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IWTIONAL AERONAUTICS AND SPACE ADMINIS'OiC1TION 

TECI€NICAL MEMORANDUM X-784 

P R m N A R Y  EVALUATION OF A NUMBER OF AEU,ATIVE 

€EA!T-SELIEI;D MATEBIAIS EXPOSED TO COMBINEI) 

RADIATIVE AND CONVECTIVE W I N G *  

By Robert R. Dickey and Jack F. €hacker 

S W Y  

Forty-six ablat ive heat-shield materials were t e s t ed  a t  combined radiat ive 
and coavective heat f luxes representative of the maxim stagnation point heat 
fluxes expected f o r  a manned l i f t ing-type vehicle entering the ea r th ' s  atmos- 
phere a t  escape velocity. These t e s t s  were made t o  determine which materials 
would be the most promising f o r  more detailed studies t o  provide specif ic  design 
data- Data obtained during the t e s t s  included time h i s t o r i e s  of the temperature 
a t  the back surface of each material, measurements of the  amount of material  
ablated, and photographs of the ablated surface. 

The materials were evaluated on the basis  of the maxim temperature r i s e  

B i s a  wood and cork had the lowest back-surface tem- 
mas-ued  a t  the  back surface of a saiiple of given weight per un i t  area (4.7 
pounds per square foot ) .  
perature r i s e ;  and -.nsulating plaster ,  oak wood, and a group of p l a s t i c  materials 
had the  nexL lowest. 
unsuitable fo r  heat shields a t  the imposed heating r a t e s  because of t h e i r  re la-  

Approximately half the materials t e s t ed  appeared t o  he 

t i v e l y  high back-surface t e q e r a t u r e  r i s e .  

/ INTRODUCTION 

Recent successful en t r i e s  of ear th  orbit ing capsules protected by heat 
shields  of reinforced p l a s t i c s  have demonstrated the effectiveness of the abla- 
t i v e  type of thermal protection system fo r  entry a t  s a t e l l i t e  speed, where the 
heating i s  primarily convective. 
with lunar missions, the stagnation point region of a blunt capsde  i s  heated by 
rad ia t ive  as  wel l  as convective heat f lux.  
a s  t o  the possible e f fec ts  of radiat ive heating on the performance of ablative 
heat-shield materials.  

For entry a t  the greater  speeds associated 

Consequently, the question a r i s e s  

q i t l e ,  Unclassified 
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Since t h e  majority of t he  data on the  effectiveness of ab la t ive  materials 
has been obtained under conditions of convective heating only, t he  present 
invest igat ion w a s  i n i t i a t e d  t o  obtain data a t  the combined maximum radia t ive  
and convective heating r a t e s  expected a t  the  stagnation point of a manned lunar 
vehicle. 
mum temperature r i s e  measured a t  the  back surface of a sample of a given weight 
per u n i t  area. 
of material  ablated, post-run photographs of the  ablated surfaces, and photo- 
graphs of the model p ro f i l e s  before and a f t e r  tes t ing .  

A large number of materials were evaluated on the  bas i s  of the  maxi- 

Supplementary data obtained included measurements of the  amounts 
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area,  f t 2  

nozzle area r a t i o  

specif ic  heat, Btu/lb-'F 

e f fec t ive  heat of ablat ion,  Btu/lb 

enthalpy, Btu/lb 

t h e r m 1  conductivity, Btu/ft2/sec/OF/ft 

Mach number 

mass, l b  

mass loss ,  l b  

pressure, a t m  

t o t a l  heat, Btu 

convective heating r a t e ,  Btu/ft2-sec 

radiat ive heating r a t e ,  Btu/ft2-sec 

nose radius, in.  

