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GRAPHITE AND ABLATIVE MATERIAL RESPONSE TO CO,-LASER,
CARBON-ARC, AND XENON-ARC RADIATION

William D. Brewer
Langley Research Center

SUMMARY

This study investigated the behavior of graphite and several charring ablators in a
variety of high-radiative heat-flux environments. A commercial-grade graphite and nine
state-of-the-art charring ablators were subjected to various radiative environments pro-
duced by a CO9 laser and a carbon arc. Graphite was also tested in xenon-arc radiation.
Heat-flux levels ranged from 10 to 47 MW/mz. Tests were conducted in air, nitrogen,
helium, and a CO9-Ng mixture which simulated the Venus atmosphere. The experimental
results were compared with theoretical results obtained with a one-dimensional charring-
ablator analysis and a two-dimensional subliming-ablator analysis. Neither the graphite
nor the charring ablators showed significant differences in appearance or microstructure
after testing in the different radiative environments. The performance of phenclic nylon
and graphite was predicted satisfactorily with existing analyses and published material-
property data. Good agreement between experimental and analytical results was obtained
by using sublimation parameters from a chemical nonequilibrium analysis of graphite
sublimation. Some charring ablators performed reasonably well and could withstand
radiative fluxes of the level encountered in certain planefary entries. Other materials
showed excessive surface recession and/or large amounts of cracking and spalling, and
appear to be unsuitable for severe radiative environments.

INTRODUCTION

Charring-ablative materials as well as graphite have been used to protect space
vehicles from the heating environment encountered during entry into the Earth's atmo-
sphere. The performance of these materials when subjected to environments such as
those experienced in Earth entry at orbital and escape velocities has been extensively
investigated (refs. 1 to 3). Various analyses have been developed to predict the behav-
ior of materials in such environments (refs. 4 to 9). For proposed planetary missions,
however, the problems of protecting the entry vehicles from the severe heating must be
reexamined, because in such missions an entry vehicle is subjected to large radiative
as well as convective heat inputs. In spite of recent emphasis on the study of these



missions, a better understanding of the interaction of planetary-entry environments and
thermal-protection materials is still needed.

Flight tests of each promising thermal-protection material are not feasible and the
present capability for simulating planetary-entry environments in ground-based facilities
is limited. Certain facilities can produce radiative-and-convective heating of the appro-
priate levels to simulate some planetary-entry conditions, such as those for selected
entries into the Venus atmosphere. Nevertheless, other parameters, such as the spec-
tral distribution of the radiation and the type of atmospheric gases, are in general not
well simulated. At present, high-power lasers are the only convenient sources which
can produce heat fluxes approaching those expected in entry into the atmospheres of the
major planets, but the spectral distribution of radiation produced in these lasers is quite
different from that in an actual entry, and the behavior of materials could be different.

A program was therefore undertaken to examine the behavior of graphite and sev-
eral charring ablators in various radiative heating environments. The objectives of this
research were to investigate the important ablative mechanisms and the effect of a change
in the environment upon them, to determine the capability of existing ablative analyses to
predict satisfactorily material performance in the different environments, and to deter-
mine the relative performance of some charring ablators in severe radiative environments.

To carry out this program, a commercial-grade graphite and several charring abla-
tors were subjected to radiative heating environments produced by a CO9 laser, a carbon
arc, and a xenon arc. The experimental results obtained from these tests were compared
with theoretical results obtained from two different computer programs which treat the
transient response of charring and subliming ablators to heating environments.

SYMBOLS
E ablative-effectiveness parameter
EC ablative-effectiveness parameter based on corrected heat flux
P pressure
q local heating rate
an measured heat input less heat reradiated at point of maximum heating
Aax maximum local heating rate



r radius of sample

s radial distance from sample center line
T temperature
Al interface recession
Am mass loss
Ax surface recession
P material density
MATERIALS

The materials investigated in the present study (all percentages are by weight) are
as follows:

1. A phenolic-carbon (PC) composite of 50 percent phenolic resin and 50 percent
carbon fibers, with a density of 1450 kg/m3

2. A high-density phenolic nylon (HDPN), composed of 50 percent phenolic resin
and 50 percent nylon powder, with a density of 1200 kg/m3

3. A low-density phenolic nylon (LDPN), composed of 25 percent phenolic resin,
25 percent hollow phenolic microspheres, and 50 percent nylon powder, with
a density of 550 kg/m3

4. A silicone elastomer, composed of 75 percent silicone resin, 15 percent Si09
(11 percent hollow microspheres and 4 percent fibers), and 10 percent
hollow phenolic microspheres, with a density of 640 kg/ m3

5. A filled epoxy material (Apollo heat-shield material), the composition of which
is proprietary, with a density of 500 kg/m3
(Some measured material properties are given in ref. 10.)

