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By Robert T. Swann, W i l l i a m  D. Brewer, 
and Ronald K. Clark 

NASA Langley Research Center 

R e s u l t s  are presented from an experimental study of the effects of cunrpo- 
s i t ion  and density on the ablative performance of phenolic-nylon. 
effectiveness i s  obtained with densities of 25 t o  30 1b/ft3, but themochemical 
perf'ormance is  not a strong function of either composition or density. Char 
spallation i s  observed under certain conditions, and this forn of removal i s  
most severe w i t h  high nylon content and/or law density. 

Maximum 

INTRDDUC!J!IoIJ 

Ablative materials are ccmnonly used t o  protect spacecraft from the ther- 
Char-forming mal environment encountered when entering planetary atmospheres. 

ablators provide the most effective protection for a range of entry environ- 
ments. 
i s  re-presentative of the best performing of these ablative materials (refs. 1 
and 2). 
phenolic-nylon of. 25 percent powdered phenolic resin, 50 percent powdered nylon, 
and 25 percent phenolic Microballoons, molded t u  a density of 36 Ib/ft3 had a 
high thermal protection effectiveness. This was a rather arbitrary fonmrlatiunj 
other compositions and densities, based on the  same materials, might provide 
superior ablative peflormance i n  particular applications. 

Mary charring materials have been formulated and tested; phenolic-nylon 

Under the test conditions of references 1 and 2 it was shown that a 

Evaluation of' the re lat ive m e r i t  uf a number of ablative materials fo r  a 
given f l igh t  application is very diff icul t  unless each of the candidate mate- 
rials is  sufficiently w e l l  characterized t o  permit calculation of i t s  respcmse 
t o  the entry environment. It i s  usually necessary t u  make a selection on the 
basis of the relative performance of the materials i n  a nlmiber of available 
ground test conditions. This procedure involves subjective judgment as t o  the 
significance of results, obtained at  each tes t  condition, i n  terms uf the 
flight environment of particular interest .  

This paper presents the results of an experimental determination of the 
ablative performance of phenolic-nylon of various compositions and densities. 
The materials w e r e  evaluated in three different thermal environments. 

An impOrtant consideration i n  the selection of an ablative material for 
ap-plicatbn t o  a f l ight vehicle i s  the ease of fabrication. 
peratures and pressures required t o  mold phenolic-nylon could l i m i t  the 

The elevated tem- 



practicability of using this material as thermal protection for large space 
vehicles, or for vehicles with complicated shapes. 
able to mold the material at l o w  pressures or perhaps even cast the material. 
The possibility of making a castable phenolic-nylon which is also an efficient 
thermal protection material was therefore included in this investigation. 

It would be desirable to be 
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ablative effectiveness, defLn& as " 7, where t is the time 

required for a back surface temperature rise of Po F to occur 
ablative effectiveness based on the weight of material degraded, 

porosity of char 

effective heat of pyrolysi s 

stream enthalpy 

thermal conductivity 

permeability 

thickness of mterial pyrolyzed 

average molecular weight of gaseous products of pyrolysis 

rate of evolution of gaseous products of pyrolysis 

pres sure 

actual heating rate to surface/unit area 

cold wall convective heating rate to nonablating surface/unit area 

gas constant 

char surface recession rate at stagnation point 

absolute temperature 

time 

original weight of ablation material/unit area 



L 

Y coordinate normal t o  surface 

6 char thickness 

E surface emissivity 

cr 

P density of original material 

viscosity of gaseous products of gyrolysis 

density of gaseous products of pyrolysis Pg 

U stress 

Stefan-Boltzmann constant uss 
slibscripts : 

0 reference value 

I P Pyrolysis 
I 6 char surface . 

The ablation material used i n  this study i s  i n  general referred t o  as low- 
density phenolic-nylon. 
nolic bonding material, and phenolic Microballoans. 
Zytel103 purchased from the Liquid Nitrogen Processing Corporation. 
t o  the manufacturer‘s specifications, the average par t ic le  size of the nylon 
powder was 80 mesh with a maximum s ize  of 30 mesh. 
r ia l  was Union Carbide BRP-5549, a pulverized, heat reactive phenolic resin w i t h  
average par t ic le  size of 200 mesh. 
cured phenolic resin i n  the form of minute hollow spheres, were Union Carbide 
BJO-0930. 
sizes which wuuld not pass through a 400 mesh screen. 

