
NASA TECHNICAL   NOTE 

CO o 
I o 

NASA TN D-5930 

~^mmiudm^^± 

»teitasta ÖJatal»! 

19960610 093 SO CpJÄLIxi' 1^'JrIiü'xIii.D 

AN EXPERIMENTAL STUDY 
OF A CARBON-PHENOLIC 
ABLATION MATERIAL 

by Kenneth Sutton 

Langley Research Center 

Hampton,  Va.    23365 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION . WASHINGTON, D. C.  •  SEPTEMBER 

"Bui 

*£&& 

£ 
1910 

i f"1 i M£*T G." DEFENSE 
PLASTICS 1 TT >- MICAL EVALUATION CENTER 

PSCAT; Mpr7" AKSCNAL,   DOVcR    N    .;. * 



1.  Report No. 

NASA TN D-5930 
2. Government Accession No. 

4. Title and Subtitle 

AN EXPERIMENTAL STUDY OF A CARBON-PHENOLIC 

ABLATION MATERIAL 

3.  Recipient's Catalog No. 

5.  Report Date 

September 1970 
6. Performing Organization Code 

7. Author(s) 

Kenneth Sutton 

8. Performing Organization Report No. 

L-6455 

9.  Performing Organization Name and Address 

NASA Langley Research Center 
Hampton, Va.   23365 

10. Work Unit No. 

124-07-18-06 
11. Contract or Grant No. 

12. Sponsoring Agency Name and Address 

National Aeronautics and Space Administration 

Washington, D.C.   20546 

13. Type of Report and Period Covered 

Technical Note 
14. Sponsoring Agency Code 

15. Supplementary Notes 

16.  Abstract 

The experimental results from a ground-test program are presented for a carbon- 
phenolic heat-shield material designated Narmco 4028.   The tests were conducted in 
supersonic streams of air, nitrogen, and air-nitrogen mixtures at model stagnation 
pressures from 0.07 to 11 atmospheres (1 atmosphere equals 101.325 kN/m2) and stagna- 
tion enthalpies from 1100 to 11000 Btu/lbm (2.55 to 25.50 Mj/kg).   Mechanical char 
removal of the material did not occur in the nitrogen tests but did occur in air and air- 
nitrogen mixtures at pressures as low as 2.4 atmospheres depending upon the oxygen 
mass fraction in the stream.    The experimental results were compared with predictions 
from an ablation computer program. 

17.  Key Words (Suggested by Author(s)) 

Ablation 
Carbon-phenolic material 
Heat shield 

18.  Distribution Statement 

Unclassified - Unlimited 

19. Security Classif. (of this report) 

Unclassified 

20.  Security Classif. (of this page) 

Unclassified 
21. No. of Pages 

51 

22.  Price 

$3.00 

*For sale by the Clearinghouse for Federal Scientific and Technical  Information 

Springfield, Virginia 22151 



AN EXPERIMENTAL STUDY OF A CARBON-PHENOLIC 

ABLATION MATERIAL 

By Kenneth Sutton 

Langley Research Center 

SUMMARY 

An experimental ground-test program was conducted to evaluate the ablative char- 

acteristics of a carbon-phenolic heat-shield material designated Narmco 4028.    The 

experimental results were compared with predictions from an ablation computer program. 

Tests were also conducted to evaluate the effects of hole patterns in the material and the 

effects of injecting water into the flow field through holes in the material.    These latter 

tests were in support of a flight project called project RAM (radio attenuation measure- 

ments).   The test facilities used in the investigation were the Langley 11-inch ceramic- 

heated tunnel and the Langley 20-inch hypersonic arc-heated tunnel. 

In the present tests, mechanical char removal of the material occurred for tests in 

air at model stagnation pressure above 2.4 atmospheres, but did not occur in nitrogen for 

pressures up to 11 atmospheres (1 atmosphere equals 101.325 kN/m2).    The mechanical 

char removal did not remove the entire char layer.   An expansion of the material which 

can offset chemical removal also occurred, and there was an effect of fiber orientation. 

The experimental data showed that holes in the material can survive without enlargement 

and maintain their integrity.   Water injected into the flow field through holes in the mate- 

rial had no significant effects on the behavior of the material and the holes remained free 

of any restrictions to the water flow during the tests. 

The computer program used in the study was successful in predicting gross trends 

in material behavior.   However, there was scatter in the comparisons between exper- 

imental and computer results which is attributed to phenomena, such as mechanical char 

removal, material expansion, and material degradation during cooldown, which could not 

be accounted for in the computer program. 

INTRODUCTION 

An experimental ground-test study was undertaken to evaluate the ablative charac- 

teristics of a carbon-phenolic heat-shield material.    The material studied is designated 

Narmco 4028, a composite of 50 percent by weight of carbon fibers and 50-percent 

phenolic resin.    The purpose of the present study was twofold. 



First, the Langley Research Center has a continuing program of ground-test 

studies to investigate various types of ablators for possible use as heat shields for 

reentry flight application.   Also, the experimental results are used to evaluate the ability 

of analytical computer programs to predict the ablative response of various materials. 

For this objective, models of Narmco 4028 material were tested in ground facilities over 

a range of aerodynamic conditions to obtain experimental results of char recession, 

thermal degradation of virgin material, char retention, back-surface temperature rise, 

surface temperature, fiber orientation effects, and observation of possible peculiarities 

of the material.   The experimental results were compared with analytical computer 

predictions. 