6. A polybenzimidazole (PBI), composed of 69 percent PBI prepolymer, 13 per-
cent carbon fibers, and 18 percent hollow phenolic microspheres (material 5
in ref. 11)

. A commercial-grade, fine-grained graphite with a density of 1800 kg/ m3

o -3

. A glass-filled Pyrrone resin (P-1) with a density of 600 kg/m3



9. A foamed Pyrrone (P-2) with a density of 680 kg/m3
10. An uncured Pyrrone resin (P-3) with a density of 480 kg/m3

Materials 1 to 7 were tested in the laser facility. Materials 3 to 5 and 7 to 10 were
tested in the carbon-arc facility. Only the graphite (material 7) was tested in the xenon-
arc facility.

EXPERIMENTAL APPARATUS AND PROCEDURES

Tests were conducted with three different radiation sources: a COj laser, a car-
bon arc, and a xenon arc. The spectral distributions of the radiation from these sources
are shown in figure 1. Figure 1 also presents typical shock-layer radiation spectra for
two planetary atmospheres: Earth (air and ablation products) and Venus (COz-Ng). The
radiation from the xenon-arc facility and the carbon-arc facility covers a significant por-
tion of the Venus and Earth reentiry spectral range. The laser radiation is considerably
different from either of the other sources. In addition to being highly coherent and mono-
chromatic, the laser radiation is out of the spectral range of the actual reentry environ-
ments. Details of the test apparatus and procedures are given in the following sections.

Laser Experiments

Test apparatus.- The laser used in these experiments was a continuous, dc excited,
flowing-gas, CO9-Ng-He laser operated at Raytheon Research Division, Waltham,
Massachusetts. The maximum power output of the device was about 9 kW. For the
tests discussed here, the laser was operated at approximately 6 kW with a beam diam-
eter of 4.4 cm. The design, construction, and operating characteristics of the laser are

discussed in reference 12.

The test setup used for the laser experiments is shown schematically in figure 2(a).
The parallel beam emerged from the laser tube and was reflected by a segmented mirror
through a lens onto the surface of a sample located in a test chamber. The energy dis-
tribution across the laser beam as it emerged from the tube was not uniform and tended
to have a sharp spike near the center, which is typical of high-power laser systems. The
segmented mirror randomized or scrambled the beam to produce a more nearly uniform
and stable distribution across the surface of the samples. A retractable mirror switched
the beam from the sample optics to a calorimeter for calibrating the system. This mir-
ror which was controlled by an electric timer initiated and terminated sample exposure
to the laser radiation.

A test chamber maintained a controlled environment about the test samples. Visual
observations, motion pictures, and sample temperature measurements were made through
side ports. The laser beam passed through a NaCl window in the front of the chamber,
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then passed through a 1.3-cm-diameter nozzle, and finally impinged on the sample sur-
face. The test gas, which was injected into a plenum chamber, flowed through the nozzle
and past the sample. A vacuum system connected to the rear port removed the test gas
and the ablative products and controlled the pressure in the test chamber.

Instrumentation and calibration.- An optical pyrometer measured the temperatures
of the test samples. Because the front surface of the samples could not be viewed dur-
ing a test, the temperature was measured on the side of the samples as close to the front
surface as possible. The pyrometer was calibrated to account for the absorption of radi-
ation by the glass viewing window.

One calorimeter, called the primary calorimeter (fig. 2(a)), measured the heat flux
at the laser exit. Another calorimeter (not shown) was placed at the rear of the test
chamber to measure the heat flux after the beam had been attentuated by the optical sys-
tem. The intensity distribution across the beam at the test location was determined by
exposing polystyrene rods to the laser beam. The rods were sectioned after 0.5 to 1 sec
exposure and the intensity profiles were determined from the shapes of the holes burned
into the rods.

Test samples, conditions, and procedures.- The test samples for the laser experi-
ments were 0.64-cm-diameter cylinders which were 7.6 cm long. During the tests they
were positioned so that about one-third of the length extended out of the holder. The
test-sample configuration is shown in figure 2(b). The maximum heat flux at the center
of the samples ranged from 36 to 47 MW/ m2, However, the heating was not uniform over
the surface of the samples. The heat flux at the edge of the samples ranged from 70 to
80 percent of the maximum depending upon the power output of the laser. A typical heat-
flux distribution is given in figure 3.

The gas velocity past the samples of approximately 30 m/sec was sufficient to
remove the ablation products from the area of the sample, and the flow was uniform and
stable throughout each test. Test gases used were air, nitrogen, and helium.

