o n s  of t h i s  s e c t i o n  summarize t h e  

data e x t r a c t e d  from t h e  l i t e r a t u r e .  Table  2-1 summarizes p e r t i n e n t  i n f o r m a t i o n  

about  t h e  data sources  f o r  nylon-phenol ic .  

2 Thermal Conduc t iv i ty  

Table 2- 2 suna:arizes t h e  the rmal  c o n d u c t i v i t y  s o u r c e  of i n f o r m a t i o n .  

Table  2-3 suinr,arrzes t h e  vircrin i n a t e r i a l  the rmal  c o n d u c t i v i t y  a s  a  f u n c t i o n  of 

t e ~ a p e r a t u r e :  the same d a t a  i s  shown i n  F i g u r e  2-1. 

T a b l e  2-4 and F i g u r e  2-2 ? r e s e n t  t h e  cha r  c o n d u c t i v i t y  a s  a  f u n c t i o n  

of tea12eratrxre. The r e 2 o r t e d  d a t a  cover  a  ve ry  wide r a n g e ,  i n d i c a t i n g  t h a t  

cha r  c o n d u c t i v . ~ t y  i s  a  f u n c t i o n  of o t h e r  pdrameters  b e s i d e s  t e r r~pera tu re .  Var i -  

ous additional c o r r e l a t i n g  parameters  have been sugges ted :  

e 'The " c h a r r i n y "  o r  "pre-char"  tex!?erature,  i .e. , t h e  h iy l i e s t  tentpera- 

ture which t h e  specimen has  e v e r  reached 

e The len5, th of t i m e  t h e  specirien was exnosed t o  t h i s  c h a r r i n g  

tell p e r a t u r e  

T h e  c h a r r i n g  h e a t i n g  r a t e ,  o r  t empera tu re  r i se  r a t e  d u r i n g  t h e  

charrinq p r o c e s s  (which c o n t r o l s  t h e p o r e s i z e  and o t h e r  mechanical  

f e d t ~ r e s  of t h e  c h a r )  

e The zmbient p r e s s u r e  and atmosphere 



These sugges t ed  c o r r e l a t i n g  parameters  a r e  i n t e n d e d  t o  c l a r -  

way t h e  p r e s e n t a t i o n  of  t he rma l  c o n d u c t i v i t y  d a t a  which a r e ,  

of t h e  e n t i r e  p rev ious  h i s t o r y  of t h e  specimen. A t  t h e  p r e s  

tempts  t o  c o r r e l a t e  i n  t e r m s  of t h e  f i r s t  a d d i t i o n a l  v a r i a b l  

t r i e d ,  s i n c e  d a t a  on t h e  o t h e r s  a r e  s p a r s e  and o f t e n  n o t  r epo  

hope t o  c o n s t r u c t  a  p l o t  w i t h  a  form l i k e  t h e  one shown i n  t h  

kc 

-7- 

The d a t a  of  F i g u r e  2-2 do n o t  a l l o w  t h e  c o n s t r u c t i o n  of  an  o 

t h i s  t y p e ,  however. 

The major p a r t  o f  t h e  p y r o l y s i s  o f  nylon p h e n o l i c  occu 

1 1 0 0 ~ ~  and 1 4 0 0 ~ ~ .  Thermal c o n d u c t i v i t y  d a t a  f o r  t h i s  temper 

( e x c e p t  f o r  m a t e r i a l s  p re -char red  a t  a much h ighe r  t empera tu r  

Th i s  l ack  of d a t a  l e a v e s  open t h e  i n t e r e s t i n g  q u e s t i o n  of con 

f o r  t h e  p y r o l y s i s  zone of p a r t i a l l y  d e ~ r a d e d  m a t e r i a l .  R e f e r  

some d a t a  f o r  p a r t i a l l y - p y r o l y z e d  h igh  d e n s i t y  nylon p h e n o l l c  

t h a t  t h e  c o n d u c t i v i t y  f o r  such  m a t e r i a l  may be lower t h a n  t h e  

s u b s t a n t i a l  amounts. 

2.1.2 S p e c i f i c  Heat 

Table  2-5 surnrnarlzes t h e  s o u r c e  i n f o r m a t i o n  f o r  spec  

rnents. F i g u r e  2 - 3  shows t h e  v i r g i n  m a t e r i a l  s p e c i f i c  h e a t  

up t o  a  l i t t l e  ove r  1 2 0 0 ~ ~ .  Apprec i ab l e  p y r o l y s i s  of  t h i s  m 
abou t  t h i s  t empera tu re .  These d a t a  a r e  t a b u l a t e d  i n  Table  2- 

2 -3  



Table  2-1 and Figure  2-4 p r e s e n t  t h e  char  s p e c i f i c  h e a t  f o r  low d e n s i t y  

nylon phenolic, TFae d a t a  show good consis tency s i n c e  t h e  char  i s  very nea r ly  

pure  carbon* t h e  complexi t ies  a f f e c t i n g  t h e  thermal conduc t iv i ty  d a t a  a r e  

l a r g e l y  x r re levan t  i n  t h i s  case .  

2,1,3 E m i  tkance ----- 

Table 2 - 8  summarizes t h e  emi t tance  source d a t a  f o r  nylon phenol ic .  Table 

2-9 and Figure 2-5 presen t  t h e  a v a i l a b l e  emi t tance  d a t a  f o r  t h e  cha r s  of low 

d e n s i t y  nyzrloc-,311enolic. Reported va lues  a t  a  given temperature vary;  a t  2 8 5 0 ~ ~  

for example tl:is va lues  range from 0.60 t o  0.93, a  s u b s t a n t i a l  v a r i a t i o n .  Dif-  

fe rences  i n  reported ernittance presumably stem from 

s The Zi'qerent s u r f a c e  appearances caused by d i f f e r e n t  hea t ing  r a t e s  

o Scr face  coa t ings  formed of compounds of t r a c e  s p e c i e s  e x i s t i n g  i n  

t h e  v i r g i n  m a t e r i a l  

The depressiloi; zn t h e  enli t tance values  of Reference 2 - 1  i n  t h e  domain 3 0 0 0 ' ~  

t o  40CO0i? i s  ae l i eved  due t o  t h i s  l a t t e r  p o s s i b i l i t y .  

2 , 1 , 4  Pyro lys i s  Kine t i c s  

R e f e ~ e n c e s  2-5 and 2 - 1 1  p r e s e n t  p y r o l y s i s  k i n e t i c  d a t a  i n  reduced form, 

as derived from thermogravimetric l abora to ry  d a t a .  I n  t h e  case  of Reference 

2-5 t h e  reducad d a t a  a r e  presented  a s  t h e  cons tan t s  i n  an equat ion  of t h e  

form 

where 

where the ri i -dex i d e n t i f i e s  a  s p e c i f i c  r e a c t i o n  from t h e  TGA d a t a  (which may 

or hay n o t  be readily a s s o c i a t e d  wi th  any s p e c i f i c a l l y  i d e n t i f i a b l e  p y r o l y s i s  

mechanism), and the s u b s c r i p t s  o  and r i d e n t i f y  o r i g i n a l  ( v l r g i n )  and r e s l d u a l  

(char-states. Reference 2-5 r e p o r t s  t h e  fol lowing va lues  f o r  t h e  k i n e t i c  con- 

stants In Equataon ( 2 - 1 )  : 





Reference 2-12 p r e s e n t s  r a t e  cons tan t s  f o r  a  v a r i e t y  of pheno l i c  

cons tan t s  a r e  based, however, on a  s i n g l e  component p y r o l y s i s  

i g h t l y  d i f f e r e n t  from Equation (2-1) above 

n- 1 
d p = -  
de ..Po [Po rOpr] (2-4) 

a l u e s  f o r  kf should be m u l t i p l i e d  by t h e  f a c t o r  [ ( p o  - p r ) / p o ] n * l  t o  

va lues  f o r  comparison t o  va lues  from References 2-5 and 2-11. 

do no t  t a b u l a t e  Farmer 's  d a t a  he re  s i n c e  t h e  phenol ics  used a r e  n o t  

e phenol ics  used i n  t h e  m a t e r i a l s  of i n t e r e s t  i n  t h i s  program. The 

s provide, however, much background d a t a  of genera l  i n t e r e s t .  

on e i t h e r  of t h e  two p y r o l y s i s  equat ions  (2-1) and (2-4) a r e  

u l  a s  CHAP code i n p u t ,  s i n c e  t h e  computer program p y r o l y s i s  

i s  based on t h e  " r e a c t i o n p l a n e "  approximation t h a t  t h e  t o t a l  pyroly- 

n t h e  m a t e r i a l  i s  given by 

the temperature a t  t h e  c u r r e n t  l o c a t i o n  of t h e  p y r o l y s i s  p l a n e ,  
desc r ibes  how t h e  repor ted  d a t a  can be r e l a t e d  t o  t h e  cons tan t s  

or  CHAP inpu t .  

of Formation o r  Heat of Pyro lys i s  

heat of p y r o l y s i s  f o r  a  nylon phenol ic  (60% r e s i n ,  4 0 %  nylon) has 

Led i n  Reference 2-20 a s  200 + 20 Btu/lb. Heat of combustion i n f o r -  

uslsd t o  compute t h e  fol lowing h e a t s  of formation a t  25OC: 

= -959 Btu/lb 
nylon 6-6 

AH = -823 Btu/lb 
phenol ic  
r e s i n  

p y r o l y s i s  gas compositions were v e r i f i e d  by us ing t h e s e  h e a t s  

compute a  h e a t  of p y r o l y s i s  which compared we l l  wi th  t h e  re-  

ted above. Appendix G of Reference 2-20 l is ts  t h e  f i n a l  recom- 

on; t h e  i n f e r r e d  h e a t  of formation f o r  t h i s  " b e s t  e s t ima te"  

w a s  no t  r e p o r t e d ,  however. 

2-6  



2.1.6 Specific Heat of Pyrolysis Gas 

Using the "best estimate" pyrolysis gas composition o b t a i n f S  Ln t h e  man- 

ner described in Section 2.1.5 above, Reference 2-20 reports Eronerl .;nd eq,I~. l ib-  

rium specific heats for the pyrolysis gas. These are plotted In l-rgzre 2-3 and 

tabulated in Table 2-10. 

2.1.7 Surface Oxidation Kinetics 

The basic thermochemical ablation model of the CHAP code 1s one of car- 

bon oxidation. At low temperatures, the oxidation rate is controhded ky ei:emf-- 

cal kinetic factors: represented in the code by the relation 

The user must specify as input the pre-exponential factor Ak, the ? C Z L ~ " ? ~ : L ~ : :  

energy Bk, and the reaction order n. 

The literature search did not discover any experimental w o r k  specrf-tally 

aimed at quantifying the oxidation kinetic constants for nylon plienoLic chc,rs, 

Many experiments have of course been done on carbon oxidation !cineticst 'kc., 

since these are observed to depend strongly on the physical stake o f  rtie sur- 

face and on small amounts of impurities in the carbon, it is not feic chat the 

resulting data are particularly relevant to chars. For reference? pdrposes ,  it 

is customary to use "Scala fast" kinetics (Reference 1-2), which are 

An alternative set of "slower constants suggested in the cont..rack td~c;rk stece- 

ment is 

n = l  

2 Ak = 1 x 101° lb/ft sec-atm 

Bk = 76.500~~ 

The CHAP code surface oxidation formulation of Reference I-; alsc x n t r o -  

duces a constant X representing the mass of char removed per mass cf oxyge? re- 

acting at the surface. For a carbon char such as that of nylon p h e w l i c ,  ! = 

0.75, representing the ratio of the molecular weight of carbon to rhat of :>xygen. 

For very high temperatures, sublimation is an important meckanisrn of ear- 

bon removal. It is modeled in the CHAP code with an exponential l a w  r e q u i r i n g  

input constants. The cases of interest in the current study aLI f a l l  beloi-i sub- 

limation temperatures; hence the literature review did not cover slblimatisn, 



AT 5026-39-HC/G 

l des ignated  Avcoat 5026-39 i s  a  pheno l i c  novolac r e i n f o r c e d  

and l igh tened  wi th  phenol ic  Microballoons. The manufacturer  

composition of t h i s  m a t e r i a l  a s  p r o p r i e t a r y  informat ion ,  

p o l l o  h e a t  s h i e l d  m a t e r i a l ,  t h e  composition i s  hand- f i l l ed  

1l.s of a low d e n s i t y  phenol ic  g l a s s  hexagonal honeycomb (HC) with  

t e  t h e  impor tant  p r a c t i c a l  use of t h i s  m a t e r i a l ,  

are r e l a t i v e l y  s c a r c e ,  p a r t i c u l a r l y  a t  high temperatures." Fur ther-  

e ob ta inab le  only from informal  r e p o r t s  pub l i shed  

compressed schedules dur ing  t h e  Apollo development program; 

ng d e t a i l  has no t  beenincluded i n  t h e  r e p o r t s .  

2-ih p r e s e n t s  t h e  d a t a  source surrutlary informat ion  f o r  Avcoat, Spe- 

sed i n  t h e  fol lowing subsec t ions .  

t h e  thermal conduc t iv i ty  source informat ion  f o r  

7 shows v i r g i n  m a t e r i a l  thermal conduc t iv i ty  up t o  1 4 0 9 ' ~ ,  

o s i t i o n  of Avcoat begins a t  about  1000°R; decomposition i s  

1 4 0 0 ' ~ .  Table 2-13 l i s t s  t h e s e  v i r g i n  m a t e r i a l  conduc t iv i ty  

and Figure  2-8 p r e s e n t  Avcoat char  thermal conduc t iv i ty  a s  a  

m ~ e r a t u r e .  The d a t a  a r e  s p a r s e  and s c a t t e r e d .  

e 2-15 l i s t s  t h e  summary d a t a  source informat ion  f o r  Avcoat s p e c i f i c  

E. 2-9 shows s p e c i f i c  h e a t  d a t a  f o r  both v i r g i n  m a t e r i a l  and a  num- 

pre-chars f o r  va r ious  c h a r r i n p  tempera tures ,  a s  w e l l  a s  some f l i g h t  

?'he d a t a  show a  good decreas inq parametr ic  t r e n d  of C ( T )  curve- 
P  

th pre-char temperature.  Table 2-16 l i s t s  t h e s e  d a t a .  

he d a t a  source summary f o r  Avcoat erni t tance,  Table 

e 2-10 p r e s e n t  t h e  emi t tance  d a t a  f o r  Avcoat cha r s  and one v i r g i n  

i n g  t h e  t e s t .  

o r t s  (Refs.  2-21 - 2--24) were mostly concerned wi th  f l i g h t  
a s i c  a b l a t i o n  mechanism s t u d i e s ,  wi th  p roper ty  va lue  d e t e r -  
g  a  c e n t r a l  r o l e .  This  emphasis r e s u l t e d  from an obvious 
t: t h e  m a t e r i a l  response needed t o  be c l a r i f i e d  be fo re  in l -  

u t i n g  procedures could be used. 