Second, the Narmco 4028 material is used as the heat shield at the nose region for 

some of the reentry flight vehicles in the project RAM (radio attenuation measurement) 

series at the Langley Research Center.    Project RAM is investigating the blackout phe- 

nomena of radio communications encountered during atmospheric reentry and makes 

extensive use of flight vehicles to obtain experimental data.    (See refs. 1, 2, and 3.)   The 

requirements of the flight experiment imposed a unique feature for this heat shield. 

Water is injected through patterns of holes in the Narmco 4028 material into the flow 

field during the flight experiment.    The results from the present study were part of the 

flight verification of the Narmco 4028 material for the RAM series.    In addition to the 

necessity of knowing the general ablative behavior of Narmco 4028, tests were conducted 

to study the effects of holes in the material and the effects of water injection on the 

ablative behavior of the material.   A full-scale replica of the RAM heat shield was tested 

in a rocket-engine exhaust as additional flight verification and the results of that test 

have previously been published in reference 4. 

The test facilities used in the present study were the Langley 11-inch ceramic- 

heated tunnel and the Langley 20-inch hypersonic arc-heated tunnel.   The range of stag- 

nation enthalpy was 1100 to 11 000 Btu/lbm (2.55 to 25.50 MJ/kg) and the range of model 

stagnation pressure was from 0.07 to 11 atmospheres.    Stagnation heating rates were 

obtained from 130 to 1600 Btu/ft2-sec (1.48 to 18.20 MW/m2).    These ranges are for 

each parameter and are not inclusive of the other parameters. 

SYMBOLS 

The units used for the physical quantities defined in this paper are given both in the 

U.S. Customary Units and in the International System of Units (SI).    (See ref. 5.) 

Hs stagnation enthalpy, Btu/lbm   (MJ/kg) 

K0 mass fraction of oxygen in test stream 
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Mr 

length of test model, in.    (cm) 

total cold-wall oxygen mass flux,    , lbm/ft2   (kg/m2) 
He *s 

ps stagnation-point pressure, atm 

qs stagnation-point cold-wall heating rate, Btu/ft^-sec   (MW/m2) 

Ts approximate equilibrium stagnation-point surface temperature, °R   (K) 

t time, sec   (s) 

w flow rate of injected water, lbm/sec   (kg/s) 

xc char thickness, in.    (cm) 

Primed symbols refer to computer results. 

TEST FACILITIES 

The test facilities used in the present investigation were the Langley 11-inch 

ceramic-heated tunnel and the Langley 20-inch hypersonic arc-heated tunnel.    In figure 1, 

the approximate test conditions for a 1-inch-diameter (2.54-cm) hemispherical model 

are shown.    Tests using air, nitrogen, and air-nitrogen mixtures as the test environment 

were conducted.    The test conditions for the individual tests are given in tables I to IV. 

The Langley 11-inch ceramic-heated tunnel was used for the test at higher pres- 

sures (6 to 11 atmospheres) although the facility has a low enthalpy capability.    In this 

facility the test gas is heated by flowing through a pebble-bed heat exchanger before 

expanding through the nozzle.    A free-jet Mach 2 nozzle with a 1.33-inch-diameter 

(3.38-cm) exit was used for the tests.    The description and operating conditions of this 

facility with the Mach 2 nozzle is given in reference 6. 

A wider range of test conditions and higher enthalpies could be obtained in the 

Langley 20-inch hypersonic arc-heated tunnel.   The maximum model stagnation pressure 

in this facility is 3 atmospheres.    This facility uses a rotating, radial, dc electric arc to 

heat the test gas.   Three separate nozzles with exit diameters of 2.0, 3.3, and 6.6 inches 

(5.08, 8.38, and 16.76 cm) were used for this study.   A description of this facility is 

given in reference 7. 



MATERIAL AND MODEL DESCRIPTION 

Narmco 4028 is a composite material of 50 percent by weight of phenolic resin and 

50 percent of 1/4-inch (0.63-cm) carbon fibers.    The nominal density of the virgin mate- 

rial is 87 lbm/ft3 (1392 kg/m3).   An elemental chemical analysis for the nondegraded 

material is given in table V.   As part of the present study, steady-state measurements 

of the thermal properties of the nondegraded and charred material were performed under 

contract.    These results are given in reference 8. 

The molding and curing of the commercially supplied molding compound were per- 

formed by the Langley Research Center.    The size of the molded billets was approx- 

imately 12 inches (30.48 cm) in diameter and 4 inches (10.16 cm) thick.   The carbon 

fibers will have a preferred orientation depending on method of molding.    This preferred 

orientation has been noted in reference 9 for similar carbon and graphite composite mate- 

rials.   In the present billets the length of the fibers were alined perpendicular to the 

direction of the applied pressure during the molding operation.    This fiber alinement is 

illustrated by the sketch in figure 2. 

Several model designs were used in the present investigation.    Most of the models 

were machined from the molded billets described.    The models shown in figure 3 were 

used to study the general behavior of the material and its char.    For each nose shape, 

models were made so that the carbon fibers were alined both perpendicular and parallel 

to the direction of the free-stream flow during the tests. 

The effect of fiber orientation was further investigated by the use of the model 

design shown in figure 4.    The test specimen of Narmco 4028 was bonded to a shell made 

of mild steel.    (See fig. 4(a).)   Models of this design were made, with orientation of the 

fibers in the test specimen being perpendicular, parallel, and shingled with respect to the 

flow of the test stream.    (See fig. 4(b).)   A special mold and molding technique was used 

to obtain the shingled orientation of fibers. 

The hemispherical models with perpendicular-fiber orientation shown in figure 3(a) 

were used to investigate the effect of holes in the material.   Holes were drilled in the 

models in three patterns as shown by the photographs in figure 5.    The holes in the 1-hole 

pattern and the 4-hole pattern were 0.06 inch (0.15 cm) in diameter; whereas, the holes 

in the 13-hole pattern were 0.03 inch (0.08 cm) in diameter.    The depth of the holes in all 

three patterns was approximately 0.6 inch (1.5 cm). 