The samples were placed in the test chamber and the system was regulated to obtain
the desired gas flow rate and pressure. The laser was brought to the operating conditions
with the retractable mirror reflecting the beam into the primary calorimeter (fig. 2(a)).
When the laser had stabilized, the heat flux was recorded and the mirror was removed
from the path of the beam to expose the sample to the laser radiation. At the end of the
test, the mirror was again inserted into the path of the beam and another heat-flux mea-
surement was made to determine whether or not the laser output had changed during the
test. Each sample was measured and weighed before and after each test to determine
the surface recession and mass loss. The graphite samples were tested for 5 sec; all
other samples were tested for 2 sec.



Carbon-Arc Experiments

Test apparatus.- The tests in carbon-arc radiation were conducted in the arc-image
facility at Southwest Research Institute, San Antonio, Texas. The operating characteris-
tics of the facility are given in reference 13. A schematic diagram of the facility as used
in this study is shown in figure 4(a). The radiation from a carbon arc was collected and
focused onto a test sample by twin parabolic mirrors. The front mirror had a hole in
the center, and the door to the facility had a quartz window alined with the mirror hole
for viewing the sample during testing. Motion pictures and surface temperature mea-
surements were made through the window. The test samples were enclosed in a small
chamber to provide a control of their environment independent of that in the arc chamber.
A hemispherical quartz dome formed the front of the test chamber so that the radiation
could be focused unto the sample. A graphite disk with a hole in the center was placed
in front of the sample to eliminate radiation to the sides of the sample. The test gases
were injected through a 1.3-cm-diameter nozzle in front of the sample at a velocity of
about 30 m/sec. A vacuum system attached to the rear of the chamber removed the
ablative gases and regulated the pressure in the chamber.

A clamshell shutter which was located directly in front of the sample blocked all
radiation while the arc facility was being brought to the desired operating conditions.
The shutter was controlled by an electronic timer and had opening and closing times of

about 0.001 sec.

Instrumentation and calibration.- The heat flux at the sample location was measured
with a water-cooled, spherical-cavity, black-body calorimeter. During a calibration run,
the calorimeter was placed behind the same shield as the sample so that the calorimeter
would collect only the radiation that would be incident on the sample surface. The flux
measured by this calorimeter was correlated with that measured by an asymptotic calo-
rimeter located in the beam between the two parabolic mirrors. During a test, only the
output of the asymptotic calorimeter was recorded. The heat flux to the sample was

determined from these data.

The spatial distribution of the heat flux was determined by placing a block of sodium
silicate at the sample location and exposing it to the arc radiation. After the block was
exposed to the test environment, it was sectioned and the heating distribution was deter-
mined from the shape of the hole burned into the block. In the carbon-arc facility, the
variation in heating rate across the sample surface was less than 5 percent.

Surface temperatures were measured with a three-color recording pyrometer as
discussed in reference 14. The pyrometer was focused on the front surface of the sample
and was calibrated to account for absorption of radiation by the window in the door of the
arc chamber and by the quartz dome on the sample chamber.



Test samples, conditions, and procedures.- The test samples were 0.64-cm-
diameter, flat-faced cylinders. The measured heat fluxes ranged from 29 to 40 MW/ m?2.
Yet, the actual heat flux to the surface of the samples was probably much less than that
measured. This reduced heat flux is discussed in a subsequent section. Test gases
were air, nitrogen, helium, and 90% C02—10% N9g. The chamber pressure was varied
from 0.3 to 8 atm (1 atm = 0.101325 MPa).

The test samples were positioned in the holder with about two-thirds of the length
extending out of the holder (fig. 4(b)). The arc was initiated with the clamshell shutter
in the closed position, and the appropriate gas was injected into the sample chamber.
When the desired operating conditions had been achieved, the shutter was opened and the
sample was. exposed for 5 sec. The shutter was then closed to terminate the test. The
outputs of the temperature pyrometer and the asymptotic calorimeter were recorded con-
tinuously during each test.

Xenon-Arc Experiments

The tests in xenon-arc radiation were conducted in the xenon-lamp apparatus of the
high temperature materials laboratory at Langley Research Center. The apparatus con-
sisted of two xenon-arc units focused on a single area. A schematic diagram of the xenon-
arc units and the test setup is shown in figure 5(a). The radiation was produced by a
xenon arc and was collected and focused by an ellipsoidal mirror. After being focused by
the mirror, the radiation passed through an optical integrator to produce a uniform beam.
A lens system then refocused the beam onto the sample area. The two lamp units simul-
taneously irradiated the sample. The center line of each unit made an angle of about 50°
with the normal to the sample surface.

The samples were not enclosed in a test chamber. Hence, all tests were in air at
1 atm. A fan removed the ablative products produced during the tests. A recording
infrared radiometer which responds to radiation in the 8- to 16-um wavelength range was
used to measure the surface temperatures. Reflection of the arc radiation from the sam-
ple surface should therefore not influence the temperature measurement.