This material i s  composed of a nylon powder, a phe- 
The nylon used i s  Ixipont 

According 

The phenolic bonding mte- 

The phenolic Microballoons, which are a 

The Microballoons w e r e  270 mesh average with a range from 50 mesh to 

In this investigation, the ablative composites were molded from the above 
materials using various percentages at? these three components. 
eight different compositions were investigated. 
nal program was molded t o  a naminal block density of 36 lb/ft3. In  addition, 
three of the  compositions were molded t o  various block densities ranging f r o m  

A t o t a l  of 
Fhch camposition i n  the origi- 

1 
~ 

I about 18 lb/ft3 t o  43 lb/ft3. 
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After a few t e s t s  were conducted, it seemed desirable t o  t r y  a composition 
of 35 percent phenolic, 30 percent nylon, and 35 percent Microballoons, with 
densities of 24 and 30 lb/ft3.  
considered are shown i n  Table 1. 
values f o r  Il-inch-diameter by 2-inch-thick blocks of ablation material. 
densities of the individual t e s t  specimens varied s l ight ly  from these block 
values. 

The compositions and the corresponding densit ies 
The densit ies given i n  the table are nominal 

The 

The materials were mixed a t  room temperature i n  a V-type blender with a 
capacity of 1 cubic foot. 
22 rpm. 
a t  a temperature of 3200 F f o r  a period of 2 hours. 
cooled in  the mold t o  room temperature. 
volume t o  obtain the required density for each block of ablatian makerial. The 
i n i t i a l  molding pressure varied from about 100 ps i  t o  250 psi .  
test specimens were machined from the 11-inch-diameter blocks and attached t o  a 
holder f o r  positioning on the test apparatus. 

The blender tumbled the materials at a ra te  of 
The mixed materials w e r e  molded i n  an Il-inch-diameter mold, i n  vacuxm, 

The materials were then 
The materials were molded t o  a given 

The individual 

To study the feas ib i l i ty  of using a casting process i n  fabricating 
phenolic-nylon heat shields, a l iquid phenolic resin system w a s  used fo r  some 
specimens, instead of the customary powdered phenolic resin. 
w a s  EC 251 produced by Evercoat Chemicals Inc. 
were the same as those used i n  the powdered system. 
f o r  1/2 hour at  room temperature i n  a ver t ical  cone mixer and then cast  a t  
atmospheric pressure a t  a temperature of 20O0 F for  a period of about 18 hours. 
As with the  powdered resin systems, specimens were made with various percen- 
tages of the r a w  materials. 
considered and each composition had a different density. 
corresponding densities of specimens cast  from l iquid res in  are given i n  
Table 1. A number of specimens were molded from the l iquid resin system, as 
indicated i n  Table 1, so that effects of pmcessing could be separated from the 
effects  of using a different phenolic resin. 

The l iquid res in  
The MyW and Microballoons 

The materials were m i x e d  

However, only one density of each composition was 
The compositions and 

TEST FACILITIES AND TEST CONDITIONS 

The various material compositions were tes ted i n  three arc heated jets. 
These f a c i l i t i e s  and the t e s t  conditions which were used are described below. 
The t e s t  conditions are  sunmrarized i n  Table 2. 

The f irst  series of tests w a s  conducted i n  a 2500-KW subsonic atmospheric- 
The tests con- pressure f ree  j e t  which i s  described more fully i n  Reference 3. 

ducted in  t h i s  f a c i l i t y  were similar t o  those reported i n  Reference 1. How- 
ever, the specimens were l inch thick rather than of such thickness that the 
weight was 3 lb/ft2. 
23.2 percent. These t e s t  conditions a re  summarized i n  Table 2. Each specimen 
w a s  subjected t o  the constant thermal environment at  i t s  front surface unti l  a 
rise of 3000 F occurred at  a calorimeter bonded t o  the  back surface. 
t i ve  effectiveness of the material was determined from the following equation: 

Also, the stream contained 3 percent oxygen rather than 

The abla- 
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This effectiveness is the amount of heat accommodated at the surface per unit 
weight of material originally available. The time t is the time at which a 
back surface temperature rise of 300° F occurs, and is the cold w a l l  con- 
vective heating rate obtained from a calorimeter test calibration of the jet. 
The specimen weight per unit of area is w. 

A second series of tests was conducted in the 6-inch Subsonic High- 
Temperature Arc Tunnel which is described in reference 4. This facility has 
been modified to operate at supersonic velocities, and was operated in a 
choked condition to obtain fairly high stagnation pressure and heating rate. 
These tests usually lasted 10 seconds, although in some instances the specimen 
was completely consumed in a shorter time. 
were extended to longer times. Data obtained from these tests consisted of 
motion pictures of the test and measurements of total surface recession and 
final char thickness. 
tests. 