The model design shown in figure 6 was used for the tests of the effects of water 

injection.   The test specimen had shingled-fiber orientation (fig. 4(b)) and was bonded to 

a mild steel holder with passages for the injection of water.   Holes with diameters of 

0.046 inch (0.117 cm) were located at the stagnation point and at 60° and 81° from the 



Stagnation point.    As shown in figure 6(a), only the stagnation-point holes were connected 

to the water passage for the models used to study stagnation-point injection.    For side 

injection, both the 60° and 81° holes were connected to the water passage.    (See fig. 6(b).) 

The model design shown in figure 7 was used in the measurement of back-surface 

temperature rise for the material.    The test specimens (fig. 7(a)) were machined from 

the molded billets with both perpendicular- and parallel-fiber orientation.   As shown in 

the assembly drawing (fig. 7(b)), a calorimetric plate of 1/64-inch-thick (0.04-cm) copper 

with three 30-gage chromel-alumel thermocouples is bonded to the back surface of the 

test specimen.   The nose assembly is bonded to a cylindrical steel holder protected with 

a phenolic-cork composite.    At the more severe test conditions, the cylindrical sidewalls 

were further protected by wrapping with fiber-glass tape.    Reference 10 used this model 

design for similar tests. 

TEST PROCEDURE AND INSTRUMENTATION 

The test procedure was basically the same for all models in each of the two facil- 

ities.    The test environment would be set by standard facility procedure; after the equilib- 

rium stream condition was obtained, the model would be inserted into the test stream for 

the particular exposure time.    At the end of exposure time the model would be retracted 

from the stream.    For the tests in the ceramic-heated tunnel, a stream of argon was 

sprayed over the model to quench flaming of the model after retraction from the test 

stream. 

The length of the test specimen was measured before and after the test.    The speci- 

mens were sectioned after testing for further study; the studies included measurement of 

the depth of degradation of the material (that is char thickness). 

The response of the model thermocouples was recorded on an oscillograph.    Surface 

temperature of the model was measured with a photographic pyrometer.    This type of 

instrument is described in reference 11; however, a more advanced photographic pyrom- 

eter than those described in reference 11 was used in the present tests and the temper- 

ature range of this type of instrument has been extended to 7000° R (3900 K).   Motion- 

picture cameras with speeds up to 400 frames per second were used to record the behav- 

ior of the models during a test.    The models could also be visually observed during a test. 

The stagnation enthalpies and stagnation pressures for the tests in the ceramic- 

heated tunnel were taken from the results of reference 6.    The heating rates were calcu- 

lated by using these parameters and the heating-rate equations of reference 12.    The 

oxygen mass fractions were measured with a calibrated choked orifice system used to mix 

the air and nitrogen.    For the tests in the hypersonic arc-heated tunnel, the heating rates 

and stagnation pressures were measured with thin-wall calorimeters and pressure probes 



respectively.    These parameters were then used to calculate the stagnation enthalpies 

by the heating-rate equations of reference 12.    The oxygen mass fractions were calcu- 

lated from a known volumetric mixing of air and nitrogen. 

For the water-injection tests, an instrumentation console was used which incorpo- 

rated all the instruments necessary to control and record the water injection rates prop- 

erly.    The source of the water supply was a container filled with water and pressurized 

by air. 

RESULTS AND DISCUSSION 

The results of the individual tests are given in tables I to IV.   In these tables are 

listed the stagnation-point length change, the char thickness, and the approximate equilib- 

rium, stagnation point, surface temperature of the models for each test condition.   For 

the model length change, a negative sign (-) refers to a recession of the model and a 

positive sign (+) refers to an expansion of the model.    The char thicknesses are only 

given for those cases where the thermal degradation of the virgin material could be 

attributed to one-dimensional heat conduction. 

Mechanical Char Removal 

Mechanical char removal of the material was observed to occur at certain test 

conditions for air and air-nitrogen mixtures but not in nitrogen as noted in the result 

tables.   This mechanical char removal is defined as pieces of char being removed from 

the char surface.    For the tests in which mechanical char removal occurred, pieces of 

char would be observed leaving the surface of the model and the models did not retain a 

smooth char surface.   The observation of mechanical char removal was made visually 

both during the tests and from the motion-picture films of the tests.    The mechanical 

char removal of some representative tests is shown in figure 8 by photographs taken 

from the motion-picture films. 

The regime of mechanical char removal is shown by the data in figure 9 and photo- 

graphs in figure 10.    These data are for the model designs shown in figure 3 with 

perpendicular-fiber orientation.    Mechanical char removal did not occur in nitrogen over 

the entire test range nor in air and air-nitrogen mixtures at stagnation pressures below 

2 atmospheres.   At stagnation pressures greater than 6 atmospheres, mechanical char 

removal occurred whenever oxygen was present in the test stream.    For air environ- 

ments (K0 = 0.23), mechanical char removal occurred at stagnation pressures as low as 

2.4 atmospheres. 

The mechanical char removal for the material is a surface phenomenon and the 

entire char layer is not removed.    Photographs of sectioned models are shown in 



figure 11.   As can be seen from the photographs, there is a thick char layer present even 
though severe mechanical char removal had occurred. 

