626 J. SPACECRAFT

VOL. 8, NO. 6

Performance of a Charring Ablator under Transient
and Steady-State Convective and Radiative Heating

Roy M. WaAKEFIELD* AND JoHN H. LUNDELL?
NASA Ames Research Center, Moffett Field, Calif.

Behavior of phenolic nylon under stepwise-varied heating conditions was investigated ex-
perimentally. Arbitrary transient heating pulses were generated by major variations in
radiative heating and minor variations in enthalpy and pressure. Three rates of change of
applied heating 7 = (Aq/A7) from 11 to 44 w/cm?-sec were provided by varying pulse times.
Mass of material pyrolyzed m, char interface recession X, and surface recession X, were de-
termined over partial and complete pulses. The average degradation rates (m,/7 or X./7) in-
creased with increasing 7, but the average surface recession rates (X./7) were approximately
the same for all pulses. The measured transient heating results were compared with ma-
terial performance calculations based on steady-state heating test results. For minimum and
maximum 7, respectively, measured degradation (m, or X;) was about 15%, less and 309, more
than calculated. The measured and calculated surface recession agreed within =109, over all
pulses. Although the quantitative results apply only to the phenolic nylon material and the
transient test conditions of the present investigation, the effects are expected to be applicable

to charring ablators under flight conditions.

It is concluded that transients in material re-

sponse in an increasing heating environment result in accelerated material degradation.

Nomenclature
hi,hy = stream and wall enthalpies, respectively, Mj/kg
m, = pyrolysis mass loss per unit area, g/cm?; m, = dm,/di
ps = test specimen surface pressure, atm
Gapp = applied heating rate, w/cm?; gapp = gc + ¢r
ge = cold-~wall convective heating rate, w/cm?
¢- = radiative heating rate, w/cm?
R, = body nose radius, cm
7 = mean rate of change of applied heating, w/cm?ec
t = time, sec
T, = surface temperature, °K . .
X. = char-interface recession, em; X, = dX,/dt
X. = surface recession, cm; X, = dX,/d¢

total pulse time, sec

Introduction

N ablating heat shield is exposed in flight to conditions
that vary with time, but material evaluation tests in
ground facilities are usually limited to steady-state heating
conditions. There were two basic objectives in the present
investigation: 1) to delineate and determine the significance
of effects of transient heating on material behavior by gener-
ating and analyzing both transient and steady-state heating
test data, and 2) to assess the applicability of results from
steady-state heating tests to the analysis of material per-
formance in a transient heating environment. Correlations
of steady-state heating test results have been used, for exam-
ple, in predictions of flight performance,® in the analysis of
thermal protection systems in mission studies,? and for direct
comparison with flight data.® A secondary objective in the
present investigation was to develop experimental and analy-
tical techniques for use in transient heating facilities such as
the one described in Ref. 4. The heating conditions em-
ployed did not completely simulate atmospheric entry condi-
tions but were obtained by major variations in the radiation
_heating rate with minor variations in the stream enthalpy and
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pressure. The ablation material examined was phenolic
nylon.

Test Facility and Instrumentation

The Ames Entry Heating Simulator (Fig. 1)° comprises
convective and radiative heating systems which can be
operated either simultaneously or independently; the former
is a wind tunne] with an electric arc-heated® supersonic stream,
and the latter consists of a carbon-are radiation source and
two ellipsoidal mirrors. Radiation from the arc is collected
by one mirror, reflected into a converging-diverging beam,
and focused on the model by the other mirror. The beam
passes through a quartz window in the downstream end of the
test chamber. A shutter at the window controls the duration
of the radiative heat flux. Wire-mesh screens are placed in
the radiation beam to vary the heating level. A rotating
chopper near the window periodically interrupts the incident
radiation beam to eliminate reflected radiation during the
measurement of test specimen surface temperature T'..