The heat flux to the sample as measured by a water-cooled, black-body calorimeter
placed in the sample position was correlated with the xenon-arc current which was read
directly from meters on the facility control panel. Heat fluxes in these tests were 10
and 11.5 MW/m2.

The test-sample configuration is shown in figure 5(b). The samples were 1.27-cm-
diameter cylinders with a blunted front surface, because such a surface was necessary to
obtain a uniform heat flux with the arc units which were arranged as shown in figure 5(a).
This shape was determined by exposing Fluorogreen samples to the arc radiation for



various times and determining the equilibrium shape of the surface. The fact that the
graphite samples maintained this shape throughout the tests indicated that the heat flux
over the front surface was reasonably uniform.

Tests were initiated and terminated with electronically controlled shutters in each
arc unit. After the lamps were brought to the operating conditions with the shutters
blocking the radiation, they were allowed to stabilize. Then the shutters were opened,
the sample was exposed to the radiation for the required length of time, and the shutters
were closed to terminate the test. Test times in the xenon arc were 10, 20, 30, and

60 sec.

ANALYSIS

Two different analytical programs were used to make theoretical predictions of the
surface and interface recessions for the materials subjected to the heating environments:
a one-dimensional charring-ablator program (ref. 6), and a two-dimensional subliming-
ablator program (refs. 7 and 8). The one-dimensional numerical analysis was applied
for the studies of all materials except the graphite. This charring-ablator program has
been employed widely to predict successfully the ablative performance of thermal-
protection systems in both ground and flight tests (refs. 15 and 16).

For the graphite studies, the two-dimensional numerical analysis was used. This
analysis calculates the transient response of subliming axisymmetric bodies including
the effects of shape change. The convective and radiative heat-transfer rates and the
pressure distributions around the body are adjusted to account for changes in body geom-
etry. In general, the system which can be analyzed is a single orthotropic material of
varying thickness with temperature-dependent thermal properties. The configurations
and grid systems used for the two-dimensional calculations are shown in figure 6.

RESULTS AND DISCUSSION

Graphite and charring ablators show different qualitative features during ablation;
therefore, different parameters were used to evaluate their performance. Graphite sub-
limation results in a surface free of degraded material and, thus, the graphite perfor-
mance was evaluated on the basis of surface recession and mass-loss rates. However,
because the charring ablators retain a chemically degraded layer, their performance was
evaluated in terms of an ablative-effectiveness parameter (ref. 2) which is based on the
maximum depth of material degraded. The ablative-effectiveness parameter is given by

the following equation:

q,t
E =2
p Al



where q; is the measured heat input (energy/unit time-unit area) less the heat reradi-
ated at the point of maximum heating, t is the test time, p is the material density,
and Al is the thickness of material degraded or interface recession. The heat reradi-
ated is computed from the maximum measured surface temperature. The emittance of
the test materials in the charred state is taken as 0.9 (ref. 17).

The results from all the tests in all facilities are summarized in tables I and II.
Table I gives the results of the charring-ablator tests and table II gives the graphite test
results.

Charring Ablator Experiments

Laser tests.- The heat-flux distribution in the laser tests (fig. 3) is, in general,
reflected in the shape of the sample surface after testing. The ablator chars for those
materials that developed significant char were almost completely hollowed out with only
a thin shell of char remaining around the edge. These char shells were fragile and
easily broken. Over most of the sample however the interface between the char and the
uncharred material was reasonably flat. Apparently, the sides of the material were
cooled sufficiently by reradiation to allow a significant amount of char to accumulate.
This behavior was typical of both low-density phenolic nylon (LDPN, material 3) and
high-density phenolic nylon (HDPN, material 2).

The epoxy material (material 5) showed excessive surface recession with little or
no char development. Any char that formed was quickly swept away. The carbon phe-
nolic (PC, material 1) exhibited large amounts of cracking and spalling when exposed to
the laser beam. Because large chunks of material flew off and impinged upon the
NaCl window in the front of the test chamber, the window failed. Evidently, the differ-
ences in thermal-expansion characteristics of the phenolic resin, the carbon fibers, and
the carbon formed by the decomposition of the phenolic resin coupled with the very rapid
heating caused the failures of the carbon-phenolic materials.

The silicone elastomer (material 4) experienced large surface recessions as well
as some bending and twisting during the tests; the performance of the elastomer was
comparable to that of the epoxy material. In the two environments in which it was tested,
the polybenzimidazole (PBI, material 6) had the greatest effectiveness of any of the char-
ring ablators. A thick, relatively tough char layer developed over most of the front sur-
face. The PBI was however subject to slight surface spallation.