2.2.4 Pyro lys i s  Kine t i c s  

Reference 2-24 l is ts  reduced TGA d a t a  f o r  Avcoat 5026-39-MC/G, based 

on a  s i n g l e  component model. These d a t a  a r e  apparen t ly  based on Equation 2-1, 

although t h e  d i scuss ion  i s  unclear  on t h i s  p o i n t .  The d a t a  presented a r e  as 

fo l lows : 

T e s t  
"'Jo . 

- -- -"- - - - 

This d a t a  r educ t ion  apparent ly  encompasses a l l  worthwhile d a t a  coLLected prev i -  

ous t o  1969, s p e c i f i c a l l y  inc lud ing  t h e  unreduced TGA d a t a  r epor ted  in Reference 

2-23. 

2.2.5 Heats of Formation o r  Heat of Pyro lys i s  

No reduced h e a t  of formation da tawere  discovered.  References 2 - 2 1  and 

2-23 p r e s e n t  some bona ca lo r ime te r  h e a t  ofcombustion d a t a ,  b u t  these values may 

be inf luenced t o  an undetermined e x t e n t  by r e a c t i c n s  between silica and carbon 

i n  t h e  cha r .  F igure  2-11 shows t h e s e  d a t a .  

No h e a t  of p y r o l y s i s  d a t a  a r e  r epor ted  i n  t h e  l i t e r a t u r e ,  

2.2.6 S p e c i f i c  Heat of Pyro lys i s  Gas 

The l i t e r a t u r e  has no d a t a  on t h e  p y r o l y s i s  gas  of Avcoat 5026-39, 

2.2.7 Surface Oxidation Kine t i c s  

The genera l  thermochemical a b l a t i o n  rnodel of CHAP i s  d i scussed  I n  Sec- 

t i o n  2.1.7. A s  was t h e  case  wi th  nylon pheno l i c ,  no s p e c i f i c  d a t a  e o v e r i r g  t h e  

ox ida t ion  k i n e t i c s  of Avcoat 5026-39-HC/G were d iscovered.  The fast k i n e t i c s  

of Sect ion  2.1.7 w i l l  be used f o r  t h e  i n i t i a l  Task I1 c a l c u l a t i o n s ~  

I n  t h e  case  of Avcoat t h e  q u a n t i t y  A ( t h e  amount of char  removed per  Ib 

of oxygen r e a c t i n g  a t  t h e  s u r f a c e )  i s  twice t h e  va lue  f o r  pure  carbon s ince  



ha l f  the Avcaat char is silica, and it is assumed that as carbon is removed by 

o,ridation, a corresponding amount of silica flows away from the surface in con- 

dansed farm, Thus A = 2 x 0.75 = 1,5. 

The ablation literature for Avcoat does not include a data analysis of 

sufficient extent to clarify whether this oxidation model will be an adequate 

represen t a t i o n ,  

2 , 3  SILICONE ELASTOMER 

Tkie s~l.icone elastomer to be considered during this program is described 

in t ks  Sntrodkket ion  to Section 2. Appropriate silicone elastomers for the 

~ a t e r r a l  considered can vary in chemical make-up between polydimethyl siloxane 

and poly~~iethylphenyl siloxane, which are illustrated in the following sketch: 

Polydimethyl Siloxane Structure 

Metbyl:21lenyl and Dirnethylpolysiloxane copolymer 

U s u a l i y  the specific material featured in a data report will be specified only 

by the manufacturer's resin identification number. In most cases these are 

described sirsly as a dimethyl/methylphenyl product; the exact composition is 

not repcrted and indeed in most cases is not known. The data tabulations pre- 

sented below ldentify the material in each case with all descriptions reported 

originally, Table 2-19 lists the general data source information, 

2,3,1 Thermal Conductivity ---- 
Table 2-20 xdentifies the thermal conductivity source information for the 

silicane elastomers of interest here. Only virgin material conductivity data 

are rspor ted in the literature. These are presented in Table 2-21 and Fig- 

u r e  2 - 1 2 ,  



2.3.2 S p e c i f i c  Heat 

Table 2-22 d e s c r i b e s  t h e  s p e c i f i c  h e a t  d a t a  sources .  Table 2 - 2 3  and 

Figure  2-13 g i v e  t h e  C d a t a  uncovered f o r  t h e  f i l l e d  s i l i c o n e  elastomer mate- 
P  

r i a l .  The d a t a  a r e  s p a r s e  b u t  agree  f a i r l y  w e l l  i f  one low temperature p o l n t  

i s  neglec ted .  

2.3.3 Emittance 

Only one emit tance  d a t a  p o i n t  i s  presented  i n  t h e  l i t e r a t u y e ,  Pope (Ref, 

2-15) measured E equa l  t o  0.71 + 0.05 over t h e  range 1750 K a E 3 1 5 0 0 R )  ta 2200°K 

(3960°R) f o r  an a r c  heated  cha r .  Tables 2-8 and 2-17 c o n t a i n  descriptions o f  

Pope's  experimental  method. 

2.3.4 Pyro lys i s  Kine t i c s  

The only reduced TGA d a t a  r epor ted  a r e  by Nelson (Ref. 2-11], For  Gen- 

e r a l  E l e c t r i c  RTV-602 dimethyl  polys i loxane ,  Nelson g ives  t h e  following single 

componert va lues :  

Nelson a l s o  r e p o r t s  cons tan t s  f o r  t h e  phenol ic  microspheres used with t h e  e l a s -  

tomer compound of i n t e r e s t  he re ;  t h e s e  d a t a  were l i s t e d  under zhe identification 

"Phenolic  11" i n  Sec t ion  2.1.4 above. 

P o t e n t i a l l y  u s e f u l  unreduced TGA curves  were presented  i n  References 

2-25, 2-26, and 2-28. These a r e  reproduced i n  Figures  2-14 through 2-17, Note 

t h a t  the  m a t e r i a l  of Figure  2-14 i s  a  f i l l e d  composite of t h e  type  o f  interest 

here ;  t h e  o t h e r  f i g u r e s  a r e  f o r  s i l i c o n e  r e s i n s  only .  

2.3.5 Heats of Formation o r  Heat of Pyro lys i s  

No informat ion  of t h i s  type  i s  a v a i l a b l e  i n  t h e  l i t e r a t u r e ,  

2.3.6 S p e c i f i c  Heat of Pyro lys i s  Gas 

No informat ion  on t h e  p y r o l y s i s  gas s p e c i f i c  h e a t  appears i n  t h e  l i t e r a -  

t u r e .  The p y r o l y s i s  of s i l i c o n e  r e s i n s  i s  a  s u b j e c t  of some eonject~re, 



2 , 3 , 7  S u r f a c e  Oxidation Kinetics and Melting 

T h e  general thermochemical ablation model of CHAP is discussed in Sec- 

tion 2-3 - 7 .  As was the case of nylon phenolic and Avcoat 5026-39-WC/G, no spe- 

c i f l c  data covering the oxidation kinetics of the silicone elastomer material 

were discovered, The fast kinetics of Section 2.1.7 will be used for the ini- 

tial T a s k  I1 calculations. 

The quantity X (the amount of char removed per lb of oxygen reacting at 

the surface) is not well defined for this material. The contract gives a value 

of h - 0,1 which is from earlier unpublished data correlation studies conducted 
by t ~ e  NASA Langley Research Center. 

T%e chars of the silicone elastomer materials appear to show melting at 

h i g h e r  zemperatures. The current version of the CHAP code does not include the 

f r x e a  melt temperature option available in earlier versions of the code. In- 

stead, melting must be simulated by an appropriate choice of sublimation con- 

stants, The literature to date contains no complete study which would verify 

t h e  zdequacy of such a model. Unpublished data correlation studies by the NASA 

Langioy Research Center suggest melting at about 3 8 0 0 ~ ~ .  



REFERENCES 

Wilson, R.  Ga le ,  "Thermophysical P r o p e r t i e s  of  S i x  Cha r r ing  Rblators 
from 140' t o  700°K and Two Chars  frorn 800' t o  3000°K,"NASA TU D - 2 9 9 1 ,  
October  1965. 

Engelke,  W. T. ,  Pyron,  C .  M . ,  Jr . ,  and P e a r s ,  C .  D.,"ThermophysiczL 
P r o p e r t i e s  of a  Low-Density Phenolic-Nylon A b l a t i o n  Material.,"NASA 
CR-809, Jul-y 1967. 

Smyly, E. I)., Pyron, C .  M . ,  J r . ,  and P e a r s ,  C .  D., "An Investsgation of 
t h e  l\"lchanisms of  Heat T r a n s f e r  i n  Low-Density Phenolic-Nylon Chars, 
NASA CR-966, December 1967. 

Smyly, E  . E, and Pyron,  C .  I t . ,  J r . ,  "'An I n v e s t i g a t i o n  of t h e  Mechanisms 
of Heat T r a n s f e r  and Low-Density Phenolic-Nylon C h a r s , "  ----- Seventh Confer- 
ence  on Thermal Conduc t iv i t y  ( N a t i o n a l  Bureau of  S t anda rds ,  Ga i the r sburg ,  
' laryland, November 13-16, 1 9 6 7 ) ,  S p e c i a l  P u b l i c a t i o n  3 0 2 ,  N a t i o n a l  Bcreau 
of  S t anda rds ,  Washington, D .  C . ,  September 1968, pp.425-453, 

Kra t sch ,  K .  P I . ,  Hearne, L. F . ,  and >lcChesney, H.  R . ,  " T h e r m a L  Perfcrmance 
of Heat Shield.  Composites During P l a n e t a r y  Entry." Unnzlnlbered paper ?re- 
s e n t e d  a t  t h e  American I n s t i t u t e  of  Ae ronau t i c s  and A s t r o n a u t i c s  - 
N a t i o n a l  Ae ronau t i c s  and Space Admin i s t r a t i on  N a t i o n a l  lileetl~lg, pa23 Alto, 
C a l i f o r n i a ,  Septenber  30-October 1, 1963 ( a l s o  Lockheed Miss-les and 
Space Company, Sunnyvale ,  C a l i f o r n i a ,  Repor t  LMSC-803099, October 19631, 
r e p r i n t e d  i n  Engineer ing  Problems of Planned I n t e r p l a n e t a r y  Cx?Earatson, 
American I n s t i t u t e  of Ae ronau t i c s  and A s t r o n a t i c s ,  New York L963s, 

Sanders ,  H.  G . ,  Smyly, E .  D., and P e a r s ,  C .  D . ,  "An 1 n v e s t i c ; l t i o n  ci: Some 
Thermal and .Mechanical P r o p e r t i e s  of a  Low-Density Phenolic-liilrlon Aula- 
t i o n  M a t e r i a l , "  Southern  Research I n s t i t u t e ,  Birmingham, Alabzrna, NASA 
CR-66731, February  1969. 

R inda l ,  R.  A .  and R r a t s c h ,  K. PI., " P r e d i c t i o n  of t h e  Ablative Macer~al 
Perforinance on a  Scout  Reentry V e h i c l e ,  " Aerotlierin Corpora.t;on, :lou.ntain 
V i e w ,  C a l i f o r n i a ,  Alerotherm 3 e p o r t  No. 66-4, J u l y  1 5 ,  1966, 

Lagedros t ,  J . F . ,  F a b i s h ,  T . J . ,  E l d r i d q e ,  E.-X., D e e m ,  H - W , ,  a7d Krause, 
H.  H . ,  "Thermophysical and Chemical C h a r a c t e r i z a t i o n  of Cha r r rng  A b l a t i v e  
M a t e r i a l s ,  " B a t t e l l e  r5emorial I n s t i t u t e ,  Columbus, Ohio, NASA CR--7 3399, 
Decevber 31,  1968. 

Nagler ,  2. G . ,  "The Thermal Conduction P roces s  i n  Carbonaceous C k ~ a r ; ~ ' '  
S i x t h  Conference on Thermal Conduc t iv i t y  (Dayton, Ohio ,  3ctober 1 9 - 2 1 ,  - -- 
1 9 6 6 ) ,  A i r  Force  M a t e r i a l s  Labora to ry ,  Wright -Pa t te rson  A i r  Force Ease, 
Ohio, 1968, pp. 1095-1103. 

Genera l  E l e c t r i c  Co. , P h i l a d e l p h i a ,  Pa.  , " T r a n s i e n t  5eiermirat:lon 05 t h e  
Thermal Conduc t iv i t y  of a  Low Dens i ty  Pheno l i c  Nylon C h a r , "  NASA ZR-66099, 
JULY 23, 1965. 

Nelson,  J. B . ,  "Determina t ion  of K i n e t i c  Parameters  of S i x  Ablation Poiy- 
m e r s  by Thermogravimetr ic  A n a l y s i s , "  NASA TN D-3919, A p r i l  1967. 

Farmer,  R. W . ,  "Thermogravirnetry of  Phenol-Formaldehyde PoEycnndensates ,  
P a r t  I1 - Empi r i ca l  K i n e t i c  Pa rame te r s , "  A i r  Force  ll1aterial.s Laboratory, 
Wright -Pa t te rson  A i r  Force  Base, Ohio, AFML-TR-65-246, ?ar t  ?:I, ,';arch 
1967. 