The cause of the mechanical char removal was not determined in the present tests. 
Char removal by aerodynamic shear is one possible mechanism.   However, tests in 
nitrogen at stagnation pressures as high as 11 atmospheres and aerodynamic shears of 
62 lbf/ft2 (2.97 kN/m2) did not show any mechanical char removal.   Mechanical char 
removal did occur at these test conditions in air and in air-nitrogen mixtures.   There- 
fore, aerodynamic shear by itself is not considered the cause of the removal.   In refer- 
ence 13 is presented a theory for multidimensional gas flow through permeable char 
layers and this theory shows that an inflow of gas from the boundary layer into the char 
layer is possible.   The inflow of a gas containing oxygen could oxidize and weaken the 
interior structure of the char to such an extent that mechanical char removal by aerody- 
namic shear is then possible.   The present tests had the favorable conditions of small 
models, high pressures, and thick char layers for gas inflow as presented in refer- 
ence 13.   This concept of a weakening of the char due to gas inflow is only suggested 
as a possible mechanism and was not proven in present tests.   However, the pres- 
ence of oxygen has a definite influence on the initiation of the char removal. 

Recession-Rate Data 

Good recession-rate data for chemical removal of the char were not obtained in the 
present tests.   At the higher pressure conditions the mechanical char removal was super- 
imposed on the chemical removal.   Also, over the entire range of test conditions, there 
was a measurable expansion of the material which offset recession.   In many of the tests, 
the length of the model was greater after the test than before the test.   This expansion of 
the material occurred for all model designs.   An attempt to correlate the expansion with 
various parameters was unsuccessful.   Because of this mechanical removal and material 
expansion, a good experimental comparison could not be made with chemical-removal 
theories for the char even though the model surface temperatures were in the range 
usually associated with diffusion-controlled oxidation and sublimation of the char. 

Fiber Orientation 

The direction of the orientation of the carbon fibers with respect to the test stream 
flow has an effect on the ablative behavior of the material.   In figure 12 are shown photo- 
graphs of representative models after testing with fiber orientation perpendicular and 
parallel to the free-stream flow.   Crevices are formed in the char layer at the nose 
region of the models with parallel-fiber orientation.   This effect was not noted for any of 
the perpendicular-fiber models.   Also, the recessions of the models with parallel-fiber 
orientation were always greater than those of the perpendicular-fiber models for 



comparable test environments.   In figure 13 is shown the comparison of stagnation-point 
length change between parallel and perpendicular fibers at comparable test conditions. 

The model design shown in figure 4 was used to study further the effect of fiber 
orientation.   In figure 14 representative models with the three different fiber orientations 
are shown.   Again, crevices are formed at the nose region of the models with parallel- 
fiber orientation.   No crevices were formed for the models with perpendicular- or 
shingled-fiber orientation.   Also, the perpendicular- and shingled-fiber models have the 
same general response to an environment.    There was no apparent mechanical char 
removal along the sidewalls of the models in any of the tests, regardless of the type of 

fiber orientation. 

The crevices formed in the char layer for the parallel-fiber orientation do not 
extend into the nondegraded material.   Even the most severe crevices did not extend past 
the pyrolysis interface.   Also, the pyrolysis interfaces for these models have the same 
contour as the general contour of the exterior surface of the model. 

Hole Patterns 

The effect of holes in the material was studied at both high- and low-pressure con- 
ditions.   No enlargements of the holes occurred in any of the tests as illustrated by the 
photographs in figure 15 for the highest pressure test condition and for severe mechan- 
ical char removal.    The present experimental results indicate that holes can survive and 
maintain their integrity in the Narmco 4028 material. 

At test conditions where models without holes did not have any mechanical char 
removal, the models with hole patterns also did not indicate any mechanical char 
removal.   In the test regime for mechanical char removal, there is an effect of hole 
pattern on the stagnation recession of the models.   In figure 16 the stagnation-point 
recession is shown for models with hole patterns tested at the highest pressure condition. 
At the longer test times there is greater recession for the models with hole patterns of 
4 and 13 holes.    The holes for the 4-hole model were located at the region of maximum 

shear. 

Water Injection 

The effect of water injection on the behavior of the Narmco 4028 material was 
investigated at both a high-pressure and a low-pressure test condition.   In these tests 
the water was injected into the flow field either from an orifice at the stagnation point of 
the model (stagnation-point injection) or from two orifices at 60° and 81° from the 
stagnation point of the model (sidewall injection).   The initiation of water injection was 
only after the model had reached a high surface temperature.   The water was then 



injected in pulses of 0.2 second on and 0.3 second off for the duration of the test.   During 

the RAM flight experiments the water will also be injected in pulses.   The flow rates of 

the injected water for each test are given in table III.    Photographs of representative 

models during the test and after testing are shown in figures 17, 18, and 19.   The 

stagnation-point surface temperatures were 4100° R (2278 K) for the models tested at 

the high-pressure condition and 5300° R (2944 K) for the low-pressure condition. 

Therefore, the models had a high surface temperature for any possible reaction with the 

water.    For stagnation-point injection, the stagnation region of the model was cooled to a 

much lower temperature during the injection pulse, but the temperature was regained 

between the water pulses. 

The basic behavior of the material for the water-injection tests was approximately 

the same as that for the tests without injection at comparable test conditions.    The water 

injection neither increased nor decreased the effects of mechanical char removal.   The 

stagnation-point length changes of the water-injection models were comparable with those 

obtained for the models without injection.   Also, the holes in the material remained free 

of any restrictions to the water flow during the tests and the holes were clear after the 

tests. 

Crack Formation 

Another feature observed in the present tests was the formation of cracks in the 

virgin material for the model design shown in figure 3.   The cracks developed only in the 

models with perpendicular-fiber orientation.   Examples of these cracks are shown in 

figure 11.   The cracks did not always extend to the exterior surface of the models.   The 

models constructed with thinner material (figs. 4, 6, and 7) did not show any cracks. 

