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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
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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
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Table 1 Atmospheres considered

Composition Molecular Scale height,
mole % weight km

60 H.—40 He 2.80 17.0

85 Hy-15 He 2.30 20.7

Pure H; 2.00 23.8

addition to posing guidance difficulties, the very shallow
flight-path angles limited the entries to the night side of the
equatorial region, thus imposing restraints on the scientific
objectives and communication aspects.

Boundary-layer transition to turbulence is permitted in
this paper and the equatorial and polar entries of a number
of specific bodies are investigated. Also, only hydrogen-
rich atmospheres (Table 1) are considered because of more
recent information on the composition of the Jovian atmo-
sphere.2™* A constant stratospheric temperature of 140°K
has been assumed. A pure hydrogen atmosphere is in-
cluded as a limiting case although this composition is prob-
ably unrealistic.

Three size and weight combinations of entry probes are
considered (Table 2). All are assumed to have conical fore-
bodies with small initial nose blunting. Cone angles and,
consequently, ballistic coefficients are determined from the
analysis. The maximum body weight of 500 kg represents,
roughly, the maximum entry vehicle payload capacity of
the Jet Propulsion Laboratory (JPL) TOPS (thermoelectric
outer planetary spacecraft). The 100 kg body is thought
to be near the smallest practicable, or feasible for multiprobe
missions. The 250 kg body is the nominal case and represents
the approximate entry vehicle payload of a Pioneer spacecraft.

Ablation vapor blockage of radiative heating is accounted
for in this study and the results of radiative cooling cal-
culations in hydrogen-helium mixtures are used (cooling
results for air were used in Ref. 1). Although the basic
ablator behavior simplification of Ref. 1 has been retained, it
is now based on more rigorous calculations in the Jupiter
atmospheric environment; in addition, heat-shield insulation
requirements are estimated. Such potential problems of
heat-shield-material response (especially during steep entries)
as particulate removal and thermal stress failure cannot yet
be reliably assessed. Many of the detailed calculations of
the heating environment and material response are at the
border of the present state-of-the-art or beyond.

Analysis
Radiative Heating

The heating of the bodies, with cone angles in the neighbor-
hood of the optimum is dominated by shock-layer radiation.
Fortunately, natural physical mechanisms (nonadiabatic
effects) exist for reducing the emission substantially below
the value of an adiabatic shock layer. This so-called radi-
ative cooling effect is illustrated in Fig. 1, where the reduction
in radiation due to the nonadiabatic shock layer is shown as a
function of the radiation cooling parameter, defined as

T = 44rsp/pV s
for a stagnation-point flow, or
T = 44p,p/pV.? sin®f,

for a cone. Shown in Fig. 1 is a band of caleulations for air
(based on Ref. 5); in addition, eight individual values for
realistic flight conditions were computed for two hydrogen-

Table 2 Probes considered

Maximum radius, m 0.55 0.80 - 1.08
Entry mass, kg 100 250 500
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Fig. 1 Calculated radiative cooling at stagnation point.

helium mixtures by K. H. Wilson of Lockheed under contract
to Ames Research Center. Although the cooling appears to
be somewhat less pronounced than in air, the general trend
is similar. The product of adiabatic shock standoff distance
and shock-layer pressure, which is a rough measure of the
optical depth, was varied over two orders of magnitude (as
opposed to a factor of 3 for the air band) and one curve was
fitted through the calculated values (guided by the air curve)
and used for the hydrogen-helium atmospheres considered.
The expression used, which is shown by thé dashed line in
Fig. 1, is (for T <1)

(gr/rap)m=0 = 1/(1 4 3I°-7)

The rationale for using one expression for both atmospheres
is that the variation of cooling between atmospheres is on
the same order as that due to changing optical depth and that
both are probably within the uncertainty of other simplifying
assumptions made in the analysis, such as applying the
stagnation-point results of Fig. 1 to the flank of a cone.
(For an optically thin gas, the last assumption is reasonable,
according to Ref. 6, for the range of T of interest here.)
Another mechanism which can reduce radiative heating of
the body surface is the absorption of shock-layer radiation by
ablation-product vapors. However, computing this effect
is a difficult task which must be carried out with precision
and a minimum of simplifying assumptions. For instance,
calculations made for air show substantial differences in the
fraction of incident radiation reaching the surface for similar
flight eonditions,”® caused mainly by differences in the treat-
ment of line radiation, viscosity, ete. Similarly, computa-
tions® of radiative heating reductions caused by ablation-
product absorption in an atmosphere of 0.6 He and 0.4 He
showed an almost negligible attenuation during shallow
angle entry. The calculations of Ref. 9 neglected the effect
of molecular species in the ablation vapor and, judging by a
trial calculation in air, this assumption was not expected to
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Fig. 2 Calculated ablation vapor radiative blockage at
- stagnation point.
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Fig. 3. Heating pulses for steep and shallow entry angles.