The radiative and cold-wall convective heating rates
(¢- and ¢., respectively) and test specimen surface pressure
(ps) were measured with calorimeter and pressure probe
models that had the same shape and were located in the same
position as the ablation test specimens. To measure ¢., the
transient-type calorimeter® was blackened with camphor soot
to produce a high surface absorptance. The pressure probe
was made of copper and had a single !/ -in.-diam orifice
leading from the stagnation point to tubing connected to a
pressure transducer. The electrical signals from the calorim-
eter and pressure transducer were recorded on an oscillo-
graph.

A monochromatic pyrometer was used to measure T’ in the
brief interval during which the incident radiation was inter-
rupted by the rotating chopper. The optical bandpass of the
pyrometer was centered at ~0.84u and was 0.2 wide.

An automatic programing system was used to produce
seven-step heating pulses composed of four steady-state
heating conditions. The system provided changes in ps, ¢»
and stream enthalpy . To change stream conditions, the
mass flow of air to the arc heater was varied while the power
input was held constant. As the mass flow was increased
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Table 1 Steady-state test conditions

Test
condition ks Mj/kg  go, w/em®  gr, w/cm? ps, atm
1 12.8 422 0 0.086
2 11.7 414 71 0.100
3 10.9 402 157 0.110
4 10.8 407 247 0.115

from minimum to maximum, 4; decreased 16% and p. increased
339,. Consequently, ¢. did not vary significantly over the
operating range. The radiative heating input duration and
levels, respectively, were controlled by actuating the shutter
and by varying the number of screens placed in the radiation
beam. For the initial and final steps, the shutter was closed
and the test specimen was subjected only to convective heat-
ing. The intermediate steps were combined convective and
radiative heating conditions (Qupp = ¢ -+ ¢r), With the ¢, level
varied.

Description of Specimens and Tests

The test specimens, 1.9-cm-diam hemisphere-cylinders with
a center core (Fig. 2a), were machined from phenolic-nylon,
which had a density of 1.2 g/cm? and consisted of equal parts
by weight of phenolic and nylon resins. Figure 2b is a
photograph of the sectioned core of an ablated test-specimen.
Surface recession (X,) and char interface recession (X.)
depths are shown. The difference between the prerun core
mass and the postrun core mass with the char removed is the
pyrolysis mass loss m,. It is the total amount of ablation
products, char and pyrolysis gas, produced in degradation of
the ablation material.”

At each of the four steady-state test conditions, ¢., p., and
¢ were determined in calibration runs (Table 1). The arc-
heater plenum pressure and power input were monitored dur-
ing all runs. The air stream enthalpy was calculated from the
approximate relation®

he = by = Kqo(Ra/pa)'?

where K is 0.0088 (Mj/kg) (cm?/w) (atm/cm)/2,

Conditions for the transient tests are illustrated in Fig. 3.
Three different heating pulses were used, with nominal total
times of 12, 24, and 48 sec. Each pulse consisted of seven
steps (Table 2), and the test conditions in any given step
were one of the sets of conditions given in Table 1. The
applied heating rate (dapp = ¢ + ¢,) Was a minimum at the
beginning of the pulse, increased to a maximum value at the
midpoint, and decreased to a minimum again at the end.
Because of the symmetry, the integrated applied heating is
equal over the two halves of a pulse. The variations in
ps and ¢. are similar to that for ¢a,,, whereas ¢. is approxi-
mately constant, and . is slightly lower at the midpoint than
at the beginning and end of the test pulse. Let us define
a mean rate of change of applied heating, 7 = == Agays/ AT,
where Ag.yp is the change in ¢ap, from step 1 to 4 (or step 4 to

Table 2 Transient heating pulses

Step duration, sec

Pulse Test

step condition Pulse L Pulse I Pulse S
1 1 6.6 3.4 1.7
2 2 5.9 3.0 1.4
3 3 6.2 3.0 1.6
4 4 11.4 5.8 2.8
5 3 6.5 3.1 1.5
6 2 6.1 3.1 1.5
7 1 5.9 2.8 2.0
Total time, sec 48.6 24.2 12.5
7, w/cm?-sec 11.0 21.9 44 .2
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Fig. 1 Ames entry heating simulator.