Model Flaming 

As previously noted in the section "Test Procedure and Instrumentation," a stream 

of argon was sprayed over the models to quench flaming of the model after retraction 

from the test stream for the tests in the ceramic-heated tunnel.   Preliminary tests 

showed severe flaming due to combustion of pyrolysis gases (from continued degradation 

of the virgin material) with the atmospheric environment.   A photograph taken from 

motion-picture film of a preliminary test is shown in figure 20 and illustrates the degree 

of flaming that would continue from 3 to 5 minutes after model retraction from the 

stream.   The spraying with argon stopped this flaming during the actual test program. 

Comparison with Computer Predictions 

A study was made of the comparison between the experimental results and the pre- 

dicted results from an ablation computer program.   A description of the computer 



program is given in reference 14.    The computer predictions were only made for the 

stagnation region of the models.   The results from the computer predictions for a partic- 

ular test model are given in tables I, II, and IV.   Computer predictions were not made for 

the models with parallel-fiber orientations because of the formation of the crevices.    For 

the model design used to measure back-surface temperature rise (see fig. 7), the 

parallel-fiber specimens split during testing.   Neither the change in nose shape of the 

model nor material expansion was taken into account in the computer predictions. 

The thermal properties used for the computer predictions as presented in this 

report are given in table VI.   A discussion of the sources of the properties is given in 

the appendix.   Other combinations of thermal properties were studied; however, the 

present properties were better or as good as any of the various combinations. 

In the computer predictions, the computations were continued until cooldown and 

the aerodynamic inputs were removed after the models were retracted from the stream. 

Effects of quenching the models with argon for the tests in the ceramic-heated tunnel 

were not taken into account in the computer predictions.    The computer results showed 

that significant thermal degradation of the virgin material could occur after model 

retraction from the stream during the cooldown period.    This continued degradation was 

up to 0.10 inch (0.25 cm) for the model design of figure 3 and the virgin material was 

always completely degraded for the model design of figure 7.    The differences between 

the stagnation-point char thicknesses at the end of model exposure time and the end of the 

cooldown period are shown in figure 21. 

Some typical comparisons between the experimental results and the computer pre- 

dictions are shown in figures 22, 23, and 24 for the stagnation point.    Although some of 

the results show good comparison, there is no consistency in the comparisons.    In 

figure 25 the stagnation-point length changes of the models from the experimental and 

computer results are plotted as functions of total cold-wall, oxygen mass flux.    As shown 

in figure 25(a), the length changes from the computer predictions can be adequately 

described with a linear least-square curve over the range of total oxygen flux.    The 

experimental and calculated results show the same gross trend (that is   Al   increasing 

with   M0) but the computer results overpredicted model recession at low values of   Mo 

(where many models showed a length increase due to swelling) and, in several instances, 

significantly underpredicted recession when mechanical char failure occurred.    The com- 

parisons of stagnation-point char thicknesses between the experimental data and the com- 

puter predictions are shown in figure 26.   The experimental char thicknesses were always 

greater than the computer predictions for end of model exposure time (fig. 26(a)) but had 

a better comparison for end of the cooldown period (fig. 26(b)).   In figure 27 is shown the 
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comparison between the experimental data and the computer predictions for the model 

stagnation-point surface temperature.   There is a fair agreement, the experimental 

temperatures being slightly higher. 

Some of the experimental results could be adequately described by the ablation 

computer program.   However, over the range of experimental results, the computer pro- 

gram could not adequately describe the behavior of the material.   This lack of agreement 

is attributed to the behavior of the material during mechanical char removal, material 

expansion, and continued degradation during cooldown which could not be accounted for in 

the present analysis.   Because some tests were adequately predicted by the ablation pro- 

gram but not the entire test series, the present study has indicated that computer predic- 

tions illustrating material behavior and defining thermal properties which are based on 

comparisons with a few experimental tests should be viewed with caution. 

CONCLUDING REMARKS 

An experimental ground-test study was conducted to evaluate the ablative charac- 

teristics of a carbon-phenolic heat-shield material designated Narmco 4028.   The exper- 

imental results were compared with predictions from an ablation computer program.    In 

addition to the study of the general ablative behavior of the material, tests were also 

conducted, in support of project RAM, to evaluate the effects of hole patterns in the 

material and the effects of injecting water through holes in the material into the flow 

field. 

In the present tests, mechanical char removal did occur at certain test conditions 

depending on the mass fraction of oxygen in the stream and the stagnation pressure.    For 

tests in nitrogen at model stagnation pressures up to 11 atmospheres (limit of the tests), 

the mechanical char removal did not occur.   The mechanical char removal did occur for 

tests in air at pressures above 2.4 atmospheres and air-nitrogen mixtures above 6 atmo- 

spheres.   This mechanical char removal occurred at the surface of the char and did not 

remove the entire char layer. 

The study showed that expansion of the material occurs during testing which tends 

to offset the recession due to chemical removal.   There is an effect of fiber orientation 

on the material's behavior.   The models with parallel-fiber orientation formed crevices 

during testing and had greater recession than the models with perpendicular-fiber 

orientation. 

The experimental data showed that holes can survive without enlargement and main- 

tain their integrity in the material.   Water injection had no significant effects on the 

behavior of the material in these specific tests and the holes remained free of any 

restrictions to the water flow. 