Reynolds nuniber based on nose radius  

temperature, OF 

ablat ion temyerature, OF 

room temperature, OF 

temperature r i s e ,  (T-To) , OF 
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W 

P 

time, sec 

weight per unit =ea, lb / f t2  

density, l b / f t 3  

Sub sc r ip t s  

C convective heating 

i i n i t i a l  

n nonstandard core weight 

r radiat ive heating 

S standard core weight 

t t o t a l  

7 
A conditions ahead of noriml shock 

2 conditions behind normal shock 

The t e s t s  xere condiJcted i n  the Ames entry heating simulator vlnich i s  a 
f a c i l i t y  capable of simultaneously s i m u l a t i n g  both the convective and rzdiat ive 
heating f luxes encountered by entry vehicles. The f a c i l i t y ,  which i s  i l l u s t r a t e 6  
sche-mtically i n  f igure 1, consis ts  of a supersonic wind tunnel employing arc- 
heated a i r  t o  produce the convective heating f lux and a carbon a rc  t o  provide the 
rad ia t ive  f lux.  A photograph of t he  en t ry  heating simulator i s  shown i n  f i g -  
ure 2- The f a c i l i t y  i s  described i n  d e t a i l  i n  reference 1. Brief descriptions 
of t h e  convective and radiat ive components 8re given below. 

Convective Heating System 

A schematic drawing of t he  arc-type air heater i s  shown i n  f igure 3. A i r  
from high-pressure storage ta,riks i s  introduced i n t o  the a r c  chamber xhere it 5s 
heated by a direct-current a r c  discharge betweel two concentric, water-cooled,, 
ring-shaped, copper electrodes. 
discharge maves the a rc  around the gap bebieen the electrode rings.  
t i o n  of t he  a r c  minimizes the ablat ion of the copper electrodes and the conse- 
quent contanination of the a i r  stream. The ternperatwe r i s e  i n  the uncoohd 

A mzgnetic f i e l d  a t  r i g h t  angles t o  the a rc  
This r o - k -  
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p a r t s  of the air  heater limits i t s . ope ra t ing  t i m e  t o  less than 30 seconds 
duration. 
sonic nozzle i n t o  the  t e s t  charriber as a f ree  j e t  and then exhausted i n t o  a large 
evacuated sphere. 
e t e r  of 2.28 inches and an A/A* r a t i o  of 13.00. A more de ta i led  discussion of 
the  design and performance charac te r i s t ics  of the  a rc  heater and supersonic j e t  
may be found i n  references 2 and 3. 

After being heated by"th8'ar?, t he  a i r  i s  expanded through a super- 

The nozzle used during t h i s  invest igat ion had an ex i t  diam- 

' 

Radiative Heating System 

The radiat ive heating f lux  i s  supplied by a carbon a rc  which operates a t  
atmospheric pressure and i s  separated from the  t e s t  chaniber by a quartz window 
(see f i g .  1). The arc  i s  positioned a t  the  foca l  point of an e l l i p s o i d a l  p r i -  
mary mirror. Energy f romthe  a rc  i s  re f lec ted  by the  primary mirror through the  
quartz window t o  the  e l l i p so ida l  secondary mirror where it i s  refocused onto 
the  model. The magnitude of the rad ia t ive  f l u x  impinging on the  model i s  con- 
t r o l l e d  by w i r e  screens of d i f f e ren t  porosity placed i n  f ron t  of t he  quartz 
window. 
the  radiat ive flux with t h a t  of t he  convective f lux.  The carbon a rc  used i n  
these t e s t s  has a spec t ra l  d i s t r ibu t ion  i n  the  u l t r a v i o l e t  region t h a t  c losely 
simulates the spectrum of  shock-heated air  a t  temperatures and dens i t i e s  repre- 
sentat ive of en t ry  a t  escape veloci ty  of a l i f t i n g  manned vehicle.  
shown i n  re f .  1) at  wavelengths above approximately 4500 angstroms, t he  output 
i n t ens i ty  of the  a rc  i s  greater  than t h a t  calculated f o r  shock-heated a i r .  The 
e f f ec t  of the quartz window and the  wire screens on the  spec t ra l  d i s t r ibu t ion  
i s  believed t o  be small. 

A pneumatically operated shut ter  i s  used t o  synchronize the  duration of 

However, (as 

MODELS 

Two types of  models were employed: ab la t ion  models were used t o  measure the  
r e l a t ive  performance of t he  various materials,  and a calorimeter model w a s  used 
t o  measure coldwall heat- t ransfer  ra tes .  Dimensioned drawings of t he  two types 
of models are shown i n  f igure  4. 