The ablative effectiveness for phenolic nylon and the PBI is shown in figure 7. The
LDPN generally performed somewhat better than the HDPN. Neither the chamber pres-
sure nor the test gas had a large effect on the performance of the materials. The mate-
rials performed about the same in air, nitrogen, and helium. This behavior probably was



caused by the large quantity of gases generated by the degradation of the material and,
thus, the amount.of test gas reaching the degrading surface was limited.

Effectiveness values for the phenolic carbon could not be determined because of the
severe spallation. The very rapid recession and irregular surfaces of the epoxy and the
elastomeric materials made surface temperature and recession measurements question-
able at best and no effectiveness values are given. However, if a temperature equal to the
sublimation temperature of graphite at the given pressure (refs. 18 and 19) is assumed
and an average recession is used, the effectiveness of these two materials is less than
one-half that of LDPN.

Carbon-arc tests.- The materials that were tested in both the laser and the carbon-
arc facilities (graphite, LDPN, and epoxy) appeared to perform much better in the carbon-
arc environment than in the laser environment even though the test conditions were
supposed to be approximately the same in both facilities. The mass loss and surface
recessions were much smaller and the effectiveness values were much greater. (See
tables I and II.) Nonetheless, the actual heat fluxes to the samples in the carbon-arc
environment were probably significantly less than those measured because of the absorp-
tion of incoming radiation by the ablative gases. The sample chamber and gas flow
arrangement (fig. 4) were such that the ablative gases were not swept away cleanly and
a significant volume of gas built up in front of the sample.

Figure 8 shows the spectral absorption coefficient for a carbon plasma at 3000 K
and 1 atm (from ref. 20). For comparison, the spectral-energy distribution of the carbon
arc is superimposed on the absorption-coefficient curve. Over almost the entire spectral
range of the carbon-arc radiation, the absorption coefficient is significant and approaches
100 cm-1l. Thus, the heat flux to the sample could be reduced substantially by the absorp-
tion of arc radiation by the ablative gases. A corrected heat flux was determined for all
carbon-arc tests by assuming that the absorption coefficient of the ablative gases was
1 em-1 and that the equivalent of 1 cm of absorbing gases was in front of each test sam-
ple. The results then agree more closely with the laser test results and with the calcu-
lations to be discussed.

Figure 9 gives the ablative effectiveness (corrected heat flux) for the ablators
tested in a carbon-arc environment. The LDPN material and the P-3 material (mate-
rial 10) performed best with effectiveness values in the range of those for the laser tests.
The P-1 and P-2 materials (materials 8 and 9) had greater interface recession in spite
of their higher densities and hence had low effectiveness. Again, the elastomer and the
epoxy material had relatively large recession rates. The LDPN material performed
slightly better in inert atmospheres than in air. The LDPN, elastomer, and epoxy mate-
rials behaved about the same in air as in the CO9-Ng atmosphere. Changes in pressure
over the range considered had no apparent effect on material effectiveness.
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The LDPN, P-2, and P-3 materials developed relatively thick chars over the sur-
face and showed little or no front surface recession around the edge. The surfaces were
cupped slightly in the central area because of the radiative cooling around the sides. The
interface between the char and the uncharred material was weak and the char tended to
separate from the sample. This weak interface is also typical of the LDPN material when
it is tested in low-convective heat-flux environments.

The P-1 material had a very thin (less than 1 mm) fully developed char and a some-
what larger depth of partially degraded material. The char was tough and strongly
attached. Although the effectiveness of P-1 was rather low, the physical appearance and
surface integrity were better than those of the other ablators.

Graphite Experiments

Table II gives a summary of all the graphite test results. Material performance
was evaluated on the basis of mass-loss rates and/or surface recessions.

Mass-loss-rate data for the various environments are given in figure 10. For the
laser tests, the rates were based on surface recession at the center of the sample front
surface. In these tests, the graphite performed about the same in nitrogen as in helium.
Also, changes in pressure from 0.1 to 1.0 atm did not affect material performance and
mass-loss rates were greater in air than in the other gases.

For the carbon-arc tests, the mass-loss rates were based on sample weights before
and after testing because the surface recessions were too small to measure. The symbols
in figure 10 indicate the average values since variations in incident heat flux caused some
data scatter. The mass-loss rates for the carbon-arc tests were much less than those in
the laser tests, even though the measured heat fluxes were comparable. The results are
more consistent if a corrected heat flux (discussed previously for the charring ablator,
carbon-arc tests) is used. Then the results also agree reasonably well with those of
reference 21 as well as with the analytical results to be discussed. The graphite behav-
ior was essentially the same in air and in the COg-Ng gas mixture. In each gas at pres-
sures from 1 to 8 atm, the trend was for greater mass-loss rates at higher pressures.
(Ref. 22 reports a correlation in which the mass-loss rate of graphite is directly propor-
tional to the pressure.)