A few tests of the better materials 

No specimen temperature measurements were made in these 

The third series of tests was conducted at the highest enthalpy level of 
the three test series. 
to the atmosphere. 
I-megawatt F5000 Arc System. 
phere. 
heating to the back side of the specimens. 
determined from post-test measurements of surface recession and char thickness, 
rather than *om back surface temperature measurements. The results were eval- 
uated on the basis of a modified effectiveness parameter defined as follows: 

The tests were conducted in a subsonic free jet exiting 
The jet was heated by a Thermal Dynamics Corporation 

The stagnation pressure was approximately 1 atmos- 
This facility has not yet been equipped to prevent some convective 

Therefore ablative performance was 

where E is the amount of heat accommodated per unit weight of material 
degraded, t is the test duration, p is the density of the original material, 
and ZP is the thickness of material pyrolyzed. 

RESULTS AND DISCUSSION 

The experimental results are summarized in Table 1, and the nominal test 
conditions are presented in Table 2. 
the f onowing sections. 

These resirlts are discussed in'detail in 

Experimental Results 

Test Condition I.- Results of the tests conducted under Condition I 
(Table 2), on molded specimens, are shown in Figure 1. 
sitions and densities investigated, effectiveness ranges from about 10,OOO to 

For the range of campo- 
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16,000 Btu/lb. Maximum effectiveness is obtained for densities between 24 and 
30 lb/ft3. The effect of composition on effectiveness, over the range covered, 
is less than 10 percent from the midpoint of the data, at a nominal density of 
36 lb/ft3. 

In general, decrease in effectiveness with increasing density would be 
expected because of the lower insulating value (on a weight basis) of the higher 
density material. 
about 2000 F (Fig. 2) appears to increase linearly with density. 
increase in the 
effectiveness as density increases beyond 30 lb/ft3. 

In addition, the conductivity of the uncharsed material at 
The rapid 

ktp product of the material accounts for the decrease in 

The increase in effectiveness with increasing density at densities below 
24 lb/ft3 results from the improvements in the physical characteristics of the 
char. Frm Figure 3 it is seen that, for a given composition, char uniformity 
increases with increasing density over the entire density range investigated. 
With the higher densities, the materials in Figure 3 were completely charred 
and flow of the test stream through the outer edge of the char resulted in the 
irregularities which are observed at the edges. Attention should be restricted 
to the stagnation area of the specimens. While no mechanical removal (spalla- 
tion) of char was observed in these tests, the extreme surface roughness of the 
chars produced from the lowest density material of either composition could 
result in increased heating, or penetration of the test streams into the char. 
Thus, density has two effects on performance. First, insulating effectiveness 
decreases with increasing density, and this is the controlling effect at 
densities above 30 lb/ft3. 
density. 
least for this environment. 

Second, char uniformity improves with increasing 
This latter effect is predominant at densities below 25 Ib/ft3, at 

From a comparison of the two lowest density materials shown in Figure 3, 
it is seen that the material having 40 percent nylon provides the more uniform 
char. 
more uniform char. 
general higher effectiveness is associated with the more uniform char. 
effectiveness data for the material compositions shown in Figure 3 is plotted 
in Figure 4. 

At higher density, the material containing 50 percent nylon provides the 
Detailed examination of the data (Fig. 1) shows that in 

The 

High-Pressure Tests.- These tests (test condition 11, Table 2) were con- 
ducted primarily to evaluate the mechanical integrity of the char layers formed 
by materials of varying composition and density. The results fell in three 
categories. In some cases, no mechanical removal of char was observed. In 
others, a char of appreciable thickness was built up and then periodically 
removed, with a period of several seconds. Finally, with some materials the 
spallation was almost continuous. A brightening of small portions of the sur- 
face, indicating accumulation of char, was followed by darkening, indicating 
char removal. These events occurred sporadically, rather than simultaneously, 
over the entire surface. 

The effect of density on char surface recession rate is shown in Figure 5 
for several compositions. The average rate of recession, even when weighted by 
the initial density as in the figure, decreases rapidly with increasing density. 
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The recession resulted almost entirely from mechanical spallation. 
amount of scat ter  i n  the data results because i n  some cases spallation occurred 
just  prior t o  termination of the t e s t  while i n  other cases it would probably 
have occurred shortly if the t e s t  had not been terminated. 
rial containing only 40 percent nylon i s  definitely superior t o  the other compo- 
s i t ions a t  each density. 
shown i n  Figure 6. 
results i n  higher surface recession rates.  