2-13 G o l d s t e ~ n ,  H, E. ,  " K i n e t i c s  of Nylon and Pheno l i c  P y r o l y s i s , "  Lockheed 
M i s s i L e s  and Space Company, Sunnyvale,  C a l i f o r n i a ,  LMSC-667876, October  
1965, 

2 - 1 4 ,  G o l d s t e i n ,  H. E , ,  " P y r o l y s i s  K i n e t i c s  of Nylon 6-6, Pheno l i c  Res in  and 
Ther?r Composi tes ,"  American Chemical S o c i e t y  ( D i v i s i o n  of Organic  Coat- 
i n g  and P l a s t i c s  Chemis t ry ) ,  155th  Meeting (San F r a n c i s c o ,  C a l i f o r n i a ,  
A2rzk 19681, Vol.  28, No. 1, 1960, pp,  131-145. 

2-15, "Pope, R .  B., "!4easurement of t h e  T o t a l  Su r f ace  Emi t tance  of Cha r r ing  
Abla ta r s , "  AAIAA J o u r n a l ,  Vol.  5 ,  No. 12 ,  December 1967, pp. 2285-2287, 

2-10 icl lsos,  R, Gale ,  and S p i t z e r ,  C .  i?., " V i s i b l e  and Near - Inf ra red  Emi t tance  
of I \ b l a t i on  Chars and Carbon,'>I_AA J o u r n a l ,  Vol. 6 ,  No. 4 ,  A p r i l  1968, 
pp, 565-671, 

2 - 1 7 ,  iV~Lsoc, R, Gale ,  "Hemispherical  S p e c t r a l  Emi t tance  of  A b l t i o n  Cha r s ,  Car- 
bon, and Z i r con ia  ( t o  6000°F) , "  Symposium of  Thermal R a d i a t i o n  of S o l i d s ,  
S, KatzoEf, e d , ,  NASA SE-55, 1965, pp. 259-275. 

2-18" t r l l s c n ,  R, Gale ,  "Hemispherical  S p e c t r a l  Emi t tance  of A b l a t i o n  Chars ,  
Carbon, and Z i r c o n i a  t o  3700°K, NASA TN D-2704, 24arch 1965,  

2-13, Sykes, 6, T,, J r . ,  "Decomposition C h a r a c t e r i s t i c s  of a  Char-Forming 
Pheno i i c  Polymer Used f o r  A b l a t i v e  compos i t e s , "  NASA TN D-3810, February  
l.967, 

2-20, P i k e ,  J?, \ I , ,  A p r i l ,  G .  C . ,  and d e l  V a l l e ,  E, P., "Eva lua t ion  of  t h e  Energy 
Ttansfer i n  t h e  Char Zone During Ablation, '"epartment o f  Chemical Engi- 
n e e r i n g ,  Louisana S t a t e  U n i v e r s i t y ,  NASA CR-107533, May 1, 1969, 

2 -21 ,  I h n a t ,  M,E,, "Eva lua t ion  of t h e  Thermal P r o p e r t i e s  of M a t e r i a l s , ' '  Vols ,  
1 and 11, Avco Corpoora t ion ,  Lowell ,  I l a s s a c h u s e t t s ,  AVSSD-0197-66-CR, 
June  28, 1966 and September 30, 1966. 

2 - 2 2 ,  I h n a t ,  :,, E . ,  "Eva lua t ion  of t h e  Thermophysical P r o p e r t i e s  of t h e  Apo1lo 
Keat  S h r e b d , "  Vols .  I and 11, Avco Corpo ra t ion ,  Lowell ,  Massachuse t t s ,  
AVSS3-0375-67-RR, August 8 ,  1967. 

2-23* : \ iexander ,  J. G . ,  B u r r e l l ,  B . ,  Crowley, D .  P . ,  H i l l ,  R . ,  I h n a t ,  M. E " ,  
Lamb, E,, I lcBride,  A . ,  Morgida, J . ,  P a t t e r s o n ,  D. M e ,  P o l e s t r a ,  F,, 
Scern, E , ,  and Steward,  C .  C . ,  "Eva lua t ion  of  t h e  Thermophysical  Proper -  
ties of t h e  Apol lo  Heat S h i e l d  - AS-501 F l i g h t  Core S tudy , "  Avco Cor- 
p o r a t l o n ,  Wilminaton, Massachuse t t s ,  AVSSD-0206-68-RR, J u l y  2 3 ,  1968,  

2 - 2 4 ,  i , l exande r ,  J, G . .  B u r r e l l ,  B . ,  Crob71ey, D .  P . ,  Morgida, J., P a t t e r s o n ,  
C, El,, and S t e w a r t ,  C .  C . ,  "Eva lua t ion  of t h e  Thermophysical  P r o p e r t i e s  
of rnc Apollo Heat S h i e l d  - AS-502 F l i g h t  Core S tudy ,  AS-205 F l i g h t  Core 
Study, AS-503 F l i g h t  Core S tudy , "  Avco C o r p o r a t i o n ,  Lowell ,  Massachuse t t s ,  
2A'i.711TD 0198-69-RR, September 8 ,  1969. 

2 -25 ,  Dolan, C, M., "Study f o r  Development of E l a s tomer i c  Thermal S h i e l d  Mate- 
r r a i s , ' @ G e n e r a l  E l e c t r i c  Co., P h i l a d e l p h i a ,  P a . ,  NASA CR-186, March 1965,  

2 - 2 6 ,  Thomas, R, K., Brash ,  M .  P . ,  Recesso,  J .  V . ,  and S t e i n ,  E . ,  "Ab la t i ve  
Composites f o r  L i f t i n g  Reentry Thermal P r o t e c t i o n , "  Avco C o r p o r a t i o n ,  
I.,owe.lL,, Massachuse t t s ,  AFML-TR-67-270, P a r t  I ,  September 1967. 



2-27. Schwarzkopf P4icroanalyt ical  Laboratory,  I n c . ,  Woodside, N e d  k o r k ,  "Ceter- 
mination of t h e  Density and Chemical P r o f i l e s  of Government--Ftrn:shcd 
Charred Elastomeric Abla tor  Models," NASA,CR-66816, Dece&er 1966, 

2-28. General E l e c t r i c  Company, Ph i l ade lph ia ,  Pa . ,  "Study of E l a s C n ~  ~ w :  G Pedf 
Shie ld  Mate r i a l s  f o r  Apollo,"  NASA CR-91372, February 5 ,  1963, 





rn
v

T
?

-"
, 

1
 l~

i~
_

id
iJ

n
L

 
C

IO
-J

bU
C

T
J 

L1
 1
 

S
O

o
g

c
L

b
 

T
e
m
p
e
r
a
t
u
r
e
 

C
h

a
r,

 
3

-0
 

d
r

sk
s 

e
x

p
o

se
d

 
t

o
 a

r
c

-h
e

a
te

d
 

n
it

r
o

g
e

n
 

1
0

0
 

s
tu

/f
t2

s
e

c
 

fo
r

 
1

2
0

' 
se

c
o

n
d

s,
 

su
r

fa
c

e
 

te
m

p
er

- 
a

tu
r

e
 a

b
o

u
t 

3
0

0
0

~
f

,'
l/

l"
 

ch
a

r 
p

ro
d

u
ce

d
 

N
o

t 
d

e
e

c
r

lb
e

d
 

a
t

 3
 

te
m

p
e

r
a

tu
r

e
s 

1
4

6
0

°R
, 

2
4

6
0

~
~

.
 

3
4

6
0

~
~

 

4
3

0
 e

tu
/£

t2
s

e
c

 

V
lr

g
ln

. 
1
 

a
tm

 

W
a
g
l
e
r
,
 

R
.G

. 

s
l
e
n
t
 
e
x
p
o
s
u
r
e
s
.
 

th
e

r
n

o
c

o
u

p
le

 
r

e
sp

o
n

se
s 

n
ia

tc
h

ed
 

c
~

t
h

 
h

c
~

t
 

c
o
n
-
 

d
u
c
t
l
o
n
 c

o
-i

p
u

te
r 

c
o
J
c
 

S
on

1 
=

 S
o

u
t

h
e

r
~

~
 

R
e
s
e
a
r
c
h
 
I
q
s
t
i
t
u
t
e
 



T
A
B
L
E
 

2
-3

 

TH
E-
L 

C
O
N
D
U
C
T
I
V
I
T
Y
 V
S
 
T
E
M
P
E
R
A
T
U
R
E
 L
O
W
 D
E
N
S
I
T
Y
 

( 
4
 

3
5

 
l
b

/
f

t
3

)
 N
Y
L
O
N
 
P
H
E
N
O
L
I
C
 V
I
R
G
I
N
 
M
A
T
E
R
I
A
L
 

--
- 

--
--

I 
-
-
 

-
-
 -
 
-
 . -

 -
 

.
 
-
-
 
-
 

- 
-
 

- 
-
-
 
-
-
 

-
 -
 

-
 
-
-
 -
 

!-
-
 

-
 
-
 
-
 -

- 
-
 

- -
 -
 

U
n
i
t
s
:
 

lo
e5

 B
t
u
/
s
e
c
 
f
t
 

O
R

 
1
 

R
e

fe
re

n
c

e
 

2
-1

 
i 

2
-1

 
--
 
-
-
-
 

-
 -
 -
- 
- 
-
 

-
 .
 - -
-
 -
 - 
-
 .
 

P
4

a
te

ri
a

l 
! 

--
=
- 1 

4
0

/6
0

 
1

3
7

/2
3

/4
0

 
3

7
/2

3
/4

0
 

2
5

/3
5

/4
0

 
! 

- -
-
 
-
 -
-
-
 

- 
- 

- 
t
-
 

-
 -

 
J
 

-
2
 

T
e
m
p
e
r
a
t
u
r
e
 

i 
R
u
n
 
1
 

R
u
n
 

2
 

I 
R
u
n
 
1
 

1 
R
u
n
 
1
 

R
u
n
 
1
 

1 
R
u
n
 

2
 

R
u
n
 
1
 

( 
R
)
 

! 
. 

1 
1

6
 0

 
1

.5
5

6
 

j 

i 
2

0
0

 
1

.5
6

1
 

1
.1

0
6

 
1

.2
5

0
 

i 
I 

I 
I 

i 
2

5
0

 
1

.5
9

3
 

1
,3

6
1

 
1

.3
0

8
 

I 
I 

I 
! 

1 
3

0
0

 
1

.6
6

1
 

1
.5

4
7

 
1

.4
5

0
 

! 
i 

i 
I 

3
5

0
 

1
.8

4
2

 
1

.6
8

6
 

1
.7

0
0

 

4
0

0
 

2
.0

1
4

 
1

.7
9

2
 

1
,3

8
0

 
I 

i 
, 

i 
I 1 

4
5

0
 

1
.6

3
0

 
I 

1
.8

7
2

 
, 

1
.2

8
6

 
1

,2
5

3
 

i 
1

,2
5

0
 

5
0

0
 

I 
1

.4
8

6
 

1
.9

3
9

 
1

.2
7

8
 

1
.2

7
8

 
1

.6
3

3
 

2
,4

8
0

 
1

,2
7

8
 

, 
I 

I 

5
5

0
 

I 
1

.4
2

8
 

' 
1

.9
9

2
 

I 
1

.2
7

8
 

1
,2

9
2

 
1

,6
8

3
 

I 
2

.0
8

9
 

1
.2

9
4

 
i 

I 
, 

I 

I 
6

0
0

 
; 

1
.4

1
7

 
2

.0
2

5
 

1
.2

8
6

 
1

.3
1

1
 

1 
1

.7
2

2
 

I 
1

,8
8

9
 

1
,3

1
1

 
j 

t 

I 
7

0
0

 
' 

1
.4

1
9

 
1 

2
,0

5
6

 
1 

1
,3

4
2

 
1

,3
4

7
 

1 
1

,7
7

5
 

1
,6

7
5

 
1

,3
4

4
 

, 
8

0
0

 
I 1 

1
.
4
6
7
 

2
,
0
4
4
 

1
.3

8
3

 
1 

1
.3

8
3

 
1

.7
8

8
 

I 
I 

1
,
6
1
1
 

I 
1

.3
8

3
 

I 
, 

I 
9
0
0
 

: 
6
,
5
8
3
 

; 
1
.
9
9
2
 

I 
1
,
4
2
2
 

1
,
7
8
3
 

8 
i 

1
,
4
6
4
 

I I 

I 
I 

I 
1
0
0
0
 

j 
1
.
6
8
9
 

1 
l
-
~
g
d
 

1
,4

5
8

 
1 I 

5
.
4
5
8
 

L
-
-
1
8
3
 

I 
I I 

1
.
6
0
6
 

$.
 1
-
9
0
 

1
-
4
9
1
 

j 
i 

j 
1 
,
9
5
6
 

I 

I 
1 

I 
1
2
5
1
1
 

1 
3
 

z,
r,

aa
 

I 
1 

I 
. p

,
C

 
j 

i 
b
 {
I-
c,
 

1 
i
 
3
-
3
 

i 
I 

I 

I 
:.
00
8 

i 
i -

 -
 -
.
 
-
 - -
- 

-
 

_-
__

.-
__

.-
-_

_.
A

 
L
 

i 



T
II

E
R

l4
iA

L
 

C
C

;N
D

U
C

T
lV

IT
V

 
V
S
 ,
 

T
II

P
4P

E
R

A
T

U
R

E
 

L
O
W
 
D
E
N
S
I
T
Y
 X
Y
L
O
N
 
P
H
E
N
O
L
I
C
 C

H
A

R
S

 

i
 

34
 

2
3
0
6
 

j v.. 
I.. 

, 
0
.
5
1
6
6
 

! 

0
.

6
 

I I 
0
.
6
6
1
0
 

I i I I I i 



T
A

B
L

E
 

2
-5

 

R
e

fe
re

n
c

e
 

I
d

e
n

ti
f

ic
a

ti
o

n
 

P
la

te
ri

a
l 

N
o.