7) and A7 is 449, of the pulse time. (This is the slope of the
line indicated in Fig. 3.) Three values of 7 were obtained by
varying 7 as shown in Fig. 4, and Table 2. The 7’s were se-
lected to provide 7 values comparable to manned entry flights.

Experimental Results

The transient heating tests were performed 1) over the com-
plete pulses depicted in Fig. 4 and 2) over only the initial
halves of these pulses, to investigate the integrated effects of
increasing and decreasing ¢u.pp,- In pulse mode L, tests also
were terminated at various times. The results are presented
in Pig. 5. The absicissa is test time normalized by total
time 7 (which differed for L, I, and S). The data points are
connected by lines for identification convenience—the lines
do not imply uniform ablation rates for the time intervals
between the test points. The values of m,, X,, and X. and
exposure time for each test specimen are also listed in Table 3.

In the steady-state heating tests, data were obtained at
each of the conditions in Table 1. Figure 6 shows T, and
ablation measurements vs time for condition 1. Results for
conditions 2-4 were similar, except that minimum test times
were ~6 sec, and maximum test times ranged from 15 to 24
sec. After a transient period, the time variations of the
ablation measurements became linear and T, attained an
essentially steady-state value. The slopes of the linear
portions of these curves were used to determine 7y, X., and
X, (Table 4).
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Fig. 2 Ablation test specimen.
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Fig. 3 Transient heating pulse conditions.

Discussion

The effects of the type of heating are seen by comparing
Figs. 5 and 6. Under transient heating, m,, X., and X, have
nonlinear variations with test time, in contrast to the linear
results in steady-state heating. Also, T, exhibits changes in
rate of increase and level as the test conditions are varied in
the transient case.

In addition, the integrated effects of transient heating can
be demonstrated by comparisons of the test measurements
for each half of a pulse. [Recall that, because of the sym-
metry, the integrated applied heating is the same for each
half of a pulse (Fig. 3).] In all three cases, Am,and AX,are
greater under increasing heating (first half) than under de-
creasing heating (second half); AX., however, is essentially
the same for each half. Figure 7 shows that the average
values of pyrolysis mass loss rate and interface recession rate
increase 40% as ¥ increases from 11 to 44 w/cm?-sec, whereas
the average surface recession rate is not strongly affected by
7 for the three pulse tests.

It is apparent that transients in the material response re-
sult from changes in the heating environment. Two types of
transient response can be identified: the initial ablation tran-
stent that occurs at the beginning of ablation as the material
develops a char layer and the succeeding ablation transients that
occur with succeeding changes in test conditions.

The effects of initial heating on material response are shown
by the steady-state heating data presented in Fig. 6. For
t < 6 sec, the curves are nonlinear; the instantaneous values
of 7, and X. in this transient period are greater than the
final steady-state values. Obviously, the test specimen in a
transient heating test will also experience an initial ablation
transient. The influence of this initial ablation transient on
m, and X, is shown in Fig. 7. The significance of the effect
is dependent on the duration of the initial transient relative
to the total cycle time r. That is, as 7 is decreased, the
effects of the initial ablation transient become more significant,
and thus both m,/7 and X,/ increase with 7.
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Fig. 4 Transient heating pulses.

1 Material response over these periods is indicated, respectively,
by the midpulse data points and by the increments between the
ablation measurement for the complete pulse and midpulse data
points (Fig. 5).
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Fig. 5 Material response in transient heating.

The preceding results have indicated little effect of changes
in the present test conditions on X,. In the transient heating
tests, AX, was essentially the same for each half of a pulse, and
X, was not affected by 7. Mechanisms involved in surface re-
cession of this material are complex and highly coupled. In
general, surface recession is the result of both chemical reac-

“tions with the stream and pyrolysis gases and internal

shrinkage which occurs as the material degrades.® The
pyrolysis gases influence surface recession by inhibiting the
diffusion of oxygen to the surface and by reacting in the gas
phase with the stream oxygen. Thus, the production of
pyrolysis gases may either suppress or increase the measured
X,. Unfortunately, there is not sufficient information in the
present tests to separate these various mechanisms and effects.