introduce large errors. However, at roughly the same time,
calculations were being carried out to investigate the effect
of ablation-product-radiation absorption during steep angle
Jovian entry®; while all major ablation species were in-
cluded, the fluid mechanics of the shock layer could not be
treated realistically. However, a reduction by more than an
order of magnitude was predicted.

To resolve this (seeming) discrepancy between the con-
clusions of Refs. 9 and 10, it was decided to incorporate the
best current spectral details of the ablation vapors into
Wilson’s fluid-mechanical model and to investigate conditions
representative of several entry angles. The results are
shown in Fig. 2, where the ratio of the radiative-heating rate
with ablation to that without is shown as a function of the
product of the dimensionless ablation mass flux and shock-
layer pressure. A pure carbon heat shield in an 0.85 Hy-0.15
He atmosphere was analyzed. Because the abscissa is di-
mensional, the grouping of terms used is probably incomplete;
nonetheless, the trend is clearly evident. As the entry angle
becomes steeper, the peak shock-layer pressure increases
rapidly (while the dimensionless blowing rate decreases
slowly) causing drastic reductions (up to 85%) in the fraction
of radiative heating that reaches the body surface. The
primary physical cause of the reduction is the increase in
molecular number density, which is proportional to pressure,
and which causes the gas to become opaque. Also, the
ablation rates are sufficiently large that virtually none of
this absorbed energy reaches the surface as convective
heating.

The values shown in Fig. 2 were computed for a stagnation-
point streamline. To the best of the authors’ knowledge,
there is no multidimensional method that has the necessary
degree of sophistication to assure reasonable confidence in
the results. As with radiative cooling, the stagnation-point
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absorption results were applied to the cone flank by assuming
locally one-dimensional radiative transport from the shock
to the body. This assumption may not be conservative
since the residence time of ablation vapor may be shorter
on the cone flank than at the stagnation point. Conversely,
some conservatism must exist in the present approach since
the influence of ablation vapors originating upstream is
ignored; however, the rapid lateral spreading of the cone
surface reduces the influence of upstream mass addition.

The ‘““correlation” of Fig. 2 has, arbitrarily, been applied
to the other atmospheres considered here as well.

Convective Heating

In contrast to Ref. 1, it is assumed here that the boundary
layer can be “blown off” by sufficiently massive ablation
caused by radiative heating. This is substantiated by
Wilson’s calculations, which indicate no temperature gradient
in the ablation layer near the wall. Also, in. contrast to
Ref. 1, for the majority of cases boundary-layer transition is
assumed to start at a local Reynolds number of one million;
fully turbulent flow is assumed at two million, with a straight-
line variation of heat transfer in the transitional region.
The effect of nose-roughness induced transition, beginning at
Reynolds numbers as low as 20,000, also is considered.

The turbulent heat transfer was computed using the ref-
erence-enthalpy method for each atmosphere. The de-
creased effectiveness of mass addition in reducing turbulent
convection was accounted for by using the one-third factor
suggested in Ref. 11 and approximately supported by Ref. 12.

Heat-Shield Response

The heat-shield response was calculated using the program
of Ref. 13, which presumes thermodynamic equilibrium and
includes conduction, reradiation and reflection, and mass-
transfer blockage of convection and radiation. The thermo-
dynamic properties of solid graphite and carbon vapor
consisting of C—C; were taken from Ref. 14, while Ref. 15
was used for Cg—Cjp molecules. Heating rates computed in
the absence of ablation were put into the program, as were
Wilson’s caleculated radiative blockage values (Fig. 2).
Surface recessions and material temperature histories were
calculated. An outer layer of high-density graphite-like
ablator (sp. gr. = 1.75) was assumed (to withstand the high
shearing stresses and to minimize shape change) backed up
by a low-density carbon felt insulator.