The ablation models were hemisphere-cylinders. (See f i g .  4(a)  . ) Each w a s  
constructed of two par ts ;  a center t e s t  core and a concentric outer s h e l l  which 
served a s  a siiroud and support f o r  t h e  t e s t  core.  The t e s t  core w a s  inser ted  
i n t o  the shroud with a press f i t  and, except where noted, t he  shroud and core 
were constructed of t he  same t e s t  material .  A thermocouple w a s  embedded and 
glued in to  the base of each t e s t  core and a r ad ia t ion  shield w a s  interposed 

radiat ing heat t o  the core or the  thermocouple. 
, between the  core and the  inner w a l l  of t h e  shroud t o  prevent t he  shroud from 

Since the materials were t o  be compared on t h e  b a s i s  of equal-weight per 
un i t  a rea ,  it was necessary t o  vary the  core lengths  inversely with the  dens i t i e s  
of the materials. The i n i t i a l  core weight of a l l  mater ia ls  (with two exceptions I 
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which w i l l  be discussed l a t e r )  was 0.00250'+b-'ooo02 pound which corresponds t o  
core lengths of 0.4 t o  1.5 inches and a weight pe r  u n i t  area of 4.7 pounds pe r  
square foot .  

The calorimeter model ( f ig .  4(b))  consisted of a copper slug, with a ther-  
mocouple embedded i n  the  base, and a concentric ou ter  shroud. 
supported within the  shroud by s m a l l  pointed pins t o  minimize conduction losses .  
Ekcept f o r  t he  s m a l l  a i r  gap between t h e  calorimeter s lug and shroud, the exter- 
na l  shape and dimensions of the  calorimeter model w e r e  t he  sane as those of t he  
ablat ion models . 

The slug was 

TEST CONDITIONS A D  PROCEDURES 

All of the materials were tes ted  a t  the following nominal conditi.ons: 

Convective heat- t ransfer  ra te ,*qc,  Btu/ft2-sec 
Radiative heat-transf e r  ra te ,  qr, Btu/ft2-sec 
Dua t ion  of heat pulse, t, sec 
Total  convective heat,  Qc, Btu/ft2 
Total  rad ia t ive  heat,  Qr, Btu/ft2 
Stagnation enthalpy, h t ,  Btu/lb 
Free-s t rea i  t o t a l  pressure, ptl, atrn 
Stagnation pressure, pt,, a t m  
A i r  mass flow, &, lb/sec 
Mach number, M 
Nozzle area r a t i o ,  A/A* 
Reynolds niirnber Sased on nose radius, R e  

230 
140 
15 

3450 
2loo 
4250 
1/4 

1/32 
0.0080 

3.8 
13 

100 

The stagnation enthalpy of the  arc-heated a i r  w a s  determined by t h e  equi- 
l ibrium sonic-flow method described in  reference l., 
of t h e  arc  u n i t  resul ted i n  deviations of 2250 Btu/lb from the  nominal stagnation 
enthalpy value. 

Variations i n  t h e  operation 

The output from t h e  thermocouple located a t  the Sack surface of each tes t  
specimen was  measured with a high-sensit ivity galvanometer and recorded on an 
oscil lograph during both t h e  heating period of 15 seconds and a subsequent 
"soaking" period of  severa l  minutes a f t e r  t h e  heat pulse ended. 
"soaking" period, there  was  no air flow over the  model and the pressure i n  the 
t e s t  chamber was approximately 200 t o  400 microns of mercury. 
surface temperature r i s e  during the  heating and soaking .periods w a s  determined 
from the  oscil lograph t r ace .  

During the 

The maximum back- 

The heat  f l o w  i n  the  stagnation region of a la rge  blunt heat  sh ie ld  is  
e s sen t i a l ly  one-dimensional.. Preliminary tests had indicated t h a t  t o  achieve 
one-dimensional heat  flow i n  s m a l l  ablation models, great  care m u s t  be exercised 
i n  designing the  models. 
w a s  chosen i n  an attempt t o  minimize the  heat  f l o w  in to  o r  out of t he  tes t  core 
from regions o ther  than the  stagnation-point region. 
heat  flow i n  the  tes t  cores w a s  essent ia l ly  one-dimensional, the  m a x i m u m  