II 



The computer program used in the present study was successful in predicting 
gross trends in material behavior and for several isolated tests it gave good predictions 
for detailed material response.   Over the broad range of experimental conditions, 
however, comparisons between experimental and computer results showed considerable 
scatter.   This scatter is attributed to phenomena, such as mechanical char removal, 
material expansion, and material degradation during cooldown, which was not accounted 

for in the computer program. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Hampton, Va., July 6, 1970. 
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APPENDIX 

SOURCES OF THE THERMAL PROPERTIES USED IN 

THE COMPUTER PREDICTIONS 

The specific heats for the virgin material and the char were taken from refer- 

ence 8.   The thermal conductivities of the virgin material and the char depends upon the 

direction of the heat flow with respect to fiber orientation as shown by the data of refer- 

ence 8.   The selected thermal conductivities are based on the data of reference 8 for 

heat flow perpendicular to the fiber length (across fiber) which corresponds to the direc- 

tion of heat flow at the model's stagnation region for perpendicular-fiber and shingled- 

fiber orientation of the present study.    The thermal conductivity of the virgin material is 

taken directly from reference 8 and the thermal conductivity for the char is one-half the 

values given in reference 8. 

The density of the virgin material was measured in the present study.    There is a 

disagreement between measurements of the char density from reference 8 and the pres- 

ent study.   Reference 8 gives measured char densities of 64 lbm/ft3 (1025 kg/m3) for 

char formed in a furnace and 74 lbm/ft3 (1185 kg/m3) for chars formed in a plasma jet. 

In the present study, a density of 74 lbm/ft3 (1185 kg/m3) was measured for chars 

formed in a furnace and densities from 57 to 68 lbm/ft3 (913 to 1089 kg/m3) for chars 

from several test models.    Therefore, a density of 62 lbm/ft3 (993 kg/m3) was selected 

for the present study. 

The heat of pyrolysis was determined from measured differential thermal analysis 

data.   The rate constants for the thermal degradation of the virgin material was deter- 

mined from measured thermal gravimetric analysis data. 

The emissivity of the char was taken from the data of reference 8.   The heat of 

combustion of the char was selected as a 10 to 20 percent increase over the value of the 

heat of formation of carbon monoxide being formed from graphite and oxygen.    The value 

of the heat of sublimation of the char was selected as an average value for the sublima- 

tion of graphite.    The char surface kinetics were taken from reference 15 for the "slow" 

kinetics of graphite. 

The specific heats of the pyrolysis gas were determined from chemical equilibrium 

calculations based upon the elemental analysis of Narmco 4028 and the char density. 

This type of calculation does not account for carbon deposition.   The specific heats used 

in the computer predictions are average values for the pressure range of the experi- 

mental program. 
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TABLE V.- ELEMENTAL ANALYSIS OF NARMCO 4028 

[Percentages by weightj 

Carbon  83.63 

Oxygen  10.79 

Hydrogen  3.44 

Nitrogen  0.38 

Ash'  0.56 

Total  98.80 
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TABLE VI.- THERMAL PROPERTIES USED IN COMPUTER PREDICTIONS 

(a) Virgin material 

_     _            87 lbm/ft3 (1392 kg/m3) 
Density  

Btu/lbm-°R kJ/kg-K 
Specific heat:                                                                                                                                                                                 0 233 0.99 

460° R   (256 K) '''_         Q2g2 122 

560° R   (311 K) '         0 317 133 

660° R   (367 K) '  '         Q 332 ^39 

760° R   (422 K)          0 346 1,45 

860° R   (477 K)          0.360 1-51 

960° R   (533 K) '           '  .         0.374 1-56 

1060° R   (589 K)          0.388 1-62 
1160° R   (644 K) '  '  '         0 402 1.68 

1260° R   (700 K)          0 430 1.80 

1460° R   (811 K)  ' 
Btu/ft-sec-°R W/m-K 

Thermal conductivity:                                                                                                                                                     ^      0 90 x 10-4 0.561 

460° R   (256 K) '  '.'       t 02 x 10-4 0.636 

560° R   (311 K) '  . . . .      1.11 X It)"4 0.693 

660° R   (367 K)   .  .  .  '       1.19 X 10"4 0.742 

760° R   (422 K)        1.24 X 10"4. 0.774 

860° R   (477 K) '  '  '  '       li24 x 10-4 0.774 

960° R   (533 K)        1.19 X 10"4 0.742 
1060° R   (589 K)           j 12 x 10-4 0.698 

1160° R   (644 K) '  '  '       101 x 10-4 Q.630 

1260° R   (700 K)       0 77 x 10-4 0.479 

1460°R   (8UK) ' '.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'■■'.     200Btu/lom (0.465MJ/kg) 
Heat of pyrolysis  

Rate constants for thermal degradation: m, x 1015 ibm/ft3-sec   (4.70 x 10l6 kg/m3-s) 
First frequency factor /  ' 4g8 x 1Q4 calorles/mole   (0.204 MJ/mole) 

First activation energy      3.0975 X 10^ lbm/ft3-sec   (4.96 X 10« kg/m3-s) 
Second frequency factor '        5 Q1 x 1Q4 calories/moie   (0.209 MJ/mole) 

Second activation energy  
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TABLE VI.- THERMAL PROPERTIES USED IN COMPUTER PREDICTIONS - Continued 

(b) Charred material 

Density. ..      62 lbm/ft3   (1184 kg/m3) 

Specific heat:                                                                                                                                                                         Btu/lbm-°R kJ/kg-K 
500° R    (278 K)         0.240 1.00 