The results of the xenon-arc tests are given in table II. In these relatively low heat-
flux tests, the samples were studied for times ranging from 10 to 60 sec, so that appreci-
able surface recession could be obtained. No heat-flux correction was necessary because
the test configuration did not cause significant buildup of gases in front of the test sam-
ples. Calculated surface recessions correspond favorably with the experimental values
as shown in the next section.
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Analytical Results

Calculations were made for only graphite and phenolic nylon because these mate-
rials are well characterized and their thermophysical properties are best known. Also,
the analyses used cannot treat the mechanical removal of material such as occurred .
with several of the materials tested. The thermophysical properties of phenolic nylon
were obtained from reference 10 and those of graphite from reference 23. The sublima-
tion parameters were obtained from references 21 and 24. The analysis of reference 24
is a simplified chemical-nonequilibrium treatment of charring ablator and graphite sub-
limation and yields results which are in good agreement with the experimental results of

reference 22,

Figure 11(a) presents the experimental and calculated results for one graphite
test in the laser facility in air at a pressure of 1 atm with a heat flux of 45.8 MW/mz.
The calculated surface recession at the end of a 5-sec test is compared with the mea-
sured values. The scale on the ordinate is inverted so that the curves shown indicate
the actual shape of the front surface from the sample center line (s/r = 0) to the sample
edge (s/r = 1). The dashed line indicates the initial shape of the sample. The agree-
ment between the calculated and experimental results is, in general, reasonably good.
Although the results differ at the sample center line, the magnitude of this difference is
only about 0.5 mm. Attempts to lessen the difference by invoking mass-loss mechanism
other than sublimation and oxidation were unsuccessful. Absorption of radiation below
the front surface with subsequent periodic explosive mass removal could lead to greater
recession, as could preferential ablation of the graphite binder. However, in the pres-
ent graphite tests, no significant particulate removal was observed. Phenomena such
as electric field effects associated with intense laser beams, direct interaction of pho-
tons with atoms and molecules to dissociate carbon-carbon bonds, and multiphoton
effects are possible contributors to additional mass loss (ref. 25). They are however
unusual effects and simple analysis indicates that the associated mass-loss rates are
negligible compared with those observed. Some typical results for graphite tests in
nitrogen and helium atmospheres in the laser facility are shown in figures 11(b)
and 11(c). For these tests, the agreement between the calculated and experimental
results is very good.

Figure 12 shows typical results for graphite tests in air in the carbon-arc facility.
Two sets of calculations are compared with the experimental results. The calculations
in which the measured heat flux was used predict large recession rates, but the tests
showed no measurable recession. If the corrected heat flux is used, the calculations
then show negligible recession and are in agreement with the experiment. Similar
results were obtained for all other test gases in the carbon-arc facility.

Further evidence that the heat flux to the ablating samples in the carbon arc was
much less than that measured in the absence of ablation is given by the low-density
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phenolic -nylon results shown in table III and in figure 13. Histories of the calculated
stagnation-point surface and interface recessions are given for both the measured heat
flux and the corrected heat flux of tests in air at various pressures. Both the surface
and interface total recessions calculated using the corrected heat flux agree very well
with the measured values. These calculations were made with the one-dimensional
charring-ablator analysis of reference 6.

Results for the graphite tests in the Xenon-arc facility are given in figure 14.
Histories of the stagnation-point surface recession are shown for the two heat fluxes.
Again, the two-dimensional sublimation analysis satisfactorily predicts the material
response.

CONCLUDING REMARKS

This investigation studied the behavior of graphite and several charring ablators in
various high-radiative heat-flux environments produced by a COg laser, a carbon arc, and
a xenon arc. Heat-flux levels ranged from 10 to 47 MW/m2., The experimental results
were compared with theoretical calculations.

The performance of phenolic nylon and graphite in the radiative environments was
satisfactorily predicted with existing analyses and published material-property data.
Good agreement between experimental and analytical results was obtained with constants
derived from a simplified chemical nonequilibrium analysis of graphite sublimation.

The low-density phenolic nylon and the polybenzimidazole performed reasonably
well in the high-radiative heat fluxes. The epoxy material (Apollo heat-shield material)
and the silicone elastomer showed excessive surface recession in all test conditions and
appear to be unsuitable for the severe radiative environments. When exposed to the
laser radiation, the carbon-phenolic composite showed large amounts of cracking and
spalling, apparently because of differential thermal expansion between the phenolic resin
and the carbon fibers.

In the laser tests, the charring ablators behaved about the same in air, nitrogen,
and helium. In the carbon-arc tests, the low-density phenolic-nylon material performed
slightly better in nitrogen and helium than in air, but the differences in performance
were small. The materials also performed about the same in 90% CO9-10% N9 as in air.
Variations in chamber pressure over the range 0.1 to 3.0 atm had no significant effect
on the performance of the charring ablators.