The par t icu lar  model design employed during these tests 

To determine whether the  
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- -  am m u  . # .  m a  e 

m a  e m  e e m *  
am e m m  m m m  ma omm a *  

back-surface temperature r i s e  of one par t icu lar  mater ia l  (white Teflon) w a s  
measured at  several  d i f fe ren t  convective heating rates and compared with the  
theo re t i ca l  var ia t ion of temperature r i s e  with heating r a t e  fo r  one-dimensional 
heat  flow (calculated from the  theory of r e f .  4 ) .  
f igure  5. The agreement between the  measured and theo re t i ca l  temperature rises 
indicates  tha t  t he  heat flow i n  t h e  Teflon t e s t  cores w a s  one-dimensional. 
Teflon w a s  used fo r  the foregoing comparison because the  ab la t ion  processes of a 
subliming material, such as Teflon, a r e  l e s s  complex than those of a charring 
ab la tor  and because data concerning the  thermal charac te r i s t ics  of Teflon were 
readi ly  available.  

I 

The r e s u l t s  a r e  shown i n  

White 

I n  addi t ion t o  the t i m e  h i s t o r i e s  of the  back-surface temperature, t he  data  
obtained during t h i s  invest igat ion included the  weights of t he  t e s t  cores before 
and a f t e r  tes t ing,  post-run photographs of the  ablated surfaces, and photographs 
of t h e  model prof i les  before and a f t e r  t e s t ing .  

Cold-wall heat-transfer r a t e s  were measured a t  frequent i n t e rva l s  during 
the  t e s t  program with t h e  calorimeter described previously. 
calorimeter thermocouple w a s  recorded on an oscillograph and the  heat- t ransfer  
r a t e  calculated f romthe  r e l a t i o n  

The output f r o m  the  

mc dT 

A d t  
t = P -  

where m and A are  the  mass and the  f ront  surface area of t he  calorimeter slug, 
i s  the  specific heat of t he  calorimeter slug, and dT/dt i s  t he  measured 'P s ope of t h e  temperature versus time curve determined from the  oscil lograph 

t race .  
calorimeter was blackened with camphor soot t o  give an absorp t iv i ty  of approxi- 
mately uni ty .  The run-to-run deviations from the  nominal convective and radia- 
t i v e  heating r a t e s  were 210 Btu/ft2-sec and 215 Btu/ft"-sec, respect ively.  

When the radiat ive heating r a t e s  were measured, t he  surface of t he  

RESULTS AND DISCUSSION 

The tes t  r e s u l t s  and other information f o r  t he  46 d i f f e ren t  mater ia ls  
t e s t ed  during t h i s  invest igat ion are presented i n  f igures  6 through 530 
maximumback-surface temperature r i s e s  and weight l o s ses  of t he  mater ia ls  a r e  
shown i n  figures 6 and 7, respectively.  
t e s t  results and the available physical  cha rac t e r i s t i c s  of each mater ia l  a r e  
presented i n  f igures  8 through 53. 
t he  corresponding code numbers, the  manufacturer or source of t he  mater ia l ,  and 
the  f igure number of the per t inent  data  sheet.) 
composition of t he  material (where ava i l ab le ) ,  t he  average density,  t he  per- 
centage of the average weight l o s t  during t h e  tes t ,  t h e  time h i s to ry  of t he  
back-surface temperature, a photograph of t h e  ablated surface, and a photograph 
comparing t h e  p ro f i l e  of the model before and after the  tes t .  The p r o f i l e  pic-  
t u r e s  generally show the  post-run s i lhouet te  i n  black and t h e  o r ig ina l  p r o f i l e  
as a l i g h t  half-tone area. 

The 

Individual data  sheets  summarizing the  

(See t a b l e  I fo r  a l i s t  of t h e  materials, 

These da ta  sheets  include the  

I n  some cases t h e  mater ia l  expanded (as i n  f ig .  24), 
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, i n  which case the or ig ina l  prof i le  i s  black and the af ter-run p ro f i l e  i s  indi- 
cated by the dark half-tone area. I n  f igu re  a, the  black and l i g h t  half-tone 
areas a re  the or iginal  prof i le  and the b lack  and dark half-tone areas indicate  
the  after-run prof i le  . 