1000° R   (556 K)         0.330 1.38 
1460° R   (811 K)        0.385 1.61 
1960° R   (1089 K)         0.445 1.86 
2460° R   (1366 K)        0.480 2.01 
2960° R   (1645 K)        0.495 2.06 
3460° R   (1923 K)        0.505 2.11 
3960° R   (2200 K)        0.515 2.15 
4460° R   (2478 K)        0.520 2.17 
4960° R   (2756 K)        0.525 2.19 
5460° R   (3030 K)        0.530 2.21 
5960° R   (3311 K)         0.535 2.24 
6460° R   (3590 K)         0.540 2.26 
6960° R   (3867 K)         0.545 2.28 

Thermal conductivity:                                                                                                                                                       Btu/ft-sec-°R W/m-K 
500° R    (278 K)     0.13 X 10"3 0.810 

1000° R   (556 K)     0.14 x 10"3 0.872 
1460° R   (811 K)     0.15 X 10"3 0.935 
1960° R   (1089 K)     0.16 X 10"3 0.977 
2460° R   (1366 K)     0.18 X 10"3 1.128 
2960° R   (1645 K)     0.19 X 10"3 1.189 
3210° R   (1782 K)     0.21 X 10"3 1.314 
3460° R   (1923 K) .'     0.24 X 10-3 1.502 
3960° R   (2200 K)     0.33 X 10"3 2.065 
4460° R   (2478 K)     0.43 X 10"3 2.790 
4710° R   (2617 K) "   0.48 X 10"3 3.002 
4960° R   (2756 K)     0.56 X 10"3 3.502 
5460° R   (3030 K)     0.78 X 10"3 4.880 
5960° R   (3311 K)      1.02 X 10"3 6.390 
6400° R   (3555 K)      1.18 X 10"3 7.380 
6800° R   (3778 K)      1.49 X 10~3 9.325 

Char surface emissivity      0.7 

Char heat of combustion          5100 Btu/lbm   (11.82 MJ/kg) 

Char heat of sublimation      9000 Btu/lbm   (20.88 MJ/kg) 

Char surface kinetics; 
Frequency factor 4.47 X 104 lbm/ft2-sec-atml/2   (21.8 X lO4 kg/m2-s-atml/2) 
Activation energy .' .    42.3 kcal/mole   (0.177 MJ/mole) 
Reaction order      0.5 

22 



TABLE VI.- THERMAL PROPERTIES USED IN COMPUTER PREDICTIONS  - Concluded 

(c) Pyrolysis gas 

Specific heat:                                                                                                                                                                       Btu/lbm-°R kJ/kg-K 

500°R   (278K)  °-75 3H 

1000OR   (556K)  ^ 4'18 

1460O R   (817 K)  L5° 6"28 

1960°R   (1089K)  2-00 8'36 

2460° R   (1366 K)  1-00 4'18 

2960O R   (1645 K)  ^ 4'18 

3460° R   (1923 K)  1M 4'18 

3960° R   (2200 K)  1M 4-18 

4460° R   (2478 K)  ^ 7'32 

4960° R   (2756 K)  2'50 10-47 

5460° R   (3030 K) '  4-50 18"85 

5960° R   (3311 K)  7'50 31-4° 
6460° R   (3590 K) '•  9-50 39-75 

6960° R   (3867 K)  10-00 41"84 
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Direction of applied pressure 
during molding operation 

h 
t—\ e 

• H   CM 

     ; . .      — 

12 
(30.5 

in. 
cm) 

Figure 2.-  Sketch of fiber orientation in 
molded billets. 
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1.00 in. 
(2.54 cm) 

c s 
•H O 

O -H 
LO oo 

.50 in. 
(1.27 cm) 

Free-stream 
flow 

Perpendicular 
fibers 

(a) Hemispherical nose. 

Free-stream 
flow 

& i 
III 1 

1 

i 
iliikiii 

H" 
ipi'ii 

Parallel 
fibers 

1.00  in. 
(2.54 cm) 

 ,- .14 in. 
yf   (.35  cm) 

Free-stream 
flow 

= = =^S 

Perpendicular 
fibers 

Free-stream 
flow 

in 
m 

OH 

IHTlK 

Parallel 
fibers 

(b)  Blunt nose. 

Figure J.- Model design used for the study of the general 
behavior of the material. 
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Mild steel shell 
.03 in.(.08 cm) thick 

.1.50 in.- 
(3.81 cm) 

Narmco 4028 
test specimen 

35 in. 
(.89 cm) 

.50 in.  / 
(1.27 cm) 

—.30 in. 
(.76 cm) 

1.00 in. 
(2.54 cm) 

(a) Model construction. 

Free-stream 
flow 

Free-stream 
flow 

Free-stream 
flow 

Perpendicular 
fibers 

Parallel 
fibers 

Shingled 
fibers 

(b) Fiber orientation in test specimen. 

Figure k.-  Model design used to study the effect 
of fiber orientation. 
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No holes 1 hole 

4 holes 13 holes 

L-70-I+707 
Figure 5.- Photographs of the top view of the models used in 

the study of the effect of holes in the material.  The 
holes were drilled in the hemispherical models shown in 
figure 3(a) with perpendicular-fiber orientation. 
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Narmco 4028 

Mild steel 

Copper tubing- 

Water      ps3SD33322=: 
inlet 

1.00 in. 
(2.54 cm) 

Orifices 
.046 in. dia. 
(.117 cm) 

Section A-A' 

(a) Stagnation-point injection. 

-Narmco 402? 

Mild steel- 

Copper tubing ■1.00 in. 
(2.54 cm) 

Orifices 
.046 in. dia. 
(.117 cm) 

Section A-A' 

(b) Side injection. 

Figure 6.- Model design used to study the effect of water injection.  Test specimen 
had shingled-fiber orientation as shown in figure ^(b). 
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.28 in. 
(.71 cm) 

50 in. 
(1.27 cm) -2.00 in. 