 2
- 

D
e

s
c

ri
p

ti
o

n
 

I 
1
 

2
5

%
 r

e
s

in
 

(U
C

)*
 

2
5

%
 b

a
ll

o
n

s
 

5
0

%
 n

y
lo

n
 p

o
w

d
e

r 

E
n

g
e

lk
e

 , 
P

y
ro

n
, 

2 
2

5
%

 r
e

s
in

 
(U

C
)*

 
P

e
a

rs
 

3
5

%
 b

a
ll

o
o

n
s

 
4

0
%

 n
y

lo
n

 
p

o
w

d
er

 
(D

u
P

o
n

t)
 

K
ra

ts
c

h
, 

Ii
e

a
rn

e
, 

5
 

5
0

%
 r

e
s

in
 

M
cC

h
es

n
ey

 
5

0
%

 n
y

lo
n

 
c

lo
th

 

R
in

d
a

l,
 

K
ra

ts
c

h
 

4
0

%
 r

e
s

in
 

6
0

%
 n

y
lo

n
 

f
a

b
r

ic
 

S
P

E
C

IF
IC

 H
E

A
T

 
S

O
U

R
C

E
S

 
LO

W
 

D
E

N
S

IT
Y

 
N

Y
L

O
N

 
P

E
E

N
O

L
IC

 

H
a

te
ri

a
l 

S
ta

te
 6

 
T

e
m

p
e

ra
tu

re
 

P
re

p
a

ra
ti

o
n

 
R

an
g

e 
o

f 
E

le
a

su
re

m
e

n
ts

 

V
ir

g
in

, 
pp

 
=

 
3

7
.4

 
f 

0
.1

 

1
b

/f
t3

 

C
h

a
r,

 
3"

' 
D

 
d

is
k

s
 e

x
p

o
se

d
 

t
o

 a
r

c
 h

e
a

te
d

 n
it

ro
g

e
n

, 
1

0
0

 
~

t
u

/
f

t
~

s
e

c
 

f
o

r
 1

2
0

 
s

e
c

o
n

d
s

, 
s

u
rf

a
c

e
 t

e
m

p
e

ra
- 

tu
re

 
a

b
o

u
t 

3
0

0
0

°F
, 

1
/4

" 
c

h
a

r 
p

ro
d

u
c

e
d

 

V
ir

g
in

, 
p 

=
 

3
6

.5
 

f 
0

.3
 

lb
/f

t3
 

C
h

a
r,

 
3

"
 D

 
d

is
k

s
 e

x
p

o
se

d
 

t
o

 a
rc

-h
e

a
te

d
 

n
it

ro
g

e
n

, 
1

4
0

 
~

t
u

/
f

t
~

s
e

c
 

f
o

r
 

9
0

 
s

e
c

o
n

d
s

 
I 

V
ir

g
in

, 
p

 
=

 
7

5
.6

 
lb

/f
t3

 
P

 
C

h
a

r,
 

pp
 

=
 

1
8

.8
 

lb
/f

tS
 

V
ir

g
in

 
a

n
d

 
c

h
a

r:
 

o
th

e
r-

 
w

is
e
 

n
o

t 
d

e
s

c
ri

b
e

d
 

v
ir

g
ii

i 
a
n
d
 

4
0

0
~

~
 

(i
2

l.
ii

3
~

) 
c

h
a

r 

V
ir

g
in

: 
2

0
0

~
~

 
t

o
 

1
0

0
0

~
~

 
C

h
a

r:
 

V
ir

g
in

: 
4

6
0

~
6

 
t

o
 

1
2

6
0

 R
 

C
h

a
r:

 
5

0
0

~
~

 
t

o
 

G
O

O
O

~
R

 

B
u

n
se

n
 

i
c

e
 c

a
lo

ri
in

e
 t

e
r

, 
e

n
th

a
lp

y
 m

e
a

su
re

m
e

ri
t;

 
sa

m
p

le
 

1
/2

"
 

D
 

x
 

1
"

 
(P

le
 l

p
a

r)
 

D
ry

 
d

ro
p

 c
a

lo
ri

m
e

te
r 

e
n

th
a

lp
y

 m
e

a
su

re
m

e
n

t,
 

sa
m

p
le

s 
3

/4
" 

c
u

b
e

s
 

(S
o

R
I)

*
 

D
ro

p
 

ty
p

e
 

i
c

e
 c

a
lo

- 
ri

m
e

te
r,

 
e

n
th

a
lp

y
 

m
e

a
su

re
m

e
n

t 

D
ry

 
d

ro
p

 c
a

lo
ri

m
e

te
r,

 
e

n
th

a
lp

y
 m

e
a

su
re

m
e

n
t 

-2
6

2
O

~
 t

o
 7

9
0

'~
 

N
o

t 
g

iv
e

n
 

N
o

t 
g

iv
e

n
 

I 

D
ro

p
 

ty
p

e
 

ic
e

 c
a

lo
- 

N
o

t 
g

iv
e

n
 

1 
+

lo
%

 
ri

m
e

te
r,

 
e

n
th

a
lp

y
 

m
e

a
su

re
m

e
n

t 
I 

I 
1

0
2

5
~

~
 

t
o

 5
0

5
5

'~
 

I I 

N
o

t 
d

e
s

c
ri

b
e

d
 

N
o

t 
d

e
s

c
ri

b
e

d
 

I 
V

ir
g

in
: 

0O
i- 

t
o
 

2
4

 i
 

B
u

n
se

n
 
i
c
e
 
c
a
lo

- 
2
4
0
e
c
 

~
i-

ia
r:

 
O

O
C

 
to

 
m

e
a

s
u

~
:e

m
ti

it
 

4
6
0
"
~
 

j 

/ 
N

o
t 

g
iv

e
n

 

N
o

t 
g

iv
e

n
 

U
nk

no
w

n 

Ib
nk

no
w

n 

;
 1

3
%

 

1
 

,# 
i
P
 





TABLE 2-7 

S P E C I F I C  HEAT VS TEMPERATURE - LOW DENSITY ON PbZl>iC: :1",,\"',3 

Units: B ~ U / X ~ " R  

------ - -- 
? *  *, I 
*XX i 

I 
I 
E 

-:a, ".1? E 
I 
I ----- ----- 
i 
I 
I 

c 1:' 1 
C '7 I 

f 

i 
,-'J ' 

I 
I 

3 i  I 
I l . ? 2  

I 

1 7 5 0  k I 
C . i 3 4  

I CI 4 9 7  I 

I ' 9t-J 
I 

I 
I 
I 

I 
I 
1 
I i 
I I 

I 

1 I 
I I 

I I I 
1 I 
I 
1 
1 I 

I 
i 1 

I 

I i 
I 

I I I 
I I 

r i 
I 
1 I 

I 
5 5 0 0  

I I 
I ------ - - * 



T
A
B
L
E
 
2
-
8
 

G
M
I
S
S
I
V
I
T
Y
 
(
E
M
I
T
T
A
N
C
E
)
 S
B
U
R
C
E
E
 

L
liW

 
D

E
N

S
 J

T
Y

 
1i

SY
LO

S.
I 

P
F

IE
N

B
L

IC
 

ra
d

lo
m

e
te

s
, 

s
d

rr
p

ie
 

L
/2

"D
 

3
/1

6
" 

t
o

 1
/
8
"
 

th
ic

k
, 

sa
m

- 
s

e
c

o
n

d
s

, 
s

u
rf

a
c

e
 t

em
- 

p
l
e
 

L
em

p
. 

b
y

 
tn

e
rm

o
c

o
u

p
le

 
p

e
ra

tu
re

 
a

b
o

u
t 

3
0

G
0

0
F

, 
a

n
d

 
p

y
ro

m
e

te
r,

 
E

 
d

ls
c

o
v

- 
1

/4
"

 
c

h
a

r 
p

ro
d

u
c

e
d

 

2
 

2
5
%
 

r
e

s
in

 
(U

C
)*

 
3
5
%
 b

a
ll

o
o

n
s

 

5
0
%
 n

y
lo

n
 c

lo
th

 

h
e

a
te

d
 s

tr
e

a
m

 

p
lu

s
 g

re
y

 
b

o
d

y
 
a
s
s
u

m
p

ti
o

n
 

g
re

y
 b

o
d

y
 

a
ll

c
w

s
 d

e
te

rn
.l

n
a

tl
o

n
 o

f 
a

s
s

u
n

p
ti

o
n

, 
a

n
d

 
s

u
rf

a
c

e
 t

em
- 

p
e

ra
tu

re
. 

L
a

n
h

e
rt

 
la

w
 

a
s
s
u

m
p

ti
o

n
 

a
. 

1
4

0
 ~

t
u

/
f

t
*

s
e

c
, 

9
0

 
s

e
c

o
n

d
s

 

b
. 

2
5

%
 p

h
e

n
o

li
c

 
b
,
 

1
0

0
 ~

t
u

/
f

t
~

s
e

c
,

 
1

2
0

 s
e

c
o

n
d

s 
r

e
f

le
c

tr
o

n
)

 , 
sa

n
ip

le
 

ln
te

n
s

lt
y

 1
9

1
th

 
a

r
c

 o
ff

 
(g

iv
in

g
 

e
n

ll
ss

lo
n

 
f

o
r

 
s

u
b

tr
a

c
t~

o
n

)
 



TABLE 2-9 

EMITTANCE - LOW DENSITY NYLON PI-IENOLIC CHARS 
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TABLE 2 - 2 3  

S P E C I F I C  HEAT VS TEMPERATURE - FILLED SILICONE ZLAS a ('V:I::<S 

p = 40 lb/ft3, Nominal Composition 15% SilLc 

Units: l 3 t u / l b o ~  

- -- - -- - - 
-- 1- 

- -- - - - ---- - - - - -- - - 
I 

Reference I 2-1 1 2-1 
P - +  - . 

1 i Tei lp  (OR) j 
I I 

I 
! 

1 26 0 I 0.2" 3 0-26: 
I 

I 300 1 0.294 1). 2 O 4  

"0 
d - 0.309 0,309 

d. 0 0 0 . 3 2 3  0 , 3 2 3  

4 10 0,326 0.326 

420 0 ,329  0.329 

430 0.331 0.321 

4 35 0.333 0 333, 

440 0,334 3.334 

445 0,335 0.335 

4 5 0  0.336 r~ . 3 3 ~ ;  

Ti. 3 b 0  





































SECTION 3 

ABLATION TEST DATA COMPILATION 

3.1 DATA PRESENTATION 

Ablat ion test datahave  been compiled from ava i l ab le  l i t e r a t u r e  f o r  t h e  3 

hea t  s h i e l d  mater ia ls :  low dens i ty  phenolic  nylon, low dens i ty  s i l i c o n e  

elastomer, and Apollo hea t  s h i e l d  ma te r i a l  (Avcoat 5026-39HC/G), The data 

f a l l  i n  t h e  following range of t e s t  condit ions:  

0 s t agna t ion  p ressure  r 1.0 atm. 

2 
0 s tagnat ion  p o i n t  heat ing r a t e  = 10 t o  600 Btu/f t  sec.  

0 test  stream t o t a l  enthalpy = 2,000 t o  20,000 Btu/lbm. 

e stream oxygen mass f r a c t i o n  = 0 t o  0.23 

Tables 3-1 through 3-3 p resen t  t h e  t e s t  d a t a  f o r  nylon phenolic ,  s i l i c o n e  

elastomer and Avcoat 5026-39-HC/G, r e spec t ive ly .  The t abu la t ions  include: t he  

test  f a c i l i t y ,  r e p o r t  referenced,  ma te r i a l  composition, model geometry, total 

enthalpy,  s t agna t ion  po in t  h e a t  f l u x ,  s t agna t ion  pressure ,  oxygen mass f r a c t i o n ,  

run time, su r face  recess ion,  f i n a l  char  thickness and char density ( i f  given] .  

I n  add i t ion  t h e  test measurement techniques a r e  ou t l ined ,  ind ica t ing  t h e  type  

of enthalpy measurement used, t h e  ca lor imeter  used, t h e  pyrometer or radiometer 

employed and t h e  number of published temperature po in t s .  Rela t ive  t o  tempera- 

t u r e  measurement, Tables 3-4 through 3-6 p resen t  t h e  h i s t o r i e s  of internal and 

su r face  temperatures f o r  t h e  tests on nylon phenolic ,  s i l i c o n e  elastomer,  and 

Apollo h e a t  s h i e l d  ma te r i a l ,  r e spec t ive ly .  

Space d id  no t  permit  l i s t i n g  t h e  type of  s tagnat ion  pressure  t r ans -  

ducers t h a t  were employed f o r  each test c a l i b r a t i o n .  However, goad accuracy 

i s  t h e  r u l e  i n  p ressu re  measurements by p i t o t  probe o r  s t r a i n  guage trans- 

ducer,  s o  t h e  s p e c i f i c  method used is of minor importance. 
\ 

Figures 3-),3-2 & 3-3 p resen t  p l o t s  of t h e  tabula ted  t e s t  casarditiclns in 

terms of cold wa l l  hea t  f l u x  and s t agna t ion  pressure,with enthalpy listed, 

Unfortunately t e s t  r e s u l t s  were not  a v a i l a b l e  t h a t  match t h e  space shuttle 
2 

environment, namely, heat ing  r a t e s  of 50 Btu/f t  s e c  and less at an eathalpy of 
10,000 t o  15,000 Btu/lbm with a t o t a l  pressure  of 0.1 atmosphere. Elowever 

t h e  shu t t l e . cond i t ion  i s  reasonably we l l  bounded by ava i l ab le  da ta  so t h a t  

conclusions on t h e  a p p l i c a b i l i t y  of CHAP t o  s h u t t l e  ana lys i s  should be possible, 



The spec i f i ed  l i m i t a t i o n s  on mater ia l  composition and on t e s t  environ- 

ment condi t ions  were s t r i c t l y  maintained, It was des i rab le ,  but  not  made an 

absolute  requirement, t h a t  i n t e r n a l  and surface  temperature measurements were 

included i n  the  published data .  I n  cases where i n t e r n a l  temperatures were 

not  published,  t h e  d a t a a r e  included i n  Tables 3-1, 3-2 & 3 - 3 i f t h e  t e s t  condi- 

t i o n  provides information i n  t h e  t e s t  environment matrix not  covered by 

instrumented models. I n  some cases ,  da ta  without temperatures i s  included 

where the  t e s t  condit ion is  the  same a s  f o r  instrumented models but  t h e  run 

time i s  s h o r t e r ,  thus reducing the  computer cos t .  A s  an added b e n e f i t  i n  such 

cases  a cross check on recess ion d a t a  i s  obtained. 