The r e su l t s  shown i n  f igure 6 indicate the  r e l a t ive  performance of the 
materials a t  the jxqosed t e s t  conditions. i n  most cases, a t  l e a s t  two models of 
each material  were tested.  The crosshatching on the  bar chart of f igure 6 indi-  
cates the maxinnun spread i n  the back-surface temperatures measured for  two or 
more samples of the same material-  It i s  apparent t h a t  there a re  very large 
differences i n  the  heat shielding a b i l i t y  of the  various materials tes ted.  The 
lowest back-surface temperature r i s e s ,  obtained wlth balsa  wood (no. 44) and 
cork (no. 45), were several  orders of magnitude l e s s  than the highest back- 
surface temperature r i s e  obtained with graphite (no. 41). Because of t h e i r  l o v  
density, the i n i t i a l  weight of the t e s t  cores of balsa  and cork was l e s s  than 
the  standard core weight of the other materials. I n  order t o  compare the mate- 
r i a l s  on an equal weight-per-unit-area basis,  the back-surface temperature r i s e s  
shown i n  f igure 6 fo r  these two materials have been adjusted fo r  the  differences 
i n  t h e i r  i n i t i a l  core weights by the method shown i n  the  appendix. Teqera ture  
r i s e s  computed by t h i s  method were i n  good agreement with measured temperatures 
for  several  cases where more than one core weight of the same material  was 
tes ted  . 

The bar graph shown i n  f igure 7 indicates the percent of the i n i t i a l  core 
weight l o s t  by each ablat ion model during the t e s t .  The materials a re  arra-nged 
i n  the  same order a s  i n  f igure 6 (i.e., i n  order of increasing back-surface tem- 
perature r i s e  s t a r t i ng  a t  the top of the graphs). All of the weight-loss values 
shown, Inclu&ing those for  balsa wood (no. 44) 2nd cork (no. 45), are  based on 
an i n i t i a l  tes t -core  weight of 0.00250 pound. It i s  apparent t h a t  there i s  Ti0 
correlat ion between the weight of material  ablated and the maximum temperature 
r i s e  measured a t  the back aurface of the material. The weight of  material  l o s t  
varied from a minimum of l e s s  than 1 percent of the i n i t i a l  weight f o r  boron 
n i t r i d e  (no. 42) t o  a maximum of about 39 percent for  black Teflon (no. 38). 

The temperature time h i s to r i e s  shown i n  the data sheets indicate t h a t  the 
back surfaces of most of the materials did not reach maximum temperatures u n t i l  
approximately a minute or two af te r  the heat p-dse had ended. 
few materials which had very high t h e r m 1  conductivity, such a s  graphite (no. 41), 
or which were transparent t o  the radiatiog f lux ,  such a s  Lexan (no. 14)  or white 
Teflon (no. 3 7 ) ,  the  temperature a t  the back surface reached a maximum i n  only 
a few seconds. 

Hovever, f o r  a 

A comparison of the  photographs of the models a f t e r  tes t ing  i l l u s t r a t e s  the 
v2riety of zblated surfaces. Because of the small s ize  of the available smples  
of mater ia ls  rm-2625 (no. 20) and BK-2630~ (no. 21), the shroud or outer par t  
of these models was made of Bakelite (no. 35)  instead of the t e s t  material; 
therefore ,  only the par t  of the photograph representing the center core of the 
model i s  indicat ive of the  char formed by these two materials.  The difference 
i n  the  scale factor  between the nose radius of the  t e s t  model and the radius of 
a fu l l - s ca l e  heat shield should be considered when the roughness of the ablated 
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surfaces i s  compared. For example,.a. s,urface 5 r y e  i r r egu la r i ty  t h a t  appears t o  be 
large when viewed on the  t e s t  model may be insignif icant  when compared t o  the  
nose radius of a fu l l - sca le  heat shield.  