(5.08 cm) 

3.14 in. 
(7.98 cm) 

(a) Shape of material test specimen. 

Material test 
specimen 

1/64 in.(.04 cm) 

copper 

calorimeter— 

15 in. (.38 cm) phenolic-cork bonded to 

mild steel shell 

\////////////////;/A 

V////////////////A 
2.50 in. 
(6.35 cm) 

Copper ground wire 

30-gage chrome1-alumel 
thermocouples 

-Mild steel shell 

(b) Material specimen and thermocouple assembly. 

Figure 7.- Model design used in the evaluation of the thermal properties. 
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Mechanical char removal 

No mechanical char removal 

Nose shape 
Blunt Hemisphere 

□ o 
■ • 

.24 - 

.20 - 

.16 - 

K 
0 .12 

.08 

.04 

0 
.01 

•*m   • co   u     o 

.10 1.0 

& 

U-i 
10 100 

atm 

Figure 9.- Test environments at which mechanical char removal 
occurred.  Fiber orientation in the material was perpendicu- 
lar to the free-stream flow. 
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K0 = 0.09; 
(a) Hemispherical-nose model 

ps = 11.26 atm; 

4S = 620 Btu/ft
2-sec 

(7. Oil- MW/m2); 
Hs = 1100 Btu/lbm 

(2.55 Mj/kg); 
t = 15.0 seconds. 

(b) Blunt-nose model. 
L-70-^711 

Ps 

4S 

=5.88 atm;  KQ = 

= 302 Btu/ft2-sec 

(3.J+2 MW/m2); 
= 1100 Btu/lbm 

(2.55 Mj/kg); 
20.3 seconds. 

0.13; 

Figure 11.- Photographs of sectioned models showing the char 
thickness for models which experienced mechanical char 
removal. 
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Free-stream 
flow 

Perpendicular fibers Parallel  fibers 

(a) p =6.05 atm;  KQ = 0.08; 

q_s = lj-50 Btu/ft2-sec (5.18 MW/m2); 

Hs = 1100 Btu/lbm (2.55 Mj/kg); 

t = 15.0 seconds. 

Free-stream 
flow 

Perpendicular fibers Parallel  fibers 

00 Ps 
4s 

K0 = 0.< = 11.26 atm; 

= 620 Btu/ft2-sec   (7. Oil- MW/m2; 
= 1100 Btu/lbm  (2.55 Mj/kg); 
15.0 seconds. 

L-70-1+712 

Figure 12.- Photographs of representative models (after 
testing) showing the effect of perpendicular- and 
parallel-fiber orientation on the behavior of the 
material.  Models are of the hemispherical-nose 
design as shown in figure 3. 
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Split during 
testing 

Parallel fibers 
t = 14.3 seconds 

la.    Free-stream 
flow 

Perpendicular fibers 
t = 16.5 seconds 

Shingled fibers 
t = 15.4 seconds 

(a) ps = 6.05 atm; K0 = 0.08; gs = l^O Btu/ft
2-sec (5.11 MW/m2); 

Hs = 1100 Btu/lbm (2.55 Mj/kg). 

Free-strearr 
flow 

Parallel  fibers 
t = 12.5 seconds 

Perpendicular fibers 
t = 16.2 seconds 

Shingled fibers 
t = 14.3 seconds 

(b)    Ps = 2.50 atm;    KQ = 0.12;     qs = 600 Btu/ft2-sec   (6.8l MW/m2); 

Hs  = 1950 Btu/lbm  (I4-.55 Mj/kg). 

L-70-i+713 

Figure lk.-  Photographs of representative models (after testing) showing the effect of 
three different fiber orientations on the behavior of the material.  Models are of 
the design shown in figure k. 
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Between water pulses During a water pulse 

w=.059 Ibm/sec (.027 kg/s) 

(a)   Stagnation-point  injection. 

Between water pulses During a water pulse 

W=.135 lbm/sec (.061  kg/s) 

(b)   Side-wall injectic 
L-70-^715 

Figure 17.- Photographs of the water-injection models during a test 
at the high-pressure test condition.  ps = 11 atm; KQ = 0.10; 

4S = 6lO Btu/ft
2-sec (6.95 MW/m2);  Hs = 1100 Btu/lbm (2.55 Mj/kg). 
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Between water pulses During a water pulse 

w=.024 lbm/sec (.011  kg/s) 

(a)  Stagnation-point injection. 

Between water pulses 

(b)    Sidewall  injection, 

(b)   Sidewall injection. 

During a water pulse 

w=.035 lbm/sec (.016 kg/s) 

L-70-k716 

Figure 18.- Photographs of the water-injection models during a test at the low- 

pressure test condition. ps = 0.60 atm; KQ = 0.232; qs = l6°° Btu/ft
2-sec 

(l8.2 MW/m2);  Hs = 11 000 Btu/lbm (25.5 Mj/kg). 
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Figure 20.- Photograph showing flaming 
of the model after retraction from 
stream in the 11-inch ceramic- 
heated tunnel. 
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Figure 21.- The comparison from computer predictions of the stagnation-point char 
thicknesses at the end of model exposure time and at the end of the cooldown 

period. 
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(a) Results from computer predictions. 
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(b) Results from experimental data. 

Figure 25.- Comparison between the experimental results and the com- 
puter predictions of model stagnation-point length change as a 
function of total cold-wall oxygen mass flux. The linear least- 
square curve is based on the results from the computer predictions. 
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Figure 27-- The comparison "between the experimental data and the computer predictions 
for the model stagnation-point surface temperature. 
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