The large 

However, the mate- 

The effect of nylon content on surface recession is  
In this test condition, i n  each case higher nylon content 

The periodic spallation which w a s  observed i n  these t e s t s  consisted of 
complete loca l  removal of the char at the interface between char and u n c b r e d  
material. 
interface caused by the  internal pressure b u i l t  up by gaseous products of pyrol- 
ysis. 
internal pressure i s  derived i n  Appendix A. 

This type of char removal might result from tensi le  fa i lure  a t  the 

An approximate equation fo r  the stress at  the interface as a resul t  of 
This s t ress  i s  

When typical values are substituted f o r  some of the parameters i n  equa- 
t ion (3) ,  the following resul t  i s  obtained: 

The premeability of CWS has not been measured. 
uult = 50 psi, 
relation between permeability and char thickness a t  fa i lure  i s  approximately 

If it i s  assumed tha t  
f = 0.8, ps = 27 psi, and Q = 200 Btu/ftZ-sec, then the 

lolllcp = ( 6 + 0.02 ft ) f t2  ( 5 )  

If the permeability i s  greater than 10-1l ft2, this form of char removal wou ld  
not be obtained. 
lyzed phenolic resin was estimated t o  be 1.72 x 10-15 ft2. 
as a result of internal pressure does offer a possible explanation for  the 
observed performance . 

In  reference 5 the permeability of a char formed from pyro- 
Therefore fa i lure  

The parameters i n  equation ( 3 )  which are m o s t  l ike ly  t o  vary with material 
density and composition are permeability andporosity. Decreasing density and 
increasing nylon content would be expected t o  resul t  i n  higher porosity and 
perhaps higher permeability. Higher porosity would increase the stress level, 
while higher permeability wou ld  reduce it. Thus the effect  of composition and 
density on porosity i s  probably i n  t he  direction t o  account for  the experimental 
results which were obtained, while the effect on permeability w o u l d  tend t o  be 
opposite t o  the resul ts  obtained. The stress i s  inversely proportional t o  1 -f, 



. 

while the dependence of stress on permeability is less direct. 
there is no direct relation between porosity and permeability (ref. 6). 
information is required on the effects of composition and density on material 
properties. 
be consistent with the data. 

In addition, 
Further 

However, char removal as a result of internal pressure appears to 

H i a h  Enthalpy Tests (Condition 111, Table 2 ) . -  The effects of density on 
effectiveness of phenolic-nylon in a high enthalpy environment is shown in fig- 
ure 7. 
the thickness of material degraded rather than on a back surface temperature 
rise. That is, 

A s  noted previously, the effectiveness in this environment is based on 

where the test duration t is specified in advance of the test. Therefore, 
these results are not directly comparable to those obtained at low enthalpy. 

Under this test condition, the effectiveness is seen to reach the highest 
Between 20 and 30 lb/ft3, the curve is rela- value at the lowest densities. 

tively flat. 
environment (Fig. 8) are much higher quality than those which were formed from 
the same material in a low-enthalpy environment (Fig. 3). 
the high effectiveness of the low-density material. 

The chars formed from low-density material in a high-enthalpy 

This accounts for 

The effect of composition on performance is shown in Figure 9. Effective- 
ness is relatively insensitive to nylon content. 
apparently leads to slightly higher effectiveness. 

Higher Microballoon content 

Evaluation of Castable Material 

The results presented in the preceding sections were obtained with molded 
phenolic-nylon. The specimens which were made from castable materials were 
tested under condition I (Table 2) and results aze shown in Figure 10. The 
ablative performance of the castable material is only about one-half that of 
the molded material. These results indicate that further development is 
requtred if heat shields are to be cast fr6m phenolic-nylon. 

To further study the ablative performance of materials fabricated from the 
liquid resin system, sBecimens molded, rather than cast, from this resin system 
were tested under condition I11 ($Table 2). 
ure 11. The results are similar to those obtained with the powdered resin sys- 
tem. It appears that the liquid and powdered phenolic resin can be used inter- 
changeably if a molding process is used. 

These results are shown in Fig- 

Evaluation of Results 

In general, it has been shown that when performance is predominantly 
determined by thermal and chemical phenomena, the effectiveness is relatively 

8 
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insensitive to composition (over the range covered here). For test Conditions I 
and 111, peak performance is obtained with a densits of about 25 lb/ft3, but the 
effectiveness-vs-density curve is relatively flat in the areas of this peak. 