The results of the surface recession calculations from the
transient ablation program greatly simplified subsequent
heat shield calculations. First, since it was assumed that no
particulate mass removal occurred, it was possible to use an
approximate intrinsic heat of ablation of about 28 Mjoule/kg
(12,000 Btu/lb), defined as the heat actually entering the
heat shield per unit mass of material ablated. (The idea of
a constant intrinsic heat of ablation depends on the as-
sumption that sublimation is the dominant heat absorption
mechanism and that processes such as reradiation do not play
a major role. For the Jovian entries this assumption is
generally good since the heating rates are very high, that is,
much greater than the reradiation.) Second, because the
total heating load was found to be fairly insensitive to entry
angle, insulation requirements in subsequent calculations
were assumed to be independent of entry angle. The
insulation criterion used was that a shell, 0.5 em thick, of
high-density material remain after cessation of ablation,
except in the immediate nose region where 1 cm was specified.
This led to stipulation of a 2 cm layer of carbon felt insulator
(sp. gr. = 0.1), with 2.5 em being used in the nose region.
(Several commercial low-density carbon felts were considered,
and it was found that the lowest density material resulted in
the lightest insulation weight and least back-face temperature
rise.)
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Trajectory Calculations

The relation used for determining the flight path was
basically the Allen-Eggers equation for ballistic entry.16}
However, certain corrections had to be applied. For ex-
ample, the ballistic coefficient varied with time; the rotation
of the atmosphere with the planet had to be allowed for;
and, where necessary, the flight-path angle was permitted
to change during entry. The procedures for these corrections
were as follows:

To the first order of accuracy, the changes in m/CpA are
primarily caused by ablation which reduces m, while changes
in CpA are small. Therefore, Eq. (5) of Ref. 1 was used to
account for the changing ballistic coefficient during entry.
For the computation of descent time, the vehicle’s mass loss
was integrated and subtracted from the entry mass at 20
values of the velocity. Both the velocity vector and the
flight-path angle used in the Allen-Eggers equation were
calculated with respect to the rotating atmosphere by assum-
ing constant atmospheric rotation velocity over the altitude
range of interest, which is small compared to the planet’s
radius. In presenting results, however, inertial coordinate
flight-path angles are used. Last, for shallow flight-path
angles, significant deviations from the entry value (assumed
to be constant in the Allen-Eggers equation) can occur.
For these entries the equations of motion were solved num-
erically, and either descent angles typical of the maximum
heating period were used, or descent angles were varied with
velocity.

Results

Heating rates and heat-shield mass fractions have been
calculated for direct atmospheric entry at low and high
latitudes. Posigrade low-latitude entries are emphasized
because they exploit the planet’s high rotational rate. At-
titude stabilization has been assumed so that angle of attack
remains at or near zero during entry. An inertial reference
entry velocity of 61.5 km/sec has been used. Inertial
reference entry angles from —6.3° to —90° were considered;
skip-out would occur at about —2.5°. The entry conditions
were defined for an altitude of 305 km above the cloud top.

No provisions are made in the computations of heat-shield
mass fractions for afterbody heat shielding, structural support
for the heat shield, or factors of safety.

Equatorial Region Entry

Shallow, posigrade, low-latitude entries permit lower V,
and hence sharply reduced peak heating, surface pressures,
and deceleration rates. For instance, for yi; = —6.3°,
V., is about 49 km/sec; for —30°, 52 km/sec, while for —90°
it exceeds 60 km/sec. Moreover, as heating rates and
pressures rise, the probability that forms of thermome-
chanical mass removal, other than sublimation, will occur
increases,§ and it might prove necessary to limit entry angles
if heat-protection capabilities are significantly reduced.
There are no experimental facilities for testing materials
at the peak heating rates experienced during Jupiter entry
over most of the entry angle range.

Heating Rates

The calculated heating rates at the aft flank station on a

60° half-angle cone are shown in Fig. 8, for the nominal

{ The heating and trajectory calculations were stopped at
5 km/sec since the heating pulse was essentially over by then.
Thus, one of the basic assumptions of the Allen-Eggers equations
was satisfied in that the drag was still substantially greater than
the weight component parallel to the flight path.