Differences in graphite mass-loss rates in nitrogen and in helium were negligible.
Graphite also performed about the same in air as in 90% COz—IO% N9 with mass-loss
rates somewhat greater than in nitrogen or helium. Variation in pressure from 0.1 to
1.0 atm did not affect the performance of graphite; whereas, in the pressure range from

13



1 to 8 atm, the trend was for greater mass-loss rates at higher pressures. This trend

was seen in both air and in CO9-Nj.
Langley Research Center
National Aeronautics and Space Administration

Hampton, VA 23665
June 16, 1976
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TABLE I.- CHARRING ABLATOR TEST RESULTS

Heat flux,

" Test -

Facility Material gg:‘ Pressure, MW/m? ten?ﬁg?tﬁre, time, ax, A, Ag” M§7kg M%;i{g
Measured Corrected ¢

Laser LDPN  Air 0.1 42.0 3130 2 --- 0.560 0.164 24.1 -

.3 42.0 3520 --- 510 .145 24.4 ---

1.0 .42.6 3350 --- 460 .162 28.6

Ny A1 40.5 3520 --- 560 .170 21.2

.3 41.1 3280 ---  .460 .122 27.8 ---

1.0 40.6 3390 ---  .430 .140 28.6 ——-

He .1 41.0 3660 ---  .560 .162  20.7 ---

.3 36.5 3180 --- .406 .113  28.0 ---

' 1.0 45.9 3290 --- 406 .103 35.8

' HDPN  Air 0.1 42.0 2940 2  --- 0305 0.127 21.8 -

.3 42.0 - 3580 - .330 .209 17.7

1.0 42.0 3300 -—- .330 .210 19.0 ---

1.0 43.5 3280 .- .305 .126 21.4

Ny 1 41.8 3520 -—-  .305 .123 10.4 -

.3 41.9 3110 305 | .092  21.2

1.0 40.7 3450 .280 | .099 | 20.8 -

He 1 41.0 3660 .254 | .116 | 21.8 —--

1 .3 36.1 3180 .254 | .082 | 21.1 ---

1.0 43.3 3300 .254 | .084 | 25.5 -
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TABLE I.- Continued

Test | Pressure Hli[if/;lu}z(, Surface Test Ax Al Am
Facility | Material oas it m tempelléature, time, | o0 | g’
Measured | Corrected sec | K

Laser PC Air 0.1 43.0 -—- - 2 - e 0,103
.3 41.0 —-- --- —ee emem .088

.3 42.5 -—- --- ——- e=-- .098

1.0 42.0 --- - - meme- .135

1.0 43.0 cem i mmem 124

' 1.0 43.3 - --- R (11

Ng .1 40.5 - —— e mme= 043

.3 42.3 s =m-= 066

1.0 40.7 - --- -e- ae-- 068

He 1 40.8 Ceem - 046

l } 3 36.2 T i1

v 1.0 36.6 - - U ——— em-- .089

Epoxy Air 0.1 42.0 -—- --- 2 ---  ---- 0,213

l .3 41.0 -—- 113 179

1.0 42.0 -—- --- --- 1.45 .239

No .1 40.0 —e- -e-- 238

N .3 39.0 --- 133 .159

He .1 40.0 ——-- --- --- 1..33 .161

! He .3 317.0 --- --- J --- 1.18 .142

PBI Air 0.1 40.0 - 3110 2 --- 10.410 0.056

PBI Ng i | 41.0 - 3150 ---  .410 .081
Elastomer Air .1 42.0 -—- - --- 1.270 .192

v Elastomer Ny -1

40.0 - - - --- 1,270 .252




TABLE I.- Concluded

l —

Heat flux,

61

Facility Material 'g::t Prgsérsllme, MW/m2 tenslgzﬁisre, g;set, CA;{{ ?é; Aén ’ M?/,kg Mﬁ;i(g
Measured Corrected sec