Because of the relative insensitivity of the them-chemical ablative 
performance of the phenoUc-nylon.MiCrobaUoons system to the composition and 
density of the material, these characteristics can be selected on some other 
basis. Elimination of mechanical removal of char, which occurred under test 
Conditiorl I1 (Table 2), is an important Consideration. 
removal is not understood quantitatively means that extra margins of safety 
must be provided in designs of heat shields which may be subject to this form 
of char removal. 
increases with increasing nylon content, and decreases with increasing density. 

The fact that such 

From the data, it is seenthat mechanical char removal 

1. The thermo-chemical ablative performance of low-density phenolic-nylon 
is relatively insensitive to composition and density over a considerable range 
of these parameters. 
25 Ib/ft3, but the ablative effectiveness-vs-density curve is rather flat. 

Highest performance is obtained with a density of about 

2. Low-density phenolic nylun is rmbject to mechanical spallation under 
certain conditions. 
tion is caused by tensile failure resulting from internal pressure. The spalls- 
tion increases in severity with increasing nylon content and decreasing density. 

The data are consistent with the hypothesis that spslla- 

3. Further effort is required if a castable system of these resins is to 
be developed which has ablative characteristics similar to those of the molded 
material. 
tive insensitivity of ablative performance to caposition and density. 

However, fabrication difficulties may be eased somewhat by the rela- 
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APPENDIX 

The mechanical removal of char i s  examined i n  reference 5. In  tha t  study, 
equations a re  derived and solved numerically t o  demonstrate that a combination 
of internal pressure and thermal s t r e s s  can lead t o  periodic char removal. I n  
the following development, simplified equations are  derived t o  provide an 
approximate analytical  expression f o r  the stress inside a charring ablator. 
Only internal pressure i s  considered here, because of the probability tha t  
thermal stresses can be relieved by p las t ic  yielding i n  the reaction zone. 

The ultimate tens i le  strength of low-density phenolic nylon i s  shown as a 
A t  TOO0 F the ultimate tens i le  strength function of temperature i n  Figure 12. 

i s  less than 50 psi, and at  t h i s  temperature the decomposition reactions have 
hardly begun. 
resu l t  i n  a mechanical fa i lure  of the char. 

Thus it i s  apparent tha t  re la t ively low internal  pressures could 

It i s  assumed tha t  the charring ablator consists of two layers, a porous 
char layer and an impermeable layer of uncharred material, and tha t  gases are 
generated by pyrolysis a t  the interface between these layers at  a rate $. 
Then f r o m  Darcy's l a w  (ref.  6), the relat ion between $ and the pressure i s  

mp = $ Pg 8 
The ideal gas law, 

p = -  PgRT 
M 

i s  assumed t o  be applicable t o  the  gaseous ppo lys i s  products and it i s  assumed 
tha t  the viscosity and average molecular weight of these gases are functions of 
temperature as follows: 

M = Mo@) 

It i s  further assumed tha t  the temperature gradient i s  constant through the char 
layer. 

10 



. 
* 

From these equations, the pressure at the.pyrolysis interface is 

In reference 7, it is sham that the 
heating rate approximately as follows: 

pyrolysis rate is related to the 

where Q is the net input at the surface, including radiative, convective, and 
combustive heating. The convective heating is corrected for mass injection and 
wall temperature, while radiative heating is corrected for surface absorptivity 
but not for emission from the surface. Then the pressure at the pyrolysis 
interface is 

p P =  

Then the stress is 

u =  
(1 - f )  

Failure should occur when this stress reaches the ultimate tensile strength of 
the material. 
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Composition, material, 
percent by weight 

c.. . . . . . .cast 

Phenollc Wlon Microballoons from castable 
q.. . . .molded 

! -  ! material 

Block 
density E, 

2% 
l b  

m 

1 
mc 

18 
23 
30 
37 
43 
35 

25 
35 35 131 25 

~ ~ ~-~ ~~~ 

'+Indicates E based on t e s t  t i m e  of 60 seconds. 

I 



. 

Test parameter 

P, Stream he , 
'tu atm composition 1% 

2,300 1.0 97 percent N2 
3 percent 02 

Test 
2ondition 9, 

Btu 
ft2-sec 

Termination of tests 

Tests stopped when back surface 
temperature increased 300° R 

TABLE 2. - SUMMARY OF TEST CONDITIONS 

2,300 1.8 97 percent N2 A l l  tests stopped at 10 sec 
3 percent 02 

12,500 1.0 
~~~ ~~ ~ 

Air Tests were stopped at 30 or 60 sec 
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