, 

The superimposed before-and-after s i lhouet tes  shown i n  the  data sheets give 
I n  considering a l i n e a r  measurement of t he  ablat ion or  recession of t he  models. 

these si lhouettes,  it should be noted t h a t  as a r e s u l t  of the  exposure t o  the  
heat pulse, some of the  materials expanded and show an increase ra ther  than a 
decrease i n  size.  These photographs a re  a l s o  useful  i n  i l l u s t r a t i n g  the  degree 
t o  which the models re ta ined t h e i r  o r ig ina l  hemispherical shape. 
convective heat- t ransfer  rate can be shown t o  be inversely proportional t o  the  
square root of the  nose radius, t he  convective cold-wall heating rate during the  
la t ter  part of the  heat pulse fo r  some models may have been d i f f e ren t  from the  
heating ra te  indicated by the  calorimeter model. However, f o r  t h e  worst case 
(where t h e  hemispherical nose erodes t o  a f la t  face during t h e  heat pulse)  it 
can be shown t h a t  the t o t a l  heating r a t e  (convective and r ad ia t ive )  a t  the  stag- 
nation point of t he  model would be decreased l e s s  than 15 percent. 

Since the  

CONCLUDING RESIPIRKS 

The present survey provides a preliminary evaluation of 46 heat- shield 
materials.  
(140 Btu/ft2-sec) and convective (230 Btu/ft2-sec) heating r a t e s  expected f o r  a 
manned lunar vehicle and were evaluated on the  bas i s  of t he  maximum temperature 
r i s e  measured a t  t he  back surface of a given weight per u n i t  a rea  (4-7 l b / f t2>  
of heat shield. 

The materials were exposed f o r  13 seconds t o  the  maximum radia t ive  

I n  general, the  lowest back-surface temperature rises were obtained with 
materials that  had low density and low thermal conductivity, and the  highest  
back-surface temperature r i s e s  were obtained with materials t h a t  had high thermal 
conductivity or t h a t  were transparent t o  t h e  rad ia t ive  heat flux. There appeared 
t o  be no general cor re la t ion  between the  maximum back-surface temperature r ise  
and the  amount of material ablated.  Balsa wood and cork provided the  lowest 
back-surface temperature r i s e s  (approximately 19' F f o r  both materials) a t  t he  
imposed tes t  conditions. 
r ials,  which included an insulat ing p l a s t e r ,  oak wood, and a number of p l a s t i c  
compositions, were 2 t o  3 fac tors  higher than those of ba lsa  wood or  cork. Those 
of t h e  remaining materials ranged from 10 t o  100 times higher than  those of ba lsa  
wood or cork. 
of t he  t o t a l  number of materials tes ted .  

The back-surface temperature r i s e s  of a group of mate- 

This t h i r d  group of materials consisted of approximately one-half 

Although the  maximum back-surface temperature rise gives  a d i r e c t  indicat ion 
of a heat shield 's  a b i l i t y  t o  l i m i t  t h e  flow of heat t o  t h e  i n t e r i o r  of a vehi- 
c le ,  and therefore i s  of primary importance' in the  evaluat ion of a heat shield,  
other factors,  such as strength,  ease of fabr icat ion,  and reac t ion  t o  space 
environment, must a l s o  be considered before the  f i n a l  evaluation of a heat-shield 
material  c a n b e  made. 
shield materials given i n  t h i s  repor t  i s  not intended t o  be an absolute r a t i n g  
of the  materials nor i s  it necessar i ly  applicable t o  conditions t h a t  differ  

Consequently, t h e  preliminary evaluat ion of t he  heat- 
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appreciably fromthose of the  present t e s t s .  As an example, the r e su l t s  of t he  
present survey indicate t h a t  although the lowest back-surface t e q e r a t u r e s  were 
obtained with balsa wood and cork, the  strength of the  char formed by these two 
materials appeared t o  be r e l a t ive ly  poor compared Yo t h a t  of the other materials. 
Therefore, for shear s t resses  higher than those of the present tests, it i s  pos- 
s ib le  t h a t  the weak char formed by balsa and cork would be mechanically eroded a t  
a r a t e  t h a t  would adversely a f f ec t  t h e i r  back-surface temperatures and t h e i r  
evaluation r e l a t ive  t o  other materials.  