Carbon LDPN Air 0.3 33.4 12.3 3213 5  0.050 0.305 0.064 83.4 20.4

arc 1.0 40.3 14.8 3203 .050 .406 .083 78.2  21.2

3.0 35.5 13.1 3113 .030 .356 .070 78.4  21.2

3.0 34.7 12.8 3043 .030 .305 .084 90.4  25.0

Ng 1.0 39.0 14.3 3163 .050 .305 .073 101.0 27.5

He 1.0 37.7 13.9 3173 .050 .330 .077 89.6  24.0

COg-Ng 1.0 30.4 11.2 2993 .050 .279 .051 85.7  23.1

) CO5-No 3.0 32.9 12.1 3113 1 .100 .305 .071 83.8  25.8

Epoxy Air 1.0 33.4 12.3 3043 5  0.040 0.660 0.090 43.1  11.8

Epoxy | COy-Ng 3.0 35.5 13.1 2823 5 .290 .587 .090 53.9 16.4

Elastomer | Air 1.0 33.4 12.3 3003 5  0.870 1.14 0.069 53.4  14.9

l Air 3.0 36.0 13.2 3003 { .870 1.55  .069 42.6 | 12.0

CO9-Ng 3.0 33.8 12.4 3023 170 1.12 | 062 , 54.9 | 15.2

P-1 Air 1.0 32,1 11.8 3073 5 | 0.280 | 0.406 | 0.047 | 56.6 | 14.8

P-2 ) 33.4 12.3 3153 [ .050 | .508 | .040 | 41.1 | 10.5

P-3 37.4 12.8 3093 .070 | .381| .035| 82.1 | 22.1
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TABLE II.- GRAPHITE TEST RESULTS

Test | Pressure Heat flux, Surface Test Ax Am
Facility | gag atm MW/m2 temperature, | time, | om g
Measured | Corrected K Sec
Laser Air 0.1 42.0 - 3615 5 0.203 | 0.073
.1 42.0 -— 3619 204 .073
.3 42.0 - 3530 .191 .069
.3 42.0 - 3400 .186 067
1.0 45.8 -— 3345 .203 073
1.0 44.2 --- 3345 \ 185 | .067
Ng 0.1 40.0 --- 2900 5 0.102 | 0.006
.1 41.6 -— 2865 .102 .005
.1 45.8 -—- 2860 .102 .004 |
.1 47.0 -—- 2850 110 .008
.3 42.1 -— 2865 .102 .006
.3 41.4 - 3080 .089 .005
1.0 42.0 - 3500 .110 .020
L 1.0 40.8 - 3400 Y .102 .016
He 0.3 39.2 S 5  0.102 & 0.011
.3 317.7 - 2650 .089 .004
‘ 1.0 38.0 - 3080 .102 011
| 1.0 38.8 -—-- 3185 J 114 .012
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TABLE II.- Continued

f o Test Pressure }ﬁ;}/ﬂué{’ Surface Test Ay A
- Facility gas atm m temperature, t;r:ce, P fgn’
Measured Calculated
Carbon Air 0.3 37.2 13.7 3600 5 0 0.005
arc 1.0 42.5 15.6 3800 ! ' .008
k 35.5 13.1 3690 .003
32,5 12.0 3540 .003
34.1 12.5 3590 .005
34.0 12.5 3600 .004
27.4 10.1 3070 .004
32.0 11.8 3540 .006
3.0 34.2 12.6 3490 011
33.4 12.3 3400 .005
30.4 11.2 3500 .004
i 34.9 12.8 3440 .006
5.0 34.9 12.8 3580 .010
38.7 14.2 3740 .010
35.7 13.1 3590 .011
34.7 13.8 3800 .010
8.0 28.8 10.6 2880 .014 |
32.4 12.0 3240 .014
30.0 11.0 3000 .015
31.8 11.7 3180 .013
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TABLE II.- Concluded

Test | Pressure HI\?I%RE/f 111;(, Surface Test | Ax Am
Facility cas ot m temperature, | t;z;lce, P g
Measured | Corrected

| Carbon ' COg-Ng 1.0 32.0 11.8 33170 5 0 ' 0.004
arc | 3.0 37.6 13.8 3680 | | ~.006 |
3.0 38.2 14.0 3650 | | " .005
5.0 34.5 12.7 31760 | | 010 |
5.0 33.5 12.3 3700 ] 009
g 5.0 33.0 12.0 3670 | | '~ .010 |
, Y 5.0 29.7 11.0 3300 v v .006
Xenon Air 1.0 11.5 2650 10 ,0.008 0.103
arc 2800 20 | .018 .159
2600 20 | .018° .325

2850 | 30 = .024 .220

3000 - 30  .025 .129

10.0 2600 30 .020 .207

r ‘ 10.0 2800 60  .039 ----
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TABLE III.- LOW-DENSITY PHENOLIC-NYLON CALCULATIONS

Facility | 1eSt | Pressure, Heat ﬂu;:, Time, Al, cm Ax, cm

gas atm MW/m sec Calculated | Experimental | Calculated | Experimental

Carbon | Air 0.3 33.4 5 0.585 ——— 0.329 ---

arc 3 412.3 .407 0.305 .012 0.05

1.0 40.3 667 ——— .459 -

1.0 414.8 .428 .406 .029 .05

3.0 35.5 607 -———- .367 -

4 3.0 213.0 i 413 .356 .015 .03

ACorrected heat flux.
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Figure 1.- Shock-layer spectra for Earth and Venus atmospheres
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