Table 3 Transient heating test results

Pulse T, Sec myp, g/cm? X, cm f X cm
L b 12.2 0.361 0.11 ' 0.27
19.1 0.534 0.18 0.39
24.2 0.711 0.27 0.52
30.5 0.898 0.35 0.61
43.4 1.087 0.46 0.77
48.3 1.098 0.54 0.82
48.6 1.106 0.54 0.85
12.6 0.413 0.11 0.31
24.2 0.658 0.26 0.51
6.3 0.238 0.06 0.17
12.5 0.407 0.12 0.31
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Fig. 6 Material response in steady-state heating at
condition 1.

Let us now consider effects of succeeding ablation transients.
For pulse L, step 1 is nominally 6 sec long. As noted earlier,
the initial ablation transient under steady-state heating at
condition is also ~6 sec in duration. Therefore, the initial
ablation transient has been completed at the beginning of step
2. Thus, to compare the effects of increasing and decreasing
heating, let us consider Am,/At over comparable segments
of pulse L from steps 2-6. From step 2 to the midpoint
of the pulse, Am,/At =~ 0.028 g/cm?sec, compared to
~0.020 g/cm?-sec from the pulse midpoint to the end of step 6.
Such differences are attributed to the effects of the succeeding
ablation transients. Let us examine those effects by com-
paring the measured transient heating results with calculated
transient heating results that are based on the steady-state
data but take into account the inijtial transient in the first step.
Thus, any differences between the measured and calculated
results will indicate the effects of the succeeding ablation
transients.

For the calculations, m,, X., and X, for the first step were
read from the nonlinear data fairings for condition 1 (Fig. 6).
For the succeeding steps, the ablation rates from the steady-
state heating tests were multiplied by the step duration to
provide increments in m,, X., and X,. Finally, the incre-
ments were summed in succession for a complete transient
heating pulse.

Calculated results for pulse L are represented in Fig. 5
bydashed lines, and it is apparent that inclusion of the initial
ablation transient largely accounts for the transient ablation
effects over the first half of the pulse. Over the latter part
of this pulse, however, the measured values of m, and X, are
less than the calculated values, whereas the measured X, is
greater than calculated.

Similar calculations performed for all three pulse tests are
summarized in Fig. 8 as ratios of measured to calculated re-
sults vs normalized time. At the midpulse times the mea-
sured m, exceeds the calculated value by 5, 13, and 289 for
pulses L, 7, and S, respectively. After the complete pulses,
the measured values are 15%, less, approximately equal to,
and 199, greater than the calculated values, respectively.
Note that during the first halves of the pulses, the m, ratio
exceeds one, indicating that an increase in §,p, results in a
period of accelerated degradation, similar to that occurring in
the initial transient. The effects of the succeeding transients
systematically decrease with 7. As 7 decreases, the time in-

Table 4 Steady-state heating test results

Test
condi- ) . T, (final),
tion i, g/cm?sec X,, cm/sec X, cm/sec °K
1 0.0229 0.0107 0.0140 3000
2 0.0229 0.0098 0.0180 3050
3 0.0265 0.0110 0.0189 3100
4 0.0301 0.0113 0.0201 3150
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Fig. 7 Average ablation rates in transient heating.

tervals at each condition in a pulse are lengthened, and the
specimen may undergo periods of both transient ablation and
constant-rate ablation of each test condition. In contrast,
the m, ratio decreases over the latter half of a pulse. Un-
fortunately, the data from the present program are not suf-
ficient to determine the reason for this behavior.