§ Although particulate removal is always undesirable, it is not
necessarily intolerable. Particles in the ablation layer, or shock
layer, can absorb (by vaporizing), block and scatter, radiative
energy.
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weight body, for both steep (—90°) and shallow (—15°)
entries. Rates are shown both with (solid lines) and with-
out (dashed lines) radiative blockage by boundary-layer
species to demonstrate the powerful influence of this effect.
For the vertical entry, radiative blockage reduces the peak
heating by a factor of 5, from 440 to 86 kw/cm?; even for
the shallow entry, a factor of 2 decrease occurs, from 46 to
23.5 kw/cm? The shock-layer pressures at peak heating
(with blockage) are about 30 atm for the vertical entry and
about 6 atm for the shallow one. Note that even with radia-
tive blockage, heating loads are large; the heating rates ex-
ceed 50 kw/em? for about a second and 15 kw/em? for about
2.5 sec for the steep and shallow entry, respectively. The
second peak in the shallow-entry heating history results from
boundary-layer transition to turbulence; for the vertical entry,
transition is unimportant since massive ablation due to radi-
ative heating blows the boundary layer off the surface. The
difference in duration of the heating pulses with and without
ablation vapor radiative blockage is due to the much more
rapid mass loss of the body experiencing no radiative block-
age, which causes these bodies to decelerate faster. (For the
steep entry without blockage, about three-quarters of the
entry mass is ablated making this example of only academic
interest.) Unless otherwise specified, all subsequent results
will include radiative blockage effects.

The peak-heating rates experienced at the aft end of the
60° cone flanks and stagnation points are shown in Fig. 4 for
all three bodies in the two hydrogen-helium atmospheres. As
in Fig. 3 the maximum rates are entirely due to radiation.
As the entry is steepened from —6.3° to —90°, the maxi-
mum heating goes up by a factor of about 10. For the 85—
15 atm (Fig. 4a), the cone flanks experience values to about
100 kw/ecm? for steep entry, depending on body size and
weight (ballistic coefficient). For the 60-40 atm (Fig. 4b)
the rates are even greater, ranging up to 150 kw/cm? The
(ablating) stagnation-point values are roughly half as large,
mainly because the shock layer is much thinner at the stag-
nation point.

The decrease in peak heating caused by increasing the
hydrogen content of the atmosphere is further emphasized
in Fig. 5. Note that heating rates decrease monotonically
with increasing hydrogen concentration; in pure hydrogen,
the rates are about one-third as large as in the 60—40 atm.

Heat Shielding Requirements

Two examples of temperature histories, for very shallow
(—6.3°) and fairly steep (—30°) entry angles are shown in
Fig. 6 at the aft end of the flank on a 60° half-angle cone.
For both entry angles, the surface temperature rapidly rises
to about 4500°K, while the temperature at the interface
between the ablator and insulator climbs much more slowly
to about 2750°K for the —6.3° case and about 2100°K for
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Fig. 6 Ablator and insulator temperature histories.
a) vig = —6.3°; b) viz = —30°.

the —30° case. In contrast, the back face of the insulator
stays almost at constant temperature during most of the
period. Since the vehicle must decelerate to nearly sonic
speed before the heat shield and insulation can be discarded,
additional time is consumed, roughly equal to the time elapsed
at the end of the heating period. Thus, heat conduction into
the insulator continues and, if the period is long enough,
causes a slow rise of back-face temperature. The surface
recessions corresponding to the cases of Fig. 6 are shown in
Fig. 7. The severity of the thermal environment is em-
phasized, especially for the steeper entry, where the recession
rate approaches 1 cm/sec.

The reason for using a 60° cone half-angle is evident from
Fig. 8, where the heat-shield mass fraction is shown as a
function of cone half-angle. A 60° half-angle is close to
minimizing heat-shield mass fractions for most entry angles,
and will be referred to as “optimum,”’ although heating
rates are not minimized. Increasing the half-angle sig-
nificantly beyond 60° would cause a fundamental change in
the character of the shock layer from an essentially conical
flowfield to a blunt-body one. The resulting increase in
shock-layer thickness would enhance the radiative heating of
much of the forebody without providing any significant in-
crease in drag coefficient. (The total heat input is propor-
tional to the ratio of heat-transfer coefficient to drag coefli-
cient.6)

In Fig. 9, a comparison is made between the mass-loss-
fraction variation with entry angle for the two hydrogen-
helium atmospheres, both with and without radiative block-
age. The mass-loss ratios for the cases with radiative
blockage are around 0.3, being similar for both atmospheres
and almost independent of entry angle, for y;; > —25°.
For contrast, the mass-loss cases without blockage rise
rapidly with entry angle, peaking at about three-quarters of
the initial mass for steep entry. (Note that a cone half-
angle of 50° was used in the latter case, and is closer to
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optimum for this condition.) Should experiments and more
refined calculations fail to confirm large radiative blockage
effects, entries may have to be limited to shallow angles.

The heat-shield mass fractions (accounting for radiative
blockage) are presented in Fig. 10a for both hydrogen-helium
atmospheres; all three bodies fall within narrow ranges for
each atmosphere, and shaded bands are shown. For the
85-15 atm, the heat-shield fractions rise slowly with in-
creasing entry angle from about 0.33 to 0.47: for the 60-40
atm, heat-shield fractions range from 0.40 to 0.44, with
minimal entry-angle effect. Although the peak heating
rates are roughly 40%, higher in the 60-40 atm (Fig. 4),
the lower scale height (which determines the duration of the
heating pulse) offsets the higher rates, so that the total heat-
ing loads in the two atmospheres are similar. The analysis
also has a tendency to equalize the heat input because the
ablation vapor radiative blockage values from the 85-15 atm
are used for the 60-40 atm as well.

The heat-shield mass fraction decreases monotonically
with increasing hydrogen content of the atmosphere (Fig.
10b) except for steep entries, which appear to have broad
maxima for hydrogen concentrations between 709, and 80%,
depending on the fairing of the curves. Heat-shielding
requirements are considerably less in pure hydrogen.

Effect of Boundary-Layer Transition Reynolds Number

Boundary-layer transition te turbulence in the previous
results was assumed to begin at a local Reynolds number of
one million. Under these conditions convective heating
had only a small influence on heat shielding. The possi-
bility of large-scale surface roughness caused by very rapid,
or irregular, ablation and high shearing stresses experienced
during steep entry can raise doubts about achieving laminar
flow to Reynolds numbers as high as one million. Therefore,
the effect of transition at Reynolds numbers as low as 20,000
was investigated; fully turbulent flow was assumed to be
established at 40,000.

A shallow entry (—6.3°) heating pulse, caused predom-
inantly by radiation, is shown in Fig. 11. Transition that is
assumed to start at a one-million Reynolds number will
cause a second, much smaller pulse, which peaks at about
28 sec (solid line). However, if transition begins at a Rey-
nolds number of 20,000, the heating is represented by the
dashed line starting at 24 sec of elapsed time. The main
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Fig. 9 Effect of entry angle on ablation mass loss (with
and without radiative blockage).
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heating pulse is almost unaffected by early transition be-
cause of powerful radiative heating that causes massive
ablation which “blows” the boundary layer off the surface.
Thus most of the additional convective heating occurs after
radiative heating has ceased, resulting in about a 20%
increase in heat-shield fraction for the shallow entry. Since
radiative heating rises rapidly with increasing entry angle,
the effect of early transition is lessened for steeper entries.
For example, lowering transition Reynolds number again by
a factor of 50 requires a 10%, increase in heat-shield weight
for y1z = —15°, while for steep entries the increases are
negligible.

Polar-Region Entry

At very high latitudes the planet’s tangential velocity is
small and does not significantly affect the vehicle’s entry
velocity with respect to the atmosphere. Since very steep
entries are hardly affected by the planet’s rotation, heating
rates and heat-shield fractions should be similar to those for
equatorial-region entry; however, shallow entries will
experience greater relative entry velocities than before and
heavier heat shields will be required.

The results of calculations for polar-entry conditions are
shown in Fig. 12; the 60° cone half-angle is still nearly
optimum over the whole range of entry angles. As ex-
pected, at the aft cone flank, the peak heating rates on shallow
entry are about 50% higher than for similar equatorial entry;
for steep entry the rates are comparable in both planetary
regions (compare with Fig. 4). (Actually, the approach
geometry precludes vertical entry at the poles.) The
shallow-angle polar entries require drastic increases in heat
shielding, while those for steep entry are similar to equatorial
region cases. For instance, for entry into the 85-15 atm,
at vz = —6.3° the heat-shield fraction approaches 0.55,
for an increase of 63% over the equatorial case, while in the
60-40 atm the heat-shield fraction is nearly 0.54, representing
a 289 increase. Note, however, that the heat-shield fractions
decrease with increasing entry angle for the nearly constant
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relative entry velocities experienced during polar region-
entry, while for equatorial-region entries V., increases con-
siderably with entry angle, causing the heat-shield fraction
either to increase slowly or to remain relatively insensitive
to entry angle, as shown in Fig. 10.