The longest  run times recorded (up t o  10 minutes) appeared i n  Reference3-7 

for a s e r i e s  of duct  flow t e s t s  on Apollo hea t  s h i e l d  mater ia l  performed by 

Boeing (Table 3-39. The long runs make computer s imulat ion p roh ib i t ive ly  ex- 

pensive and t h i s  da ta  probably w i l l  no t  be used i n  the  CHAP evaluat ion.  I n  

add i t ion ,  u n c e r t a i n t i e s  i n  hea t  f l u x  l e v e l s  were l a r g e  i n  those t e s t s  because 

of the  time-varying model su r face  shape. The recess ion and char thickness 

information da ta  i s  incomplete i n  t h a t  the  loca t ions  of the  pos t  t e s t  mater ia l  

th i ckness  measurements is not  defined i n  Reference 3-7. 

3.2 mASITREMENT UNCERTAINTIES 

Although thermocouple da ta  con t r ibu tes ign i f i can t ly  t o  t e s t  r e s u l t s ,  

u n c e r t a i n t i e s  i n  the  measurement of temperature a r e  inherent  but d i f f i c u l t  t o  

assess.,  Heat leak  e r r o r s  a r e  the  primary concern i n  i n t e r n a l  and backface 

temperature measurements. Frequently backfacs temperatures a r e  employed i n  

t e s t i n g  t o  evaluate  r e l a t i v e  response times of various hea t  sh ie ld  candidates. 

The measurement i s  made with an instrumented copper p l a t e  bonded t o  the  back- 

f ace  of the  model, The r e s u l t i n g  measurement w i l l  d i f f e r  from t h e  t r u e  back- 

f ace  temperature by a magnitude t h a t  depends on t h e  temperature l e v e l ,  t he  

type of bonding, t h e  r e l a t i v e  thermal masses of the  instrumented p l a t e  and the  

model, and p o t e n t i a l  hea t  l eak  paths  away from t h e  p l a t e .  The documented 

data  areusuali ly not  complete enough t o  evaluate  the  e r ro r .  Therefore the  planned 

approach i n  t h e  a n a l y t i c a l  s t u d i e s  w i l l  be t o  assume t h e  "backface" and i n -  
depth temperatures a r e  accurate.  Then, i f  d iscrepancies  develop between 

ana lys i s  and t e s t  d a t a  a s  t h e  study proceeds, an assessment of temperature 

u n c e r t a i n t i e s  w i l l  be considered. 

The data  from sources such as  t h e  round-robin ab la t ion  s e r i e s  

(Reference 3-gin which more than one technique was used t o  measure enthalpy 

and heat  f l u x ,  po in t s  ou t  some of t h e  problems of obkaining accura te  c a l i b r a t i o n  



measurements. Bulk average enthalpy measurements by energy balance o r  sonic  

flow ca l cu l a t i ons  were genera l ly  i n  good agreement, mwever, t he  der iva t ion  

of enthalpy from the  cold wal l  hea t  f l u x  and model s tagna t ion  pressure using 

the  Fay-Riddell, equat ion r e su l t ed  i n  a  value t h a t  tended t o  be s i g n i f i c a n t l y  

g r e a t e r  than t h e  bulk value. The explanat ion is pr imar i ly  t h a t  t h e  center-  

l i n e  en tha lpy , in  t he  region of t he  modekwas higher than the  average enthalpy, 

Non-uniformities a r e  more pronounced i n  some f a c i l i t i e s  than o the r s  as s h o w  

i n  Reference3-lwith p l o t t e d  surveys of hea t  f l u x  and s tagna t ion  pressure 

versus  r a d i a l  pos i t ion .  Heat f l u x  enthalpy, i f  ava i l ab l e ,  i s  probably pref- 

e r ab l e  t o  average enthalpy f o r  ab l a t i on  ana lys i s  with CHAP. 

Since s tagna t ion  po in t  hea t  f l u x  i s  a  funct ion of t he  shape and diameter 

of t h e  calor imeter ,  t he  primary calor imeter  da ta ,  where mult iple  measurements 

were made, i s  from a calor imeter  of t he  same shape a s  t h e  t e s t  model. The 

second calor imeter  measurement, i f  l i s t e d ,  is f o r  a  d i f f e r e n t  shape, enther 

hemispherical o r  f l a t  face  with a  d i f f e r e n t  diameter, which has been corrected 

t o  t h e  a c t u a l  model shape. - I n  Reference 3-1, a  comparison of the  r e s u i t s  of 

t h e  SRI 1.25 inch diameter f l a t  f ace  calor imeter  i n  each f a c i l i t y  with t h e  

f a c i l i t y  calor imeter  adjusted t o  a  1-25 inch diameter f l a t  face  indicated a 

s tandard devia t ion  of 13%. The p l o t s  of Figures  3-1, 3-2, and 3-3, present ing 

, t h e  t e s t  environment po in t s ,  employ t h e  averaged hea t  t r a n s f e r  and enthabpy 

values  from the  tabulated data .  

3.3 REJECTED DATA 

F l i g h t  da t a  is not  included i n  t h e  co l lec ted  t e s t  t abu la t i on  for a 

number of reasons. A complete desc r ip t i on  of the  l o c a l  f r e e  stream envixoa- 

ment (hea t  f l ux ,  p ressure  and enthalpy) was usua l ly  not  published, The 

environment was complicated by the  f a c t  t h a t  it was time dependent, Some of 

t h e  Apollo hea t  s h i e l d  f l i g h t  da t a  is c l a s s i f i e d  con f iden t i a l  placing 

r e s t r i c t i o n s  on t h e  dupl icated d a t a  t h a t  would not  be warranted i n  t h i s  

document. 

Of t he  l i t e r a t u r e  surveyed on nylon phenol ic ,  s i l i c o n e  elastomer,  and 

Avocat 5026-39-HC/G, a  s i g n i f i c a n t  number of r epo r t s  had t o  be r e j ec t ed  as  not 

appropriate .  The at tached reference l is t  includes those references that were 

discarded and'the reason f o r  r e j ec t i on .  Incomplete da t a  from some of the re- 

jec ted  l i s t ,  such a s  References 3-15 and 3-18, i s  ava i l ab l e  bu t  it does not 

provide a  unique cont r ibu t ion  t o  t he  matrix of test condi t ions and was conse- 

quent ly  not  included. Reference 3-1 of t h e  kppl icable  l i s t  contains  numeroizs 

t e s t  po in t s  t h a t  have not been l i s t e d  only because temperature data was miss- 
ing.  I n  a l l  o ther  r e spec t s ,  t h e  unused da t a  of Reference 3-1 i s  more complete 

than any of t h e  po in t s  i n  t h e  agove-mentioned references from the  r e j ec t ed  l i s t ,  
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Notes f o r  Tables 3-1, 3-2, and 3-3 

1. F a c i l i t y  Designations 

o NASA-Ames Gas Dynamics Branch (GDB) Planetary Entry Ablation ~aciEity 

e NASA-Ames Magneto Plasma Dynamics Branch (MPDB) Low Density 

Constricted-Arc Supersonic J e t  

@ NASA-Langley Applied Mater ia l s  and Physics Divis ion (AMPD) 20 inch 

Hypersonic Arc Heated Tunnel 

o Aerotherm Corporation 1 MW Arc Plasma F a c i l i t y  

e Giannini S c i e n t i f i c  Corporation 1 MW Hyperthermal Tes t  Facility 

e Martin Company Plasma Arc Laboratory, F a c i l i t y  B 

e Space General Corporation Electro-Thermal F a c i l i t y  

e NASA-Langley Entry S t ruc tu re s  Branch (ESB) 5 MW Arc Powered Tunnel 

and 1 HW Arc Powered Tunnel 

o NASA-Langley 2500 KW Arc-Powered J e t ,  Subsonic Flow 

@ Boeing Miniarc E Arc-heated Plasma F a c i l i t y  

e General E l e c t r i c  Space Sciences Laboratory (SSL) Hypersonic A r c  Tunnel  

2. Mater ia l  Composition Code 

e Phenolic Nylon P R  = phenol ic  r e s i n  

PM = phenolic microspheres 

N = nylon 

SIM = s i l i c a  microspheres 

o Si l i cone  Elastomer SR = s i l i c o n e  r e s i n  

SM = s i l i c o n e  microspheres 

PM = phenol ic  microspheres 

3 .  Enthalpy Measurement Techniques 

EB = Energy balance on a r c  generator  

SF = Frozen sonic  flow technique (or  mass balance) 

HF = Beat f l u x  a t  s tagna t ion  p o i n t  using Fay-Riddell equation 

SP = Spectrographic method t o  determine s t a t i c  temperature; enthalpy 

read from Moll ier  diagram 

4. I n  Boeing t e s t s ,  p ressure  l i s t e d  i s  t e s t  s ec t i on  entrance s t a t i c  pressure, 

5. I n  NASA-Ames Entry Heating Simulator t e s t s ,  convection hea t  fPux  (Calum I )  

and r a d i a t i o n  h e a t  f l u x  (Column 11) were appl ied  simultaneously,  Radiation 

source was a carbon a r c  lamp. 



TABLE 3 -4  

MODEL INTERNAL AND SURFACE TEMPERATURE DATA, LOW 
DENSITY NYLON PHENOLIC 

(Except where specif ied,  a l l  i n i t i a l  t e m p e r a t u r e  = 5 3 0 ' ~ )  

R e f e r e n c e  - 3-1 

F a c i l i t y  - NASA A m e s  GDB 

M o d e l  - P L L 9 6  

T e m p e r a t u r e  (OR) a t  L o c a t i o n s  I nd ica t ed  ( i n , )  
f r o m  I n i t i a l  Surface I 

R e f e r e n c e  - 3-1 

F a c i l i t y  - NASA A m e s  GDB 

M o d e l  P L H 9 8  

T i m e  T e m p e r a t u r e  (OR) a t  L o c a t i o n s  Indica ted  ( i n )  
f r o m  I n i t i a l  Surface 



TABLE 3-4 (con t inued)  

Reference  - 3-1 

F a c i l i t y  - NASA A m e s  MPDB 

Model - PLL87 

Reference  - 3-1 

F a c i l i t y  - NASA Langley ANPD 

Model - PLL93 

I Time Temperature ( O R )  a t  Loca t i ons  I n d i c a t e d  
( i n )  from I n i t i a l  F r o n t  Su r f ace  



TABLE 3-4 (cont inued)  

Reference - 3-1 

F a c i l i t y  - NASA L?.ngley AMPD 

Model - PLH93 

Reference - 3-1 

F a c i l i t y  - Aerotherm Corporat ion 

Model - PLL97 

Time Temperature ( O R )  a t  Locat ion Ind ica t ed  ( i n )  
from I n i t i a l  F ron t  Sur face  



TABLE 3-4 ( con t inued )  

Reference  - 3-1 

F a c i l i t y  - Giann in i  S c i e n t i f i c  

Model - PLL90 

Reference  - 3-1 

F a c i l i t y  - Giann in i  S c i e n t i f i c  

Model - PLH90 

Temperature (OR) a t  Loca t ions  
I n d i c a t e d  ( i n )  from I n i t i a l  

F r o n t  Su r f ace  



TABLE 3-4 (cont inued)  

Reference - 3-1 

F a c i l i t y  - Mart in  Company 

Model - PLL91 

Time Temperature ( O R )  a t  Locat ions  I n d i c a t e d  ( i n )  
from I n i t i a l  F r o n t  Sur face  

Reference - 3-1 

F a c i l i t y  - Mart in  Company 

Model - PLH91 

Temperature (OR) a t  Locat ions  I n d i c a t e d  ( i n )  
from I n i t i a l  F ron t  Sur face  



TABLE 3-4 (continued) 

~eferehee - 3-1 
F a c i l i t y  - Space General 

Model - PLL94 

Reference - 3-1 
Facility - Space General 

Model - PLH94 



TABLE 3-4 (cont inued)  

T i m e  

( ~ e c )  

Reference - 3-2 

F a c i l i t y  - NASA Langley ESB 

Models - LD-7, LD-8 

Temperatures ( O R )  a t  Locat ions  I n d i c a t e d  Bin) 
f r o n  I n i t i a l  F r o n t  Sur face  



Reference - 3-3 

F a c i l i t y  - NASA Langley aElPD 

Models - PN-2 Mater ia l  a t  Various Exposure T i m e s  

Tenzperature ( O R )  a t  Back Face, 8 . 5  in, f r o m  



TABLE 3- 4 (cont inued)  

Reference - 3-4 
I 

F a c i l i t y  - NASA Langley 2500 KW A r c  

Models - 8 Models of Low Densi ty  Phenol ic  Nylon 

Model Run 
Ini tdal T i m e  

Thickness Time t o  Reach Time t o  Reach 

Reference - 3-5 

F a c i l i t y  - NASA Langley 2500 KW A r c  

Models - 2 ,  1 3  

I n i t i a l l y  1.0 i n  from 
Fron t  Surface  

Temp a t  
End of Run,  

( O R )  



TABLE 3- 4 (concluded) 

Reference - 3-6 

F a c i l i t y  - NASA A m e s  GDB 

Models - Various Phenolic  Nylon Models 

Time 

$0  see 
Exposure 



NrPDEIBa INTERNAL AND SURFACE TEMPERATURE DATA, 
LOW DENSITY SILICONE ELASTOMER 

(All i n i t i a l  temperatures = 5 3 0 " ~ )  

Reference 3-1 

F a c i l i t y  - NASA A m e s  GDB 

Model - SP96 

Time Ten~perat~ure ( O R )  a t  Locations Indica ted  ( i n )  
from I n i t i a l  Front  Surface 

1 

Reference 3-1 

F a c i l i t y  - NASA Ames MPDB 

Model - SP89 

Time  Tesnperature (OR) a t  Locations Indica ted  ( i n )  
from I n i t i a l  Front  Surface 



, TABLE 3-5 (continued) 

1 
- 

/ Reference 3-1 

- .  

Reference 3-1 , 

F a c i l i t y  - Aerotherm Corporation 

Model - SP97 



TABLE 3-5 (continued) 

Reference 3-1 

Facility - Giannini Scientific 
Model - SP90 

Reference 3-1 

Facility - Martin Company 
Model - SP91 

Temperature ( O R )  at Locations Indicated (in) 



TABLE 3-5 (concluded)  

i ~ e f e r e n c e  3-1 

F a c i l i t y  - Space Genera l  

~ode !L  - SP94 

Temperature (OR) a t  Loca t i ons  I n d i c a t e d  
( i n )  from I n i t i a l  F r o n t  Su r f ace  



TABLE 3-6" 

MODEL INTERNAL AND SURFACE TEMPERATURE DATA, 
AVCOAT 5026-39 HC/G 

(Except where specified, all initial temperatures = 530°R.) 

Reference - 3-1 
Facility - NASA Ames GDB 

Model - A93 

Reference - 3-1 
Facility - NASA Ames MPDB 

Model - A84 

Time 

*Note: Due to the large quantity of AVCOAT material data, temperature 

histories are presented here for only a representative sampling of test . 
runs in Table 3-1. 



TABLE 3-6 (cont inued)  

Reference - 3-1 

F a c i l i t y  - NASA A m e s  MPDB 

Model - A 8 5  

Time Temperature (OR) a t  Locat ions  Ind ica t ed  ( i n )  
from I n i t i a l  F ron t  Sur face  

Reference - 3-1 

F a c i l i t y  - NASA Langley AMPD 

Model - A90 

Time Temperature ( O R )  a t  Locat ions  Ind ica t ed  ( i n )  
from I n i t i a l  F ron t  Sur face  



TABLE 3-6 (continued) 

Reference - 3-1 

F a c i l i t y  - Aerotherm Corporation 

Model - A98 

Temperature ( O R )  a t  Locations Indica ted  ( i n )  
from I n i t i a l  Front  Surface 

Reference - 3-1 

F a c i l i t y  - Giannini S c i e n t i f i c  

Model - A 9 4  



TABLE 3-6 (continued) 

Reference - 3-1 

F a c i l i t y  - Martin Company 

Model - A 9 5  

Reference - 3-1 

F a c i l i t y  - Space General 

Model - A97 

Temperature ( O R )  a t  Locations Indica ted  ( i n )  
from I n i t i a l  Front  Surface 

0.203 
Front  

Surf ace 



, TABLE 3-6 (con t inued)  

Reference  - 3-8 

F a c i l i t y  - NASA A m e s  En t ry  Heat ing S imula to r  

, Model-50/FF/1,25 

Time Temperature (OR) a t  Loca t ions  I n d i c a t e d  
( i n )  from I n i t i a l  F r o n t  Su r f ace  

Reference  - 3-8 

F a c i l i t y  - NASA A m e s  En t ry  Heat ing S imula to r  

Model - 63/FF/l.25 



TABLE 3-6 (cont inued)  

Reference - 3-8 
F a c i l i t y  - Aerotherm 

Model - 95/BH/2.0 
i 
t T i m e  Temperature ( O R )  a t  Locat ion I n d i c a t e d  
I ( i n )  from I n i t i a l  F ron t  Surface  

Reference - 3-8 
F a c i l i t y  - Aerotherm 

Model - 88/BH/2.0 

Temperature ( O R )  a t  Locat ion I n d i c a t e d  
( i n )  from I n i t i a l  F r o n t  Surface  I 



TABLE 3-6 \ (continued) 
\ 
\ 

Reference - 3-8 

F a c i l i t y  - Aerotherm 

Model - 108/BH/2.0 

Temperature (OR)  a t  Locat ion Ind ica ted  
( i n )  from I n i t i a l  F ron t  Surface 

Reference - 3-8 

F a c i l i t y  - Aerotherm 

Model - 74/BN/2.0 



TABLE 3-6 (continued) 

Reference - 3-8 

F a c i l i t y  - Aerotherm 

Model - 83/BH/2.0 

Temperature (OR)  a t  Locat ion Ind ica ted  
( i n )  from I n i t i a l  F ron t  Surface  

Reference - 3-8 

F a c i l i t y  - Aerotherm 

Model - 10l/BH/2.0 



TABLE 3-6 (continued) 

Reference - 3-8 

F a c i l i t y  - Aerotherm 

Model - L l 6 / B H / 4 . 0  

Reference - 3-8 

F a c i l i t y  - Aerotherm 

Model - 122/BH/4.0 

T i m e  Temperature (OR) a t  Location Ind ica ted  
( i n )  from I n i t i a l  F ron t  Surface  



TABLE 3-6 (con t inued)  

Reference  - 3-8 

F a c i l i t y  - Aerotherm 

Model - 33/H/2.0 

Reference  - 3-8 

F a c i l i t y  - Aerotherm 

Model - 17/FF/2.0 



TABLE 3-6 ( c o n t i n u e d )  

R e f e r e n c e  - 3-8 

F a c i l i t y  - A e r o t h e r m  

Model - 164/BH/2.0  

R e f e r e n c e  - 3-8 

F a c i l i t y  - A e r o t h e r m  

Model - 22 /FF /2 .0  



TABLE 3-6 ( con t inued)  

Reference - 3-8 

F a c i l i t y  - Aerotherm 

Model - 18/FF/2.0 

T i m e  T e m e r a t u r e  ( O R )  a t  Locat ion  I n d i c a t e d  
( i n )  from I n i t i a l  F r o n t  Sur face  

Reference - 3-8 

F a c i l i t y  - Aerotherm 

Model - 97/B~/2 .0  



TABLE 3-6 (conc luded)  

Reference  - 3-8 

F a c i l i t y  - Aerotherm 

Model - ll2/BH/1.0 

Reference  - 3-8 

F a c i l i t y  - Aerotherm 

Model - 138/BH/1.0 

Time Temperature  ( O R )  a t  Loca t ion  I n d i c a t e d  
( i n )  f rom I n i t i a l  F r o n t  S u r f a c e  









SECTION 4 

QUALIFYING CALCULATIONS 

Using CHAP I, qualifying calculations were performed to demonstrate an 

ability to operate the program successfully prior to initiating Task 1 T  of t h e  

study. One test condition was chosen for each of the three materials, CaQcu- 

lations were performed with CHAP and the results (total surface recessron, 

final char thickness, and temperature histories) were compared with the zest  

data. The results were reviewed with the technical monitor, and where the data 

match needed improvement, revisions were made in the input and the cede rerxn, 

In the process the program, which was originally running on the CDC 66110 conz- 

puter, was successfully transferred to the Univac 1108 in order to accelerate 

turn-around time. The machine-time cost differential, which is approximately 

10 percent in favor of the 6600, is outweighed by the operating efficiency 

achieved by faster turn-arounds on the 1108. In addition, with the program 

operating on both machines, calculations can continue when one conzputer is down, 

The following sections describe the qualifying calculations an each 

ablating material and the criteria for determining satisfactory agreement bc- 

tween calculated and experimental data. 

4.1 CRITERIA FOR AGREEMENT BETWEEN CALCULATIONS AND lJIEASUREMElVT 

4.1.1 General Remarks 

Successful operation of an ablation code such as CHAP allows surface tem- 

peratures, surface recessions, char thicknesses, and thermocouple responses to 

be predicted with a fair degree of accuracy. This demonstration task ]required 

the definition of "satisfactory" agreement between predictions and experimental 

data. The definition of "satisfactory" shall apply to both Task I, re~~orted 

here, and to the subsequent, more extensive Task I1 calculations, A L I  in a l l ,  

the agreement criteria will have the following uses 

Task Use of Criteria 

Evaluate ability to operate the CHAP 

code and obtain satisfactory predictions 

11:l Obtain good properties data for iterative 

calculations 

11.3 Final calculations, evaluation of range 
of applicability of CHAP 



The c r i t e r i a  w i l l  be appl ied  r a t h e r  s t r i c t l y  i n  Task 11.1 i n  order  t o  

a r r i v e  a t  t he  b e s t  pos s ib l e  s e t  of p rope r t i e s  d a t a  before  beginning the  more 

wide s c a l e  ca l cu l a t i ons  of Task 11.3. I n  t he  eva lua t ion  phase of Task 11.3, 

t h e  c r i t e r i a  w i l l  be used t o  de f ine  t h e  range of a p p l i c a b i l i t y  of CHAP. The 

exac t  na ture  of t h i s  range d e f i n i t i o n  a c t i v i t y  remains t o  be e s t ab l i shed  during 

Task 11-3, Since it i s  un l ike ly  i n  a  b a t t e r y  of ca l cu l a t i ons  covering a  wide 

range of condi t ions  t h a t  all t h e  c r i t e r i a  w i l l  be m e t  i n  any one ca se ,  some 

caut ion  w i l l  be necessary i n  t h e  f i n a l  assessment of t he  a p p l i c a b i l i t y  range. 
rn loo r i g i d  adherence t o  pre-establ ished c r i t e r i a  may ar t i f ic ia l ly  r e s t r i c t  t h e  

i nd i ca t ed  range of a p p l i c a b i l i t y .  

Somewhat s i m i l a r l y ,  t h e  c r i t e r i a  need no t  be appl ied  too l i t e r a l l y  i n  

Task I,3, where cons idera t ions  of economy discourage an ex tens ive  search f o r  

c lo se  agreement i n  a l l  r e spec t s  between p red i c t i on  and da t a .  Here, predic-  

t i o c s  s a t i s f a c t o r y  i n  most c r i t e r i a ,  p lu s  an adequate explanat ion of any impor- 

t a n t  d i sc repanc ies ,  s u f f i c e  t o  i n d i c a t e  success fu l  opera t ion  of t he  CHAP code. 

The subsect ions of Sect ion 4.1.2 d i s cus s  i nd iv idua l  agreement c r i t e r i a .  

4,1,2 Agreement C r i t e r i a  

4,1.2*1 Surface Temperature 

Surface temperatures a r e  measured by pyrometric ( r a d i a t i v e )  means, f o r  

whlch the  expected random e r r o r  of t he  bas i c  instruments  i s  o f t e n  about f 1 per- 

c e n t  of t he  f u l l  s c a l e .  Usually,  random e r r o r s  of d a t a  recording and reduc t ion  

add a t  l e a s t  another f 1 percent  t o  t h i s  f i gu re .  I n  add i t i on ,  many o the r  e r r o r s  

of c a l i b r a t i o n  and instrument  handling (placement and focusing)  can take on a  

random cha rac t e r  of a  magnitude of some + 3 percent .  A l l  i n  a l l ,  sur face  tem- 

pe ra tu re  measurements of t h i s  type have a  random uncer ta in ty  of f 5 percent  

o r  i L 5 0 ° R  t o  f 300°R f o r  t h e  temperature range of most i n t e r e s t  here .  

Systematic e r r o r s  can a l s o  be important.  These can stem from uncorrected 

w l n d o w  and mirror  l o s s e s ,  gas cap r a d i a t i o n  i n t e r f e r ence ,  non-normal viewing 

angle e f f e c t s ,  and emittance assumptions. The importance of these  must be judged 

according t o  t h e  p a r t i c u l a r  t e s t  set-up i n  each case  s tud ied .  

The s w ~ f a c e  temperature c r i t e r i o n  is  s e t  a t  ? 200°R, with a  caut ionary 

note about  :po ten t ia l ly  important systematic  e r r o r s .  

4,L,2,2 Surface Recession 

Due t o  sur face  roughness e f f e c t s ,  sur face  recess ion  can seldom be 

measured accura te ly  t o  wi th in  f 0.010 inches.  Various o the r  unce r t a in t i e s  i n  



such q u a n t i t i e s  a s  recovery enthalpy,  convective t r a n s f e r  c o e f f i c i e n t ,  and 

char  dens i ty ,  make it d i f f i c u l t  t o  p r e d i c t  recess ion  amounts t o  within k 20  

percent  of t h e  observed recess ion .  

Therefore t he  recess ion  p red i c t i on  w i l l  be considered s a t i s f a c t o r y  i f  

t h e  pred ic ted  recess ion  matches t he  observed recess ions  t o  wi th in  + r) where s * 
ns  i s  t h e  maximum o f :  

1. 20 percent  of t h e  observed recess ion  

2. 0.010 inches 

For char  th icknesses  comparable t o  t h e  sur face  recess ion ,  char swel l ing 

o r  shrinkage may be an important f a c t o r .  The a c t u a l  amounts of shrinkage o r  

swel l ing  can sometimes be discovered from i n e r t  environment t e s t s .  I f  t h e  char 

dimensional s t a b i l i t y  can be q u a n t i f i e d  , it should be considered i n  the corn- 

par i sons  of p r ed i c t i ons  with da t a .  

4.1.2.3 Pyro lys i s  Pene t ra t ion  Depth 

The bas i c  uncer ta in ty  on py ro lys i s  pene t ra t ion  depth measurenents is  

approximately 0.010 inches.  Char shrinkage o r  swel l ing may amount t o  20 percent  

of t h e  char  th ickness .  Otherwise, pene t ra t ion  depth should be p red i c t ab l e  t o  

wi th in  + 1 0  percent .  

Therefore t h e  pyro lys i s  pene t r a t i on  depth p red i c t i on  w i l l  be considered 

s a t i s f a c t o r y  i f  t h e  pred ic ted  depth matches t he  observed depth t o  wi tn in  f qt, 

where q t  i s  t h e  maximum o f :  

1. 10 percent  of t h e  observed py ro lys i s  pene t ra t ion  depth 

2. 0.010 inches 

I n  t h e  spec i f i ed  ( i npu t )  su r f ace  temperature and recess ion  runs dur ing  

Task 11, t h i s  c r i t e r i o n  can apply s t r i c t l y .  I n  o the r  runs ,  note  must be taken 

of t h e  in f luence  of f a u l t y  p red i c t i ons  of sur face  temperature and sur face  reces-  

s i o n  on pred ic ted  py ro lys i s  pene t ra t ion  depth. 

4.1.2.4 Thermocouple C r i t e r i a  

For runs made with spec i f i ed  ( i npu t )  sur face  temperature and recess ion ,  

thermocouple matching ought t o  be r e l a t i v e l y  good, provided of course t h a t  the 

i npu t  su r f ace  temperature and recess ion  h i s t o r i e s  a r e  adequately charac te r ized ,  

During t i m e s  of "low" temperature r i s e  r a t e s  thermocouple p red i c t i ons  should be 

wi th in  1 0  percent  of t h e  c u r r e n t  abso lu te  temperature.  Experience shows t h a t  

it i s  not  pos s ib l e  t o  maintain t h i s  accuracy during per iods  of rap id  zemperature 



r i s e ,  A smooth blend with t he  f i r s t  c r i t e r i o n  c i t e d  above would be ( f o r  t h e  

tc~npera ture  r i s e s  and r i s e  r a t e s  of i n t e r e s t  i n  t h i s  program) 

< - Tm) = 4 s ec  dTm 
(Tca lc  de + 0.1  Tm 

This c r i t e r i o n  i n  e f f e c t  s p e c i f i e s  a  permissible  4 t o  5  second time lead  f o r  a  

thermocouple response p red i c t i on  during r ap id  temperature r i s e  per iods .  The 

c r i t e r i o n  i s  t he re fo re  biased i n  favor  of over-predict ion s ince  thermocouples 

genera l ly  lag t h e  ma te r i a l  response due t o  thermocouple capaci tance and thermal 

contac t  e f f e c t s .  

4 - 2  GENE.RX1, ASSUMPTIONS AND REMARKS 

The experimental runs f o r  nylon phenol ic ,  s i l i c o n e  elastomer,  and Avcoat 

5026-39-WC/G were a l l  chosen from Reference 3-1. The t e s t  model shape was a  

f i a t  faced d i s k ,  1.25 i n .  diameter ,  with a  0.625 i n .  diameter instrumented core  

p l u g ,  0,75 i n .  thick. The model was bonded on the  back-side t o  a  s t e e l  base 

p i a t e  with t he  cav i ty  behind t h e  core  f i l l e d  with RTV s i l i c o n e  rubber.  The 

CHAP runs were modeled with no hea t  s i nk  (conduction o r  r a d i a t i o n )  a t  t h e  back 

f a c e ,  an assumption t h a t  introduced no e r r o r  because t h e  model th ickness  pre- 

vented any temperature r i s e  a t  t h e  back f ace  f o r  t h e  condi t ions  run. The v i r -  

g in  material was divided i n t o  J = 1 0  s t a t i o n s  i n  a l l  cases .  I n i t i a l l y ,  t he  

char l aye r  was divided i n t o  I = 4 s t a t i o n s ,  bu t ,  f o r  l a t e r  runs ,  broken i n t o  

I - 8 s t a t i o n s ,  The e f f e c t  on t h e  r e s u l t s  of the  f i n e r  d i v i s i o n  was neg l ig ib l e ,  

The r e l a t i v e l y  l a rge  spacing between s t a t i o n s  i n  t h e  v i r g i n  ma te r i a l  caused 

problems when t h e  program in t e rpo la t ed  thermocouple temperatures i n  regions of 

r ap id ly  changing temperature g rad i en t .  The i n t e r p o l a t i o n  scheme was a  2nd order  

curve f i t  and as  a  r e s u l t ,  t h e  thermocouple temperature p l o t s  exhib i ted  an ap- 

paren t  o s c i l l a t o r y  behavior.  The p l o t t e d  temperature d a t a  i n  t h i s  r epo r t  w i l l  

p r e sen t  both t he  thermocouple r e s u l t s  a s  computed by CHAP and "corrected" re -  

s u i t s  a s  deduced from an inspec t ion  of t h e  in-depth temperature p r o f i l e  de t e r -  

mined from the  nodal temperatures.  To e l imina te  thermocouple e r r o r ,  f u t u r e  

Ci?-U,O cases  will incorpora te  smal le r  nodes and a  l i n e a r  thermocouple i n t e rpo la -  

t i o n  technique,  

iJl1 rLms were made with t h e  ox ida t ion  opt ion  of t h e  CHAP code. ( I n  t h e  

case of silj.cbne elastomer,  t h e  ox ida t ion  mechanism was supplemented by simu- 

l a t e d  melting by modifying t h e  subl imat ion mechanism a s  discussed i n  Sect ion 4.4.) 

A11 cases  used t h e  second degree approximation f o r  aerodynamic blockage (blow- 

ing  ~ e d u c t i o n )  of convective energy t o  t h e  sur face .  



4.3 LOW DENSITY PHENOLIC NYLON 

The t e s t  condi t ion  simulated was t abu la t i on  no. 23 of Table 3-1 (Space 

General Corp. Model No. PLL94) taken from Reference 3-1. The condi t ions were 

a s  follows: 

Enthalpy, h  = 14,922 Btu/lb 

Heat Transfer  Rate,  qcw = 103 ~ t u / f t * s e c  

Stagnat ion Pressure ,  
P t 2  

= 0.00511 atm 

Run Time = 50 seconds 

Two runs were made with CHAP on t h i s  ma te r i a l .  The f i r s t  run employed 

thermophysical p r o p e r t i e s  l i s t e d  i n  Table B-1 with hea t  of combustion l i s t e d  

i n  Table B-4. The second run used " f a s t e r "  ox ida t ion  k i n e t i c s  i n  an e f f o r t  t o  

i nc rease  t h e  recess ion  r a t e  and t h e  sur face  temperature.  The r e s u l t s  a r e  com- 

pared with t h e  t e s t  da t a  i n  Table 4-1.  P l o t s  of i n t e r n a l  and sur face  tempera- 

t u r e s  appear i n  Figures  4 -1  through 4-3. The thermocouple a t  0.284 inches from 

the  i n i t i a l  f r o n t  su r f ace  rose  80 degrees i n  the  t e s t  and increased about 4 5  

degrees i n  both c a l c u l a t i o n  runs.  

Run 1 showed a  sur face  recess ion  t h a t  was too  small  and a  sur face  tem- 

pe ra tu re  t h a t  was low by 6 0 0 ' ~  a t  t he  end of t he  run ( f o r  char  E = 0 , 8 ) ,  The 

i n t e r n a l  temperatures were a l s o  lower i n  t he  ca l cu l a t i on .  The exper iaen ta l  

recess ion  r a t e  was subs t an t i a t ed  by two o the r  t e s t s  a t  t he  same condit:ions 

repor ted  i n  Reference 3-1. An a l t e r n a t e  sur face  temperature measurement i n  

t h e  t e s t  using an SRI-supplied radiometer read 4 0 0 ' ~  lower (only t he  rnaximu~ 

reading was pub l i shed ) .  Therefore t he  ca l cu l a t ed  r e s u l t s  were lower t h a n  the 

average measurement by about 4 0 0 ' ~ .  

Run 2  employed oxida t ion  r eac t ion  r a t e  cons tan ts  t h a t  a r e  Lis ted i n  

Table B-2 of Appendix B f o r  s i l i c o n e  elastomer and a r e  termed "Scz l a ' s  f a s t  

k i n e t i c s . "  The r e s u l t s  showed an increased recess ion  r a t e ,  bu t  the sur face  

temperature decreased another  100.degrees.  Hand ca l cu l a t i ons  have ind ica ted  

t h a t ,  i n  Run 2 ,  t h e  char mass removal r a t e  reached the  "plateau" asymptote as  

governed by the  oxygen concent ra t ion  very e a r l y  i n  t he  run. Therefore s t i l l  

f a s t e r  k i n e t i c s  w i l l  no t  a l t e r  t he  r e s u l t s  t o  any s i g n i f i c a n t  degree,  

The pred ic ted  r e s u l t s  and the  measured r e su l t s*  do no t  compare e spec i a l l y  

we l l  f o r  t h i s  kase,  and except  f o r  thermocouple response genera l ly  do n o t  meet 

t h e  agreement c r i t e r i a  of Sect ion 4 . 1 .  The pred ic ted  sur face  temperature i s  

reasonably c l o s e  ( 2 0 0 ° ~ )  t o  t h e  lower of t he  two repor ted  pyrometer rneasure- 

ments, bu t  t he  sur face  recess ion  misses t h e  measured value badly. I t  seems 

l i k e l y  t h a t  t h e  repor ted  t e s t  d a t a  a r e  erroneous i n  some respec t :  t h e  reported 

enthalpy and cold wal l  hea t  f l u x  y i e l d  an oxygen d i f fus ion- l imi ted  recess ion  

r a t e  which, with no blowing reduc t ion ,  can account f o r  only 60 mils  (c:ompared 
4-5 



w i t h .  t h e  reported v a l u e  of 54 m i l s )  of r e c e s s i o n .  Blowing r e d u c t i o n  e f f e c t s  

should  reduce t h i s  v a l u e  by some 20 p e r c e n t ;  d e p a r t u r e s  from t h e  d i f f u s i o n -  

linited p l a t e a u  va lue  of & a t  e a r l y  t imes  w i l l  acount  f o r  ano ther  10 p e r c e n t  

reduction, having an expected r e c e s s i o n  of 4 2  m i l s ,  much c l o s e r  t o  t h e  p r e d i c t e d  

value of 2 7  mils, Char sh r inkage  may account  f o r  t h e  12 m i l  d iscrepancy be- 

taSeen expezted and observed r e c e s s i o n  ( t h i s  would imply a 10 p e r c e n t  s h r i n k a g e ) ;  

the remarriln.9 1 5  m i l  d i sc repancy  between observed and p r e d i c t e d  r e s u l t s  may i n  

i a r g c  p a r t  be measurement e r r o r .  

Predxcted char  t h i c k n e s s e s  a r e  somewhat i n  g e n e r a l  harmony with  t h e  low 

recession p r e d i c t i o n s ,  E s s e n t i a l l y  t h e  same r a t i o n a l i z a t i o n s  apply  i n  both  

There are no apparen t  f l aws  i n  t h e  r e p o r t e d  t e s t  c o n d i t i o n s .  C a l c u l a t i o n  

o f  entba1p:r from p and qcw v e r i f y  t h a t  t h e  s t ream was q u i t e  uniform. 
t 2  

4-4 LOW DENSITY SILICONE ELASTOMER 

T h e  test c o n d i t i o n  c a l c u l a t e d  was t a b u l a t i o n  no. 9  of Table 3-2 (Giannini  

Scientific C o r p , ,  Model SP90) from Reference 3-1. The c o n d i t i o n s  were: 

Heat t r a n s f e r  r a t e ,  qcw = 145 ~ t u / f t ' s e c  

S tagna t ion  p r e s s u r e ,  
P t 2  

= 0.0199 atm 

Run t ime = 35 seconds 

T h e  r e s u l t s  of two CHAP runs  a r e  p resen ted  i n  Table 4-2 and t h e  p l o t s  

of s u r f a c e  temperature  and t h e  temperature  i n d i c a t e d  by t h e  thermocouple n e a r e s t  

the surface are shown i n  F igures  4-4 and 4-5 r e s p e c t i v e l y .  The temperature  in -  

d i c a t e d  by a second thermocouple, l o c a t e d  0.216 inch  from t h e  o r i g i n a l  s u r f a c e  

b u t  n o t  shown, i n c r e a s e d  100 degrees  by t h e  end of t h e  tes t  and r o s e  140 de- 

grees i n  bat11 computation runs .  

Run L employed thermophysical  p r o p e r t i e s  p resen ted  i n  Table B-2 f o r  

s r l i c o n e  e las tomer .  S ince  t h e  p r e d i c t e d  s u r f a c e  temperature  of Run 1 exceeded 

the  m e l t  temperature  c i t e d  i n  t h e  Work Sta tement  ( 3 8 0 0 ° ~ ) ,  a  second run  was 

made with melting s imula ted  wi th  t h e  exponen t ia l  sub l imat ion  f e a t u r e  of CHAP.* 

Sublimation c o n s t a n t s  ABEXP = 1.5  x  and BBEXP f 331,632 s imulated mel t ing  

or  failing i n  a narrow f 200°R band c e n t e r e d  a t  3 8 0 0 ' ~ .  

Ovc~xaL1, t h e  agreement between p r e d i c t i o n s  and d a t a  i s  e x c e l l e n t .  The 

Run X p r e d i c t e d  s u r f a c e  temperature  appears  somewhat h igh (by about  400°R). 

The measuced s u r f a c e  temperature  was s u b s t a n t i a t e d  by t h e  SRI radiometer  used 

 or t h i s  purpose, p r e s s u r e  e f f e c t s  i n  t h e  sub l imat ion  computations were d e l e t e d  
with appropriate F o r t r a n  changes. 



i n  t h e  t e s t ,  However both  t h e  Thermodot pyrometers and t h e  radiometer  viewed 

t h e  model through a  chamberport, e v i d e n t l y  wi th  no c o r r e c t i o n  f a c t o r  considered 

i n  t h e  r e s u l t s .  A t h i r d  temperature  s u r f a c e  measurement w i t h  an L&N o p t i c a l  

pyrometer peaked a t  4 0 2 0 ' ~  ( E  = 0 . 8 ) ,  b u t  in fo rmat ion  on t h e  l o c a t i o n  of t h e  

ins t rument  i s  n o t  g iven.  

Reported s u r f a c e  temperatures  may t h e r e f o r e  be somewhat low, perhaps by 

1 0 0 ' ~ .  The 0.8 emi t t ance  assumption i s  h igher  t h a n  t h e  d a t a  r e p o r t e d  by Pope 

(Ref. 2-15) of 0.71; t h i s  accounts  f o r  ano ther  100°P. and b r i n g s  t h e  a d j u s t e d  

exper imenta l  d a t a  up t o  an accep tab ly  c l o s e  match t o  both  Run 1 and  RE^ 2 

p r e d i c t i o n s .  

The p r e d i c t e d  Run 1 r e c e s s i o n  matches t h e  t e s t  d a t a  q u i t e  well i n  that 

both  a r e  n e g l i g i b l e ;  Run 2  exper ienced mel t ing  which r a i s e d  t h e  r e c e s s i o n  t o  

29 m i l s .  A p r e f e r e n c e  between Run 1 and Run 2 would depend on t h e  q u a n t i f i c a -  

t i o n  of char  s w e l l ,  which f o r  t h e  127 m i l  cha r  might e a s i l y  amount t o  20  m i l s ,  

The char  t h i c k n e s s  p r e d i c t i o n  i s  e x c e l l e n t  f o r  Run 1, and about  2 0  pe r -  

c e n t  low f o r  Run 2. Again, a  s tudy  of a  char  s w e l l  i s  necessary  to allow a 

r a t i o n a l  cho ice  between t h e  two p r e d i c t i o n s .  

The thermocouple match i s  q u a n t i t a t i v e l y  good, a l though t h e  shapes of 

t h e  p r e d i c t e d  and measured responses  do n o t  correspond p a r t i c u l a r l y  w e l l ,  

Study of t h i s  p o s s i b l e  problem would have t o  invo lve  o t h e r  c a s e s ,  

4.5 APOLLO HEAT SHIELD MATERIAL, AVCOAT 5026-39HC/G 

The t e s t  c o n d i t i o n  s imula ted  was t a b u l a t i o n  no. 4  of Table 3-3 (NASA 

Langley AMPD, Model A90) from Reference 3-1. The c o n d i t i o n s  were a s  fol lows:  

Enthalpy , h = 4900 Btu/lb 

Heat t r a n s f e r  r a t e ,  qcw = 280 ~ t u / f t * s e c  

S tagna t ion  p r e s s u r e ,  .pt2 = 0.284 atm 

Run t ime = 20 seconds 

CHAP was run  twice  on t h e  Apollo m a t e r i a l .  The f i r s t  run employed t h e  

m a t e r i a l  thermophysical  p r o p e r t i e s  of Table B-3, Appendix B ,  a s  given i n  t h e  

c o n t r a c t  work s ta tement .  The r e s u l t s  appear i n  Tab$e 4-3; thermocouple h i s t o r -  

ies  a r e  shown i n  F igures  4-6 and 4-7. Reference 3-1 p resen ted  only t h e  f i n a l  

s u r f a c e  temperature .  The s u r f a c e  temperature  and r e c e s s i o n  p r e d i c t i o n s  matched 

t h e  d a t a  ve ry  w e l l ;  char  t h i c k n e s s  was a  f a c t o r  of two t o o  high and t h e  deep 

thermocouple response was overpred ic ted .  (The shal lower  of t h e  two t.hermcoupl.es 

was i n a d v e r t e n t l y  n o t  c a l l e d  o u t  i n  t h i s  run . )  

A second r u n  aimed t o  reduce t h e s e  two d i s c r e p a n c i e s  wi th  reduced v a l u e s  

3f t h e  char  c o n d u c t i v i t y  a t  h igh temperatures  (above 2 2 6 0 ~ ~ ) .  The char  thermal  



conduct iv i ty  used i n  Run 2 ( see  Table 4-4)  was taken from Reference 4-1. I n  

that study rev ised  conduct iv i ty  values  (above 2 2 6 0 ' 9 )  were der ived from t h e  

e x i s t i n g  Avco d a t a  i n  an e f f o r t  t o  match in-depth thermal response on Apollo 

f l i g h t s  A S - 5 0 1  and AS-502 .  The second run s a t i s f a c t o r i l y  reduced t h e  char 

thickness t o  match very wel l  with the  t e s t  r e s u l t s .  However, t he  temperature 

grad ien t  became too l a rge .  I t  i s  noted i n  Figures  4-6 and 4-7 t h a t  t he  t.hermo- 

couple nea re s t  t he  sur face  (and i n  t he  char a f t e r  - 6 seconds) was high i n  t he  

ca l cu l a t i on  and the  thermocouple 0 . 1 0  i n .  deeper was ca l cu l a t ed  lower than the  

test v a l c e ,  Undoubtedly, f u r t h e r  computer runs could f i t  t he  t e s t  temperature 

response data with a  r e f ined  char  thermal conduct iv i ty  f ea tu r ing  somewhat lower 

kc values  a t  high temperature and higher  values  a t  low temperatures.  Some study 

of t he  py ro ly s i s  gas enthalpy might a l s o  be i n  order .  However t h e  e f f o r t  i s  

more appropriate f o r  Task I1 of t he  s tudy ,  p a r t i c u l a r l y  s ince  t he  agreement i s  

already fairly good and meets t h e  suggested c r i t e r i o n  of Sect ion 4 . 1  above. 
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TABLE 4-2 

COMPARISON OF RESULTS FOR LOW DENSITY SILICONE ELASTOMER 

T a b .  no. 9 ,  T a b l e  3-2 

T e s t  R e s u l t s  CHAP R e s u l t s  

Run 1 Run 2 

Tota l  surface 
recession ( i n )  

F i n a l  c h a r  
thickness ( i n )  

F i n a l  surface 
t e m p e r a t u r e  ( O R )  



TABLE 4-3  

COMPARISON OF RESULTS FOR AVCOAT 5026-39NC//G 

T a b .  N o .  4 ,  T a b l e  3-3 

T e s t  R e s u l t s  CHAP R e s u 3 . t ~  

Run 1 Run 2 

T o t a l  surface 
r e c e s s i o n  ( i n )  0 . 1 7 7  0 . 1 6 7  0,172 

F i n a l  c h a r  
t h i c k n e s s  ( i n )  0 . 0 6 1  0 . 1 2 6  0,059 

F i n a l  surface 
t e m p e r a t u r e  ( R )  

L a n g l e y  p h o t o  
p y r o m e t e r  

S R I  r a d i o m e t e r  3985*  
( E = O .  7 5 )  

.k 
U n c o r r e c t e d  f o r  losses i n  t u n n e l  window and a mirror 



TABLE 4-4 

CHAR THERMAL CONDUCTIVITY 

(From Reference 4-1) 

















APPENDIX A 

CONVERSION OF PYROLYSIS KINETICS DATA TO REACTION 
PLANE KINETIC CONSTANTS 

A . l  BASIC EQUATIONS 

Thermogravimetric (TGA) d a t a  f o r  char r ing  ma te r i a l s  a r e  usua1l.y reduced 

and repor ted  a s  " k i n e t i c  cons tan ts"  i n  a py ro lys i s  equat ion:  

(A- 1) 

Often t h e  most exac t  f i t s  t o  t h e  TGA curves r equ i r e  t h a t  t h e  py ro lys i s  be modeled 

wi th  more than one component 

Usually Equation (A-3) is  assumed t o  be of t h e  form 

U s e  of t h i s  equa t ion ,  o r  any equat ion of t h e  form (A-3), i n  an in-depth 

thermal response c a l c u l a t i o n  would produce a pred ic ted  dens i ty  profi:le with 

depth which v a r i e s  smoothly between the  v i r g i n  dens i ty  and the  char density 



The CMAI?cod@ i s  based upon a  d i f f e r e n t  model which s imp l i f i e s  in-depth 
c a l c u l a t i o n s ,  Dens i t ies  in-depth a r e  e i t h e r  char  dens i ty  o r  v i r g i n  dens i ty ;  

pyro lys i s  occurs a t  a  " r eac t ion  plane".  The dens i ty  p r o f i l e  t he re fo re  looks 

l i k e  

The  r a t e  of py ro lys i s  A i s  r e l a t e d  t o  t he  temperature a t  t h e  pyro lys i s  plane 
P  

loca t ion  by t he  assumed r e l a t i o n :  

It i s  not  obvious how values  f o r  A and B can be obtained from py ro lys i s  

kinetics n u w e r s  reported i n  t h e  l i t e r a t u r e .  Stroud i n  Reference A-1  has per- 

formed a  n u d e r  of computational experiments with a  s p e c i a l l y  w r i t t e n  code t o  

explore  t h i s  quest ion.  From h i s  computed r e s u l t s  f o r  a  v a r i e t y  of char r ing  

problems, Stroud ex t r ac t ed  "empir ical"  r e l a t i o n s h i p s  between the  pyro lys i s  law 

constants in an equat ion of t h e  form (A-3) and t h e  r eac t ion  p lane  c o n s t a n t s  A 

and B, Stroud assumed a  pyro lys i s  law 

S t r e e d ' s  ca s r eQa t ions  f o r  s i n g l e  component py ro lys i s  a r e  f o r  t h e  pre-exponential  

f a c t o r  



and for the activation energy 

n = 1/2 and I 

If decomposition takes place in more than one reaction it is sufficient to use 

constants from the dominating reaction in Equations (A-7) through (A-BE). 

It should be noted that the pyrolysis law (A-6) used byS"crouddiffers 

from the commonly used expression (A-4) in that the density driving potential 

is pi/po and not (pi - pri)/po . This discrepancy will require an adjustment 
i i 

to the pre-exponential factor ko to convert it to an effective Ao, (The equiva- 

lence is of course not exact since the two pyrolysis laws are fundamentally d i f -  

ferent.) If we choose to match the two expressions at the half-pyrohyaed point 

p = (po -t p,)/2, then we can derive that 

Equations (A-7) through (A-11) and (A-12) allow, therefore, most of the 

pyrolysis data in the literature to be converted to the "reaction plane" eon- 

stants required as input to the CHAP code. 
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APPrnDIX B 

PROPERTY VALUES USED IN QUALIFYING CALCULATIONS 

Table B-1 A Nominal Thermo-chemical ProperLies for 
Low Density Phenolic Nylon 

Table B-2 - Nominal Thermo-chemical Properties for 
Low Density Silicon Elastomer 

Table B-3 - Normal Thermo-chemical Properties 
for the Apollo Heat Shield Material 

Table B-4 - Heat of Combustion (Btu/lbm) for Carbon 



Table B-1 - Nominal Thermo-chemical Properties for 
Low Density Phenolic Nylon 

Undezradcd material 

density, lbm/ft3 . . . .  . . . . . . . . . . . . . 0 . B L d O e a 3 6  

spec i f i c  heat, Btu/lbm R ,  at temperature of-, 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 6 0 R . .  *36 

1060 R . . . . . . . . . . . . . . . . . . . . . . . . a . a . . . .  .545 
thermal conductivity, Btu/ft-s-R, a t  temperature of- 

1 1 0 0 ~  . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.48 lo-5 

1280R . . . . . . . . . . . . . . . . . . . . . . . . * a  1.51 x10-' 

activation temperature, R . . . . . . . . . . . . . . . . . .  ,23208 

2 reaction-rate constant, lbm/ft s 1,586 x 10 6 . . . . . . . . . . . . . . .  
e f fec t ive  heat of pyrolysis,  Btullbm . . . . . . . . . . . . . . .  558 

e f fec t ive  s p e c i f i c  heat of pyrolysis gages, Btu/lbm R ,  

. at  tcmpcratures of- 



Table B-1  . (concluded) 

: c :r: dcd  material .. ....- 
3 dens i ty .  lbm/f t  . . . . . . . . . . . . . . . . . . . . . . . .  12  . . 

. . . . . . .  a c t i v a t i o n  temperature. R . . . . .  lSt order  76500 

r eac t ion  r a t e  constant .  lbrn/f t2 satrn ox ida t ion  . . . . . . .  1 x 1 0 ~ ~  

mass of char  removed p e r  mass of oxygen *75 . . . . . . . . . . . .  
surfacz emit tance . . . . . . . . . . . . . . . . . . . . . . .  .8 . 

s p c c i f i c  hea t .  Btu/lbm R . . . . . . . . . . . . . . . . . . . . .  .54 

thermal conduct iv i ty .  Bru/ft.s.R. st tcmpcrsturc of- 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 0 0 0 R  100X10-'  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5500 R 123 X loe5 
. . . . . . . . . . . . . . . . . .  heat of combustion. Btu/lbm 5000 

B- 2 



Table B-2 - Nominal Thermo-chemical Properties 
for Filled Silicone Resin in Honeycomb 

s p e c i f i c  h e a t ,  Btu/lbm R, at t empera tu re  of- 

. . . . . . . . . . . . . . . . .  t l ~ e r n u l  c o n d u c t i v i t y ,  B t u / f t r  R 1.98 X 10-: 

. . . . . . . . . . . . . . . . . . . .  ; l c ~ i v a ~ i o l ~  tc~apcrncurc?, K, 20000 

. . . . . . . . . . . . . . . . .  r e a c t i o n  r a t e  c o n s t a n t ,  lbm/fc2s 2700 

. . . . . . . . . . . . . .  e f f e c t i v e  heat of p y r o l y s i s ,  Btu/lbm 250 

e f f c c r i v c  s p e c i f i c  h e a r  of p h r o l y s i s  gases ,  Btu/lbm R . . , . . 1 

3 e ~ r a d e d  naterial 

3 . . . . . . . . . . . . . . . . . . . . . . . . .  d e n s i t y ,  l b m / f t  20 

. . . . . . . . . . . . . . . . . . . . .  s p e c i f i c  hear, Btu/lbm R * 4 3  
- - 

thermal conductivity,~tu/ft s R, at temperature of -- 



Table B-2 - (concluded 

. . . . . . . . . . . . . . . . . . . . .  rcnlpcrocura of Pussion, R 3800 

heat  02 f u s i o n ,  Btu/lbm . . . . . . . . . . . . . . . . . . . .  60 

. . . . . . . . . . . . . . . . . . .  accivarion temperature, R, . . 39872 

2 h . . . . . . . . . . . .  r s a c c i o n  r a t e  constant ,  lbm/ft  s atm 6.73 X lo8 

. . . . . . . . . . . . . . . . . . . . . . .  ordar  of  oxidat ion . 5  

. . . . . . . . . . . . .  mass o f  char removed per  mass of oxygen .A 



Table B-3 . Normal Thermo-chemical Properties 
for the Apollo Heat Shield Material 

Undeqraded material 

3 . . . . . . . . . . . . . . . . . . . . . . . . . . .  dens i ty .  1bm/ft 32 

s p e c i f i c  heat .  Btullbm R at  temperature of- 

thermal conduct ivi ty .  B t u / f t  s R. a t  temperature of- 

. . . . . . . . . . . . . . . . .  . a c t i v a t i o n  temperature. K .  19600 

2 . . . . . . . . . . . . . .  r e a c t i o n  r a t e  cons tan t .  lbm/ft  s 128000 

e f f e c t i v e  hea t  of pyro lys i s .  Btu/lbm . . . . . . . . . . . .  250 . 
e f f e c t i v e  s p e c i f i c  heat of pyro lys i s  gases.  Btu/lbm R . . . .  X.8 

'B-5 



Table B-3 - (concluded) 

thermal conductivity, ~tu/ft s R, at temperature of- .................................................. 5'1-0 13 3.88~10-5 

mass of rcnlovcd pcr mass of oxygen 1.5 

2 . . . . . . . . . .  react ion r3r.e constang, lbm/fr 6-atm .' . .  1 X 10l0 

. . . . . . . . . . . . . . . . . .  bent of combusricn. B ~ u / l b m  2500 



T&ble B-4 Heat of Combustion (Btu/lbm) 

f o r  Carbon 

Pressure  (atm) 