The X. ratios in Fig. 8 display variations and trends similar
to those observed in the m, ratios. This is to be expected
because m, and X. both indicate internal degradation re-
sponse of the ablation material. Explanations for the transi-
ent effects on X, are identical to those for m,. The trends
for X, ratios are different. For pulse L, measured X,’s
are 8-159, higher than calculated, and for pulses I and
S, they are as much as 109, less than calculated. Thus,
significant errors can result from use of steady-state heating
test data to calculate material response in transient heating.
Furthermore, the errors are dependent on the mean rate of
change of applied heating.

Summary

The quantitative results of the present investigation apply
only to the phenolic nylon material and the transient test
conditions employed. However it is believed that the effects
of transient heating on a charring ablator in flight and in the
present investigation are qualitatively similar.

Transients in material response occur both during forma-
tion of a char layer and each time the heating conditions are
changed. The transients occurring during increasing heating
result in accelerated material degradation. The significance of
the transient effects on material performance depends on the
material response time relative to the test pulse time. Asa
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result, average degradation rates over complete pulses in-
creased with the mean rate of change of applied heating.
Average measured surface recession rates were approximately
constant, however.

The experimental transient heating ablation measurements
were compared with calculated response based on steady-
state heating test results. For minimum and maximum rates
of change of applied heating, respectively, the measured
degradation was ~15% less to 30% more than calculated
over complete pulses, and 7%, to 36%, more than calculated
during increasing heating. The corresponding measured
surface recession measurements were approximately 109,
more to 7% less than calculated over complete pulses, and
15%, more to 109, less than calculated for increasing heating.
These results indicate that the analytical procedures used in
transient heating ablation cases should include analyses of the
mechanism producing the transient effects.
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Heating Environment and Protection during Jupiter Entry

MicuaeL E. TaAuBer* anp Roy M. WAKEFIELD}
NASA Ames Research Center, Moffett Field, Calif.

The heating-rate histories and heat-shielding requirements for three different-sized Jupiter
atmospheric probes, designed to survive entry, are studied parametrically. Atmospheres vary-
ing from 609, hydrogen-40%, helium to pure hydrogen are considered. Recently, more so-
phisticated calculations of radiative absorption by ablation-product vapors have revealed large
heating reductions at the body surface for steep Jovian entries. If up to half the probe’s
weight is devoted to heat protection, then steep, as well as shallow, angle entries appear feasi-
ble, assuming a graphite-class heat shield can function reliably at heating rates on the order of

100 kw/cm?2.
Nomenclature
A = base area of entry body, m?
Cp = drag coefficient .
m = vehicle mass at any time ¢, kg
m = surface mass-loss rate per unit area, kg/m? sec
mg = body mass at entry, kg
my = heat-shield mass; Ampyg ablated mass, kg
p: = shock-layer pressure, atm
g = heat-transfer rate, kw/cm?
gs = radiative-heat-transfer rate; ¢r,p value for adiabatic
shock layer
) = base radius of body, m
Repy = local Reynolds number for beginning of transition
¢ = time, sec
V. = velocity with respect to rotating atmosphere, m/sec
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v1z = inertial coordinate entry path angle, deg
r = radiative cooling parameter

Sap = adiabatic shock-layer thickness

0, = cone half-angle, deg

0, = cone shock-wave angle, deg

p = atmospheric density, kg/m?

Introduction

THE velocity of entry into the Jovian atmosphere will
exceed 60 km/sec. A previous paper! showed that heat-
shield ablation might be kept within tolerable limits by
making near equatorial posigrade entries (i.e. in the direction
of planetary rotation) at very shallow flight-path angles,
holding Reynolds numbers below selected values to avoid
transition to turbulent flow (assumed to be intolerable).
Four atmospheric compositions ranging from pure hydrog'en
to pure helium were considered, and combinations of bodu.es
and trajectories which could succeed for all atmospheric
compositions were found. The design in such a case, whe.re
atmospheric composition is unknown, must be a compromise
of the optimum designs for each specific atmosphere. In