Conclusions

The following tentative conclusions are based on this study
of Jupiter atmospheric entry:

1) Ballistic entries of large half-angle cones (60°) may
be feasible over the entire range of entry angles for posigrade
equatorial entries with heat-shield mass fractions of the
order of 0.45 of the mass at entry. For polar-region entries,
heat-shield mass rises to about 0.55 of the entry mass. These
mass fractions are based on the assumption that no mechanical
erosion or spalling of the heat shield occurs.

2) Early boundary-layer transition does not appear to be
a critical problem, since massive blowing caused by radiative
heating appears capable of blocking the turbulent convection
from reaching the wall most of the time.

3) For atmospheric compositions containing 609 or more
hydrogen, peak heating rates will vary from about 10 kw/em?
for shallow up to about 150 kw/cm? for nearly vertical entry.

The preceding conclusions are critically dependent on
verifying the assumptions made, and on extrapolations of
present technology in several key areas: '

1) The caleulations of the extent to which ablation-
product vapors can effectively block radiative heating need
further refinement, extension to other atmospheric com-
positions and, especially, extension to multidimensional
flowfields. Experimental verification of the calculations is
very important.

2) Improved understanding of heat-shield material
behavior at high heating rates is essential. The peak heating
rates experienced even during shallow Jupiter entry exceed
those of present technology. Experimental facilities capable
of operating at high heating rates for sufficiently long du-
rations are needed for testing candidate heat-shield materials.

3) A reliable measurement of the hydrogen/helium ratio
of Jupiter’s atmosphere is very important. A helium-rich
atmosphere could make entries considerably more difficult
than discussed herein.
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Ablative Material Tests under Transient Heating

Simulating Ballistic Re-Entry

Barry J. MiTcHEL*
Avco Systems Division, Wilmington, Mass.

The ablative and insulative performance of reference silica phenolic and carbon phenolic
heat shield materials was investigated under simulated trajectory heating characteristic of a
medium-performance ballistic vehicle. A 10-Mw, 4-arc plasma-jet facility generated a step-
wise-transient, supersonic, turbulent heating environment in a pipe specimen configuration.
Agreement between experimental and theoretical values for surface and internal tempera~
tures, surface recession, char depth, and weight loss was generally good for the silica phenolic,
except during terminal heating when the melt removal rate was increased rapidly by aerody-
namic shear stress. Agreement also was good for carbon phenolic with a 30° cloth layup, ex-
cept near peak heating when carbon sublimation became the dominant ablative mechanism.
However, the same material with a 90° layup was susceptible to mechanical erosion.

Nomenclature

turbulent heating correlation factor

second radiation constant = 2.59 X 10¢u4-°R
specific heat

force-mass conversion constant = 32.174 lbm-ft/sec?-1bf
total enthalpy

enthalpy increase during reaction
convective heat-transfer coefficient

thermal conductivity

Mach number

sonic-throat mass flux

heat flux and heat of ablation

Reynolds number

radial distance

heat-sink capacity at cooled surface
Stanton number

stoichiometric ratio for combustion
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T = temperature

t = time

U = gas flow speed

V = flight speed

v = surface or char-front speed

w = weight

W = mass fraction of oxygen in gas stream

a,e = absorptance and emittance

v = flight path angle

5 = char depth

n = transpiration blocking coefficient

# = cone half-angle

A = wavelength of radiation

v = 0,1, or 2 for slab, cylinder, or sphere

p = material density

pys = change of density = p, — p.

¢ = Stefan-Boltzmann radiation constant = 0.476 X 10-12
Btu/sec-ft2-°R¢

7 = aerodynamic shear stress

& = transpiration-blocking function

Subscripts

A,a = ablation conditions, ambient conditions at cooled surface

B = brightness

C = cold-wall convective

¢,d = charred material and decomposition (charring) process

E = re-entry altitude = 300 kft

e,g external gas stream and pyrolysis gas