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field,  Calif . ,  Nov. 1, 1962 
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APPENDIX 
4 

TEMPERATURE ADJUSTMENT FOR NONSTANDARD CORE WEIGHTS 

The maximum temperature r i s e  measured a t  the back surface of a t e s t  core of 
nonstandard weight can be adjusted t o  the maximum temperature r i s e  corresponding 
t o  a t e s t  core  of standard weight i f  it i s  assumed t h a t  the same t o t a l  amount of 
heat i s  stored i n  both the standard and nonstandard t e s t  cores a f t e r  a given 
heat input. The expression re la t ing  the temperature r ise  of t he  core may be 
wr i t ten  as 

where Q i s  the heat stored i n  the core, m i s  the i n i t i a l  weight of t he  core, 
h i s  the weight l o s s  due t o  ablat ion,  c i s  t he  specif ic  heat of the mate- 
r i a l ,  AT i s  the temperature r i se ,  and the  subscripts s and n r e f e r  t o  the  
standard and nonstandard core weights, respectively.  
t o  ablat ion should be the same regardless of i n i t i a l  core weight, t he  r a t i o  of 
standard t o  nonstandard temperature r i s e  may be expressed as 

P 

Since the weight l o s s  due 
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Figure 6. - Comparison of the maximum back-surface temperatures for equal weight 
per Unit area of heat-shield material. 
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Figure 9. - Material nurbei- 2 (Chance-Vought MX-B) . 
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Figure 10. - Material number 3 (Chance-Vought MX-C) . 
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Figure 11.- Material amber. 4 (Chance-Vought MX-D) . 
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Figure 16. - Material number 9 (Avco CD) . 
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Figure 18. - Material. number 11 (G.E. 124A). 
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Figure 19.- Material number 12  (G.E. 223C). 
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Figure 20.- Material  number 13 (G.E. 523C). 
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Figure 22.- Material number 15 (F ibe r i t e  MX-4961). 
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Figure 24- - Material number 17 (F ibe r i t e  MX-4963). 
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Figure 26.- Material number 19 (F iber i te  MX-1344-67) 



A T 

0. 0.0 . . . 0. 0. . 0.0 . 0.. 0 .  
0 . 0  0 . .  0 . .  0 .  .. 0 .  

Composition 
Phenolic resin 
Sil ica fabric 
Mineral f i l ler 

Density = I l l  lb/ft3 

Wt. LOSS = 8 O/o 

AT,,, = 306 to 309°F 

400 

300 

,OF 

200 

I00 

0 100 200 300 400 
t , sec 

Figure 27.- Material number 20 (Fiberite MX-2625). 

500 



700 

600 

500 

400 

AT ,OF 

300 

200 

I O 0  

............... ....... 

I 

Composit ion 
Phenolic resin 
Graphite fabric 

Mineral  f i l l e r  

Density = 92 lb/ft3 

Wt.Loss = 20  o/o 

ATmox = 657 O F  

0 I00 200 
t , sec 

Figure 28.- Material number 21 (F ibe r i t e  MX-2630~). 
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Figure 30.- Material number 23 (Fiberite MX-3581). 
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Figure 32.- Material number 25 (Fiberite MX-3673) 
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Figure 35.- Materiai number 28 (Fiber i te  MX-7500). 



600 

500 

400 

A T  ,OF 

300 

200 

I00 

0 100 
t , sec 

200 

Composition 
Phenolic 

Asbestos 

resin 

Density = 110 lb / r t3  

Wt. LOSS = 17 O/o 

AT,,,= 476 OF 

Figure 36.- Material  number 29 (R.M. 150 - RPD) 
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Figure 40,- Material number 33 (91-LD) . 
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Figure 42* - Material number 35 (Bakelite) 
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Figure 44.- Material number 37 (White Teflon).  
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Figure 45. - Material number 38 (Black Teflon). 
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Figure 46 - - Material number 39 ( High density phenolic -nylon) a 
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Figure 47.- Material number 40 (Low density phenolic-nylon). 
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Figure 48.- Material number 41 (Graphite).  
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Figure 49.- Material number 42 (Boron n i t r i d e ) .  
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Figure 50.  - Material number 43 ( O a k  wood). 
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Figure 31.- Material number 44 (Balsa wood). 
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Figure 52.- Material number 45 (Cork).  
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Figure 33. - Material number 46 (Vonoli te)  . 
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