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Abstract—The present study considers direct ballistic entries
into the atmosphere of Venus using a 45° sphere-cone rigid
aeroshell, a legacy shape that has been used successfully in the
past in the Pioneer Venus Multiprobe Mission. For a number
of entry mass and heatshield diameter combinations (i.e.,
various ballistic coefficients) and entry velocities, the trajectory
space in terms of entry flight path angles between skip out and
—30° is explored with a 3DoF trajectory code, TRAJ. From these
trajectories, the viable entry flight path angle space is
determined through the use of mechanical and thermal
performance limits on the thermal protection material and
science payload; the thermal protection material of choice is
entry-grade carbon phenolic, for which a material thermal
response model is available. For mechanical performance, a
200 g limit is placed on the peak deceleration load experienced
by the science instruments, and 10 bar is assumed as the
pressure limit for entry-grade carbon-phenolic material. For
thermal performance, inflection points in the total heat load
distribution are used as cut off criteria. Analysis of the results
shows the existence of a range of “critical” ballistic coefficients
beyond which the steepest possible entries are determined by
the pressure limit of the material rather than the deceleration
load limit.
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1. INTRODUCTION

In its latest survey, titled “Visions and Voyages for
Planetary Science in the Decade 2013-2022,” [1] the
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National Research Council (NRC) has recommended
several Flagship or New Frontiers class robotic missions to
various planetary destinations including Earth. The missions
to Venus and Saturn recommended in the Decadal Survey,
which have an atmospheric entry component in their
mission profiles, are based on the results of several concept
studies [2-6].

To further understand the entry technology needs of
Flagship and New Frontiers class missions to Venus and
Saturn recommended in the NRC Decadal Survey, NASA’s
In-Space Propulsion Technology (ISPT) program sponsored
a rapid study with a team drawn primarily from Ames and
Langley Research Centers (ARC and LaRC). The objectives
of the study team were: (i) to analyze which entry
technologies would be appropriate, (ii) to identify and/or
quantify gaps/shortfalls in these technologies, and (iii) to
explore whether any of the new technologies in which the
Space Technology Program (STP) of NASA has been
investing, could possibly enlarge entry trade space for these
missions.

To meet the stated objectives, the study team performed a
survey of past missions (actual or proposed) [2-9] to Venus
and the Outer Planets. Based on the information gathered
for Venus missions, the team then examined/analyzed three
entry scenarios for a rigid aeroshell atmospheric entry
probe: (i) direct entry vs. entry from orbit, (ii) ballistic vs.
lifting entry (including aerocapture), and (iii) low L/D vs.
mid-L/D entry with alternate shapes. The team did not
explore scenarios with new/emerging entry technologies,
which are still in early development. As such, the study
team decided that the short time available was best
expended in establishing performance baselines for
“traditional” entry configurations, i.e., rigid aeroshell
configurations with well-characterized thermal protection
materials, so that future comparisons with emerging
technologies could be made.

The three new Venus mission concepts (Flagship or New
Frontiers class) that provided inputs to the NRC Decadal
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Survey are: (i) Venus Mobile Explorer (VME) [2], (ii) Venus
Intrepid Tessera Lander (VITaL) [3], and (iii) Venus
Climate Mission (VCM) [4]. All three concept missions,
like the Pioneer Venus mission, are predicated upon a 45°
sphere-cone rigid aeroshell geometry for the entry
probe/system. Some salient points of these concept designs
are:

(i) Maximum entry masses range from 850 kg (VCM) to
3000 kg (VITaL and VME).

(if) Heatshield diameters range from 2.0 m (VCM) to 3.5 m
(VITaL and VME).

(iii) Estimated peak deceleration loads are under 200 g’s,
while entry flight path angles range from -19° (VCM
and VME) and —23.4° (VITaL).

(iv) The heatshields are made of high-density carbon
phenolic (combination of tape-wrapped and chop-
molded varieties).

(v) The backshells have a tiled thermal protection system
using PICA (Phenolic Impregnated Carbon Ablator).

Of particular interest to the present study is VITaL, which
has both in situ atmospheric measurements and surface
science in its mission objectives. Since VITaL’s mission
profile includes a lander, the entry probe is significantly
larger (3.5 m dia.) and heavier (2100 kg) than the largest
probe (1.4 m dia. and 316 kg) of the Pioneer Venus
Multiprobe mission. Furthermore, VITaL also includes
sensitive instruments, e.g., the Raman/Laser-Induced
Breakdown Spectroscopy or Raman/LIBS experiment, the
apparatus for which has not been qualified for deceleration
loads of the order of hundreds of Earth g’s (quite typical of
ballistic entries into Venus). Keeping deceleration loads
under a 200 g limit, so that flight qualification of the
scientific apparatus is not too expensive, is a key trade in the
design of the entry system for Venus.

Definitions
The entry ballistic coefficient, or simply EBC, is defined as:

mg

Cpd,

ﬂE = 4, :%”Di (1)

where mg, Dy, and A, are respectively the mass, base
diameter, and base area of the heatshield. The hypersonic
drag coefficient, Cp, is usually estimated from Newtonian
impact theory and is nearly constant in the hypersonic phase
of entry. However, the drag coefficient does depend on the
geometry of the heatshield, e.g., Cp for a 45° sphere-cone is
1.05, while it is 1.7 for a 70° sphere-cone. Using Eq. 1, the
EBCs of PVLP and VITaL are 190 kg/m? and 208 kg/m?,
respectively.

The entry flight path angle, or simply EFPA, is the angle the
capsule’s velocity vector makes with the local horizon at
entry interface.

In an earlier survey of Venus entries, Venkatapathy et al.
[10] systematically explored the entry ballistic coefficient

(Be) and entry flight path angle (%) space for 45° sphere-
cone heatshields derived from the Pioneer Venus Large
Probe (PVLP).

A key result from the survey of Venkatapathy et al. [10] is
reproduced here as Fig. 1, which shows the contour level
curves of peak stagnation point total heat flux (in W/cm?),
total heat load (in J/em?), and peak deceleration loads (in
Earth g’s) for an entry velocity (Vg) of 11.5 km/s.

300

Figure 1 (reproduced from Ref. 10). Contours of peak
total (convective and radiative) heat flux (blue lines),
total heat load (red lines), and peak deceleration load
(green lines) for PVLP-derived vehicles over a range of
entry flight path angles. Contours are for an entry
velocity of 11.5 km/s.

From Fig. 1 it is clear that to keep the deceleration loads
under 200 Earth g’s, it is necessary to constrain entry flight
path angles (EFPAS) to an interval between —25° and skip
out for entry ballistic coefficients up to 300 kg/m?.

The survey conducted by Venkatapathy et al. [10] did not
consider the thermal protection material for the heatshield,
and left that choice to be made based on the estimated peak
heat flux, as is the standard practice in early entry system
analysis. In contrast to the approach taken in the
aforementioned survey, the present study explores the entry
trajectory space for a prescribed thermal protection
material.

The material chosen here for the heatshield is high-density
entry-grade carbon phenolic. Within the context of NASA,
the term “high-density entry-grade carbon phenolic,” or
simply entry-grade carbon phenolic, refers to a material
manufactured to precise specification involving precursor
rayon material, carbonization, and processing. Further
details of carbon phenolic are outside the scope of this study
and are available elsewhere [11].



There are two varieties of this entry-grade carbon phenolic —
chop molded and tape wrapped — with the chop molded
variety being unique to NASA missions using the 45°
sphere-cone rigid aeroshell; the chop-molded variety is used
on the spherical nose cap. We note here that although there
are other commercially available carbon phenolics, such as
PICA (used in the Stardust and MSL/Mars Science
Laboratory missions, for example) and nozzle liner-grade
carbon phenolic (used in the Space Shuttle SRBs/Solid
Rocket Boosters, for example), these materials are not
considered and are beyond the scope of the present study.

Entry-grade carbon phenolic is a robust and flight-proven
thermal protection material that is capable of withstanding
the severe aerothermal environments (pressures of 8-17
bars, shear stresses of the order of 2-10 kPa, and heat fluxes
of the order 4-10 kW/cm?) associated with ballistic entries
into Venus. It has been used successfully in the Pioneer
Venus Multiprobe and Galileo missions, and in the
Hayabusa mission as well. Furthermore, the performance of
this material has been very well characterized through both
ground tests and flight (for both defense and civil
applications), and a calibrated thermal response model is
available [12] for it in FIAT [13], a NASA-developed one-
dimensional material response code.

The present study is a more focused examination of entry
parameters (velocity, ballistic coefficient and flight path
angle) and environments (deceleration loads, pressures, heat
fluxes, etc.) relevant to the new Venus Flagship and New
Frontiers missions. This detailed examination, in turn,
facilitates identification of technology gaps/shortfalls (if
any) in the mission design trade space for the legacy
architecture, i.e., a 45° sphere-cone rigid aeroshell with a
known thermal protection material. Furthermore, EFPA
baselines derived for the legacy architecture allow for
comparison with results from analyses for other rigid
aeroshell entry scenarios, such as lifting entries of different
probe geometries (70° sphere-cone, ellipsleds, or even
asymmetric shapes) and with alternate thermal protection
material. Such baselines could also be used to define
performance requirements for new deployable architectures,
and/or new thermal protection materials.

The primary objectives of the present study are: (i) to
develop the entry trajectory space — parameterized by Vg,
Le, and % — for direct ballistic entries into Venus with a 45°
sphere-cone rigid aeroshell geometry and entry-grade
carbon phenolic as the choice of heatshield material, and
(ii) to determine the range of y, for various Vg and S
combinations, for which missions to Venus are viable using
a legacy entry system architecture. We do not consider
lifting entries in the present study. Details of such a study,
performed by another group within the larger team, will be
available in a forthcoming publication [14].

Having established the general context for exploration of an
entry trajectory space, we describe the methodology next.
We emphasize here that 3DoF flight trajectories are
independent of the choice of thermal protection material,

i.e., the predicted deceleration loads, pressures, heat fluxes,
and heat loads, do not depend on the choice of material. The
standard procedure is to develop flight trajectories (with
dispersions perhaps) and select the thermal protection
material that is appropriate to the margined predicted peak
heat flux. The selected material is then sized to the margined
total heat load for the worst-case trajectory. In the present
study, we have already made the choice of material — entry-
grade carbon phenolic — regardless of what deceleration
loads, or pressures, or heat fluxes are predicted by TRAJ. It is
on the databank of unconstrained trajectories developed here
that we impose performance constraints to determine the
viable entry trajectory space.

2. METHODOLOGY

The present paper makes no attempt to “design” a thermal
protection system. It merely attempts to establish the viable
entry trajectory space for a rigid aeroshell to which entry-
grade carbon phenolic (the basis for several New Frontiers
or Flagship class Venus mission concepts) is bonded. The
following ground rules, assumptions, and processes have
been used for the trajectory analyses to be presented here:

1. The heatshield configuration is a 45° sphere-cone for
which the hypersonic drag coefficient is 1.05. The
geometry and the four parameters — Ry, Ry, R, and 6. —
that completely describe it are shown in Fig. 2. The
nose and shoulder radii are often expressed as fractions
— Ry/R;, and RJ/R,, — of the base radius. For all cases in
the present study R,/R, = 0.5, and RJ/R, = 0.
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Figure 2. Geometry of a sphere-cone heatshield. The

axisymmetric geometry is described by four

parameters — (i) base radius, Ry, (ii) spherical nose

radius, R, (iii) a toroidal shoulder radius, R, and (iv)

the cone half angle, 6..

2. The entry interface altitude at Venus is taken as 200
km.

3. The VIRA/VenusGRAM model [15] is used for the
atmosphere.

4. 3DoF flight trajectories are constructed using NASA
ARC’s in-house 3DoF code, TRAJ [16]. The input
variables used by TRAJ are: mg (entry mass), R, (base



radius), Cp (drag coefficient—computed using
Newtonian impact theory, if an experimental/flight drag
database is not readily available), R, (nose radius), Rs
(shoulder radius), Vg (inertial entry velocity), we
(inertial heading angle), ye (inertial EFPA), and ¢
(longitude).

The 3DoF simulations are terminated when the Mach
number reaches a value of 0.8 along the trajectory. It is
assumed that the heatshield is jettisoned and a
parachute deployed at Mach 0.8.

Aerothermal environments at the stagnation point are
estimated along a flight trajectory through correlations
that depend only on the freestream density (p.) and
flight velocity (V.), and the nose radius (R,) of the
heatshield. We have the following correlations:

~ 2
pslag ~ p%Vx

p V2" )

qslag,conv. = conv
Rn

qstag;ad. :Crad Rn ;ZVOS
where Ceny, Crag @and b are constants. The stagnation
point convective heat flux correlation is a variant of the
Fay-Riddell correlation [17], and the stagnation point
radiative heat flux correlation is due to Tauber [18]. No
margins, to account for either atmospheric uncertainties
or uncertainties in aerothermal environments (pressure,
shear stress, and heat flux), are applied to the estimated
stagnation point values. Note: shear stress is not
considered in the present study — its value is zero at the
stagnation point, by definition. However, shear levels,
especially turbulent shear levels, can be large on the
conical frustum.
Peak values of radiative, convective, and total heating
at the stagnation point, the peak pressure at the
stagnation point, the peak deceleration loads, and total
heat load (integrated heat flux over the time of flight)
are recorded for each trajectory simulated.
The heatshield material is sized using the FIAT [13]
option integrated into TRAJ. It requires specification of
the material stack, initial temperature, and a bondline
temperature constraint. The material stack used in the
present study consists of 3 layers — (i) an outer layer of
entry-grade carbon phenolic (the thickness of this layer
is determined by FIAT), (ii) an intermediate layer of
RTV-560 (adhesive), and (iii) an inner layer of
aluminum (the carrier structure). The initial temperature
of the stack is set to 18 °C [19]. This material stack is
similar to that described in the the Pioneer Venus Large
and Small Probe Data Book [20] and the report of
Talley [21].
FIAT, a materials thermal response code, has a model
for entry-grade carbon phenolic [12]. Note: The present
work does not make any distinction between the chop-
molded and tape-wrapped varieties of entry-grade
carbon phenolic, insofar as their material thermal
properties are concerned. The thermal response of
carbon phenolic is computed for the total heat load

estimated from the 3DoF simulation and with the
specified stack. The material is sized to a bondline limit
temperature of 250 °C (a safe limit of RTV-560
adhesive [22]). Sizing is performed for the stagnation
point only.

10. Assuming uniform thickness, the mass of the thermal
protection system (TPS) or heatshield is determined
using the computed thickness (tcp) as:

Mep = PepAyeitcr (3)

where pcp is the mass density of carbon phenolic and
Ayt IS the wetted area of the heatshield. No margins, to
account for uncertainties in material properties, are
applied to the computed thickness (often referred to as
the zero-margin thickness).

11. This TRAJ-FIAT process (Steps 4 through 10) is then
repeated for multiple values of % in the interval of
interest (from skip out to -30°). Note: there are no
margins on the entry flight path angles. Such margins
are necessary to account for atmospheric uncertainties
and interplanetary trajectory delivery errors [23].

12. Once a databank has been created for (i) trajectories,
(i) environments along those trajectories, and (iii)
heatshield mass estimates for those environments, we
impose constraints a posteriori to determine the EFPA
window for a given entry mass and vehicle size for
which atmospheric entry is feasible.

We consider temporal variations of aerothermal
environments at one spatial location on the heatshield, viz.
the stagnation point. Strictly speaking, spatial distributions
of aerothermal environments are also needed since there
could be trajectory time periods where environments away
from the stagnation point could be higher. For instance, for
a 45° sphere-cone we expect flow transition to turbulence,
with consequent heating augmentation on the conical flank.
There are no built-in correlations currently in TRAJ [16] to
estimate this augmented heat flux, and the only way to do so
is to compute flow field solutions using numerical
simulation tools —DPLR [24] for convective heating and
NEQAIR [25] for radiative heating, for example. Such an
undertaking at this level of analysis was deemed
unnecessary, especially since literally thousands of flight
trajectories were generated for Vg-fe- = combinations.

Since the present work is focused on the stagnation point
alone, we have opted to assume a uniform thickness for the
heatshield. This assumption also appears to be consistent
with the mission concept studies presented in Refs. 2-4. We
note that the Pioneer Venus probes did not have uniformly
thick heatshields — the thickness of the spherical nose cap
(chop-molded carbon phenolic) was greater than that over
the conical flank (tape-wrapped carbon phenolic) [21].
Complicating matters further, the facesheet thicknesses in
the two regions were also different [21].

Finally, the present study does not consider the backshell in
the analysis, since the mass of the thermal protection system
(TPS) of the backshell is usually a small fraction (< 10%) of



the heatshield mass. For example, the mass of the thermal
protection system for the heatshield of PVLP was 27.3 kg
and that for the backshell was 1.51 kg (roughly 6% of the
total mass of the TPS) [20,21].

The strategy adopted in the present work is to first anchor
the methodology to Pioneer Venus — the sole source of
openly available engineering data. Replication of
unmargined thickness (at the stagnation points of the Large
Probe and the Day Probe) is then taken to be a measure of
success of our process.

3. ENTRY TRAJECTORY SPACE & CASE
MATRIX

As mentioned earlier, our development of atmospheric entry
trajectories explores a space parameterized by: (i) the
inertial entry velocity, Vg, (ii) the entry ballistic coefficient,
LSe, and (iii) the inertial entry flight path angle, . The
ranges of values for these parameters in the present study
are guided by the mission concept studies [2-4] performed
for the Decadal Survey.

Entry velocity

We assume that the inertial entry velocity (or a range of
velocities), Vg, is provided by the interplanetary trajectories
developed using a combination of launch/arrival dates and
launch system. In the present study we consider three
representative entry velocities — 10.8, 11.2, and 11.6 km/s.
A velocity of 11.6 km/s is consistent with PVLP (11.54
km/s), and 11.2 km/s is consistent with the mission concept
studies [2-4].

Entry ballistic coefficient (EBC)

We have chosen to sample a small number of ballistic
coefficients between 100 kg/m? and 400 kg/m?, which are
respectively 0.5x and 2x that of PVLP.

We separate out the mass and heatshield size in the
definition of ballistic coefficient and consider 24
combinations—8 entry masses between 1500 kg to 2750 kg,
and 3 heatshield diameters of 2.5, 3.5, and 4.5 m.

The entry mass and heatshield diameter combination, along
with Cp (=1.05) of the 45° sphere-cone, help fix the EBC
(Eq. 1). The EBCs for the various mg-Dy, combinations we
have chosen are shown in Table 1.

The 3.5 m-2000 kg combination has an EBC of 198 kg/m?,
which is close to that of VITaL (208 kg/m?) and PVLP (190
kg/m?).

We note here that some of the mg-Dy, combinations might
not be physically realizable, either because packing
becomes an issue or because the heatshield mass becomes
excessive. It is the latter issue that the present paper deals
with.

Table 1. Entry ballistic coefficients for various
heatshield configurations considered for Venus entry

Diameter, m
25 | 35 | 45
Mass, kg | Ballistic coefficient, kg/m?
1500 291 148 90
1750 340 173 105
2000 388 198 120
2250 437 223 135
2750 534 272 165

Entry flight path angle (EFPA)

Depending on the entry velocity and ballistic coefficient,
there is a limiting shallow entry angle beyond which the
capsule will skip out of the atmosphere. Therefore, the
present study samples the entry angle variable at values
more negative than the skip out angle, i.e., for entries that
are steeper than skip out [23]. Further, to keep the
deceleration loads below 250 g (Fig. 1), the steepest EFPA
is —30°. Therefore, the EFPA interval considered in the
present study is between skip out and —30°. This interval is
divided into 0.5° sub-intervals for 3DoF trajectory
computations.

For each entry velocity and EBC combination, the TRAJ-
FIAT combination (Step 12 of the methodology outlined) is
used to develop flight trajectories for the range of entry
angles chosen and for each trajectory entry-grade carbon
phenolic is sized (without any margins) to the computed
heat load at the stagnation point. We then determine viable
entry flight path angle windows through a posteriori
application of constraints.

4. CONSTRAINTS

We categorize constraints into two types— mechanical, and
thermal. The former category includes deceleration loads
and pressures, while the latter includes heat fluxes and
heatshield mass estimates. Although the categorization is
simple and straightforward, there is subjectivity in the
choice of limiting values of some of these constraints.

Mechanical constraints

The mechanical performance constraints determine how
steeply an entry can be without violating either the specified
deceleration load limit or the stagnation point pressure limit.

Peak deceleration load limit: Peak deceleration load is a
mission specification, and is relevant to the science payload,
not the thermal protection material. It is a critical
performance  parameter  because it drives the
qualification/flight certification of science instruments. The
mission profiles of the concept studies [2-4] performed for
the Decadal Survey have peak deceleration loads between
150 to 200 g. It should be borne in mind that the
deceleration load limit is only on each science instrument
and not on the entire entry system. Presumably centrifuges




that can test up to these loads are available. Therefore, we
set the upper limit on deceleration load to 200 g.

Stagnation point pressure limit: If we knew the pressure at
which the char (due to ablation) of entry-grade carbon
phenolic fails mechanically (or spalls), then that pressure
value could be imposed as a constraint. Unfortunately,
however, this limit is not readily available in the open
literature, nor is there any NASA arc-jet test experience to
specify such a value. Therefore, the limit we have chosen
here is a subjective one, and is based on flight experience in
the Pioneer Venus and Galileo Jupiter missions. PVLP
experienced pressures slightly higher than 10 bars, as did
the Galileo probe to Jupiter [26]. However, we know that
the Night and North probes of Pioneer Venus experienced
pressures greater than 10 bars and survived the entry [27].
Erring on the side of caution, we impose a pressure limit of
10 bars for entry-grade carbon phenolic.

One question to ask here is whether constraints on peak
deceleration loads and peak loads can be active
simultaneously, or would the choice of one preclude the
other? We make an attempt to answer this question in the
Results section.

Thermal Performance Constraint

The thermal performance constraint, which is primarily the
total heat load (equivalently the estimated total mass of the
entry-grade carbon phenolic heatshield), determines how
shallow the EFPA can be. Strictly speaking, the EFPA
corresponding to skip out represents the closure of the
EFPA window at the shallow end. However, the high heat
loads at shallow EFPAs might result in prohibitively high
heatshield masses because of the lack of insulative
capability in entry-grade carbon phenolic.

Total heat load limit: Since for each Vg-f combination, we
have estimates of total heat load (Q) as a function of EFPA
(7£), we can determine the “knee in the curve,” i.e.,
determine the EFPA at which the curvature, x(3),

d*0
dy;
2T
{1 +[ de :l
dyg
of the Q(s&) distribution attains an extremum. A few things
to note in working with this criterion: (i) the total heat load
is independent of the choice of material, and (ii) the
distribution of Q with s is discrete and application of Eq. 4
requires evaluation of first and second derivatives. Since
numerical differentiation can be “noisy,” we fit the discrete

distributions with smooth curves and evaluate the extrema
analytically. This is discussed later in the Results section.

(4)
K(}/E ) =t

Mass fraction limit: The mass fraction of the heatshield is
defined as:

Jer =Ze ®)

mg

where mcp is the mass of the heatshield assuming a uniform
thickness, and the thickness estimate is provided by
application of FIAT to TRAJ-predicted total heat loads.

The choice of a value for mass fraction limit is largely a
subjective one, and depends on the mission. The only two
openly available data points from Venus missions are from
the Large and Day probes of Pioneer Venus. The Night and
North probes of Pioneer Venus are not relevant because
their entries were considerably steeper than the -30° limit
we have imposed in the present study. For the Large Probe
(5e = —32.5°), the mass fraction of the as-flown heatshield
was only 0.09, while it was 0.13 for the Day Probe (% =
—25.4°). The differing mass fractions for the Large and Day
probes of Pioneer Venus suggest a dependence on EFPA.
However, the North and Night Probes, which were identical
to the Day Probe, had the same mass fraction despite
significant differences in their entry flight path angles.

The mass fraction estimates provided by the concept studies
[2-4] are greater than 0.13 — the reports provide an estimate
of the thickness of the heatshield material, which can be
converted to a mass equivalent using Eq. 2.

In the present work, we leave open the choice of mass
fraction, preferring instead to examine instead the effects of
making various choices. Furthermore, we assume that this
mass fraction value is a constant across the entire viable
EFPA space.

5. RESULTS & DISCUSSION

Process Verification

We first verify our procedure outlined in the Methodology
section. Two good candidates for verification are: (i) PVLP
(316.5 kg, 1.42 m dia., 45° sphere-cone), which had an EBC
of 190 kg/m?, an entry velocity of 11.54 km/s, and an EFPA
of —32.4° [26], and (ii) Pioneer Venus Day Probe (91 kg,
0.76 m dia., 45° sphere-cone), which had an EBC of 190
kg/m?, an entry velocity of 11.54 km/s, and an EFPA of
—25.4° [26].

Applying our procedure to these two cases yielded the
following results:

1. PVLP: The simulated thickness (for the material stack
shown in Table 1) was 0.79 cm, while the unmargined
thickness reported in Ref. 20 was 0.762 cm at the
stagnation point.

2. Day Probe: The simulated thickness (for the material
stack shown in Table 1) was 0.87 cm, while the
unmargined thickness reported in Ref. 20 was 0.864
cm.

The agreement between results of the current methodology
and the unmargined thicknesses of the Pioneer Venus



program is fortuitous, given the differences in materials of
the carrier structure and the adhesives [20,21]. Nevertheless,
the results give us confidence in sizing at the stagnation
point.

Having anchored the methodology against PVLP, we
present results for the nominal cases, i.e., a 2000 kg entry
mass for three entry velocities — 10.8, 11.2, and 11.6 km/s —
and EFPAs ranging from skip out to -30°.

Nominal Cases: Mechanical constraint (peak deceleration
load)

Figure 3 shows the wvariation with EFPA of peak
deceleration loads for an entry mass of 2000 kg. Curves are
shown for all three entry velocities and three EBCs — 120,
198, and 388 kg/m? (a factor of 3 spread between low and
high). We observe the following:

(i) Peak deceleration loads increase with increasing EFPA
for all entry velocities and ballistic coefficients, which
is as expected.

(if) For a given EBC (curves of one family—solid, or
dashed, or dash-dotted) the highest deceleration loads
correspond to the highest entry velocity (11.6 km/s).
Between the highest and lowest entry velocities, the
deceleration loads at an EFPA of —30° differ by no
more than 15%.

(iii) For a given entry velocity (curves of one color — red, or
green, or blue) the highest deceleration loads
correspond to the lowest ballistic coefficient (120
kg/m?). Between the highest and lowest ballistic
coefficients, the maximum difference in deceleration
loads at an EFPA of —30° is less than 12%.

—2.5m/10.8 kms
—2.5m/11.2 kms

--- 3.5 m/10.8 kms
=== 3.5m/11.2 kms

(iv) The small box (0.5° x 10 g) shown in Fig. 3 represents
the region where the peak deceleration load is nearly
independent of entry velocity and ballistic coefficient.

Since the highest deceleration loads occur for the highest
entry velocity of 11.6 km/s for all three ballistic coefficients,
it is sufficient to work with curves corresponding to this
entry velocity to determine the steepest entry angles for a
prescribed deceleration load limit.

Dashed horizontal lines at 100 and 200 g are also shown in
Fig. 3. The intersections of these lines with the peak
deceleration curves for the highest entry velocity (11.6
km/s) are shown as dashed vertical lines in the plot. The
arrows indicate the direction in which the vertical lines
move with decreasing deceleration load limits to suggest
that the deceleration load limit determines the steepest entry
flight path angle.

If the deceleration load limit is 200 g, then the steepest
EFPA is roughly -23.5° for an EBC of 388 kg/m’, and
—21.5° for an EBC of 120 kg/m?, which is only a 2° interval
for a factor of 3 difference in ballistic coefficients. If
deceleration loads cannot exceed 100 g (because either
instruments cannot be qualified beyond this value or it
becomes exceedingly expensive to qualify instruments
beyond this value), then the steepest EFPA is —13.25° for a
ballistic coefficient of 388 kg/m?, and -12.5° for an EBC of
120 kg/m?, which is now only a 0.75° interval. Therefore, as
the deceleration load limit is decreased, the ballistic
coefficient becomes less relevant, while at a 50 g limit, the
steepest EFPA is only about -9.5° for all ballistic
coefficients.

== 4.5 m/10.8 kms
== 4.5 m/11.2 kms

8 ——25m/116kms === 3.5m/11.6 kms = 4.5 m/11.6 kms
R ]
] —+D,=25m ~HeD,=2.5m
(= { i
N - b —»D,=35m +——+D,=3.5m
o~ -. P
-3 —+D,=45m —D,=45m

200

Peak deceleration load, g
100 15

50

-30 -25 -20

-15 -10 -5

Entry flight path angle, deg
Figure 3. Variation with EFPA of peak deceleration load for mg= 2000 kg and various entry velocities.
Horizontal dashed lines are shown at 100 and 200 g, and at the intersections of these lines with the peak
deceleration load curves, the corresponding EFPAs are shown as vertical dashed lines. At roughly 50 g the
deceleration load is nearly independent of entry velocity and ballistic coefficient.
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Instead of the cumbersome graphical approach (Fig. 3), we
can use an alternative analytical approach. In the analytical
approach, we fit to the peak deceleration loads curves of the
form

BCREICNS YOS LR

where A, 7; and ¢ are curve-fit coefficients that (could)
depend on both entry velocity and EBC. The coefficient I'
can be interpreted as the skip out angle. For a prescribed
value of Qgpeas EQ. 6 is easily inverted to obtain the
corresponding value of EFPA, . This provides a cross
check against results of the graphical method.

Figure 4 shows a sample fit to peak deceleration loads for a
3.5 m diameter heatshield of 2000 kg entry mass and an
entry velocity of 11.6 km/s. The values of A, T, and ¢
obtained by fitting the data are also shown in the figure.

Applying Eq. 6 to all peak deceleration load curves (all nine
of them) shown in Fig. 3 results in the entries shown in
Table 2. The inflections in T" and ¢ at 11.2 km/s are
interesting, but cannot be explained easily without finer
resolution in entry velocity. The dependence of the curve-fit
coefficients on either entry velocity or EBC could be
pursued further. However, such an undertaking will require
much finer resolution in both variables.

300
J
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T B
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|
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10 =7.7773+£0.0372
1l¢ =0.66107 +0.00327
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Figure 4. Variation with EFPA of peak deceleration load
for mg= 2000 kg and 11.6 km/s entry velocity. The open
symbols are 3DoF predictions and the line is a curve fit
of the form shown in Eq. 6.

Table 2. Coefficients of curves fit to peak deceleration loads for a 2000 kg entry mass capsule

Vg, km/s
116 [11.2]108] 116 [ 112 | 108 | 11.6 | 11.2 | 108
Be, kg/m® | Dy, m A(Ve,BE) IV, fe) Ve, fBE)
388 2.5 | 336285288 |-7.94|-7.49 | -7.65 | 0.651 | 0.681 | 0.656
198 35 |343|31.1]289]|-7.78|-7.50 | -7.35 | 0.661 | 0.669 | 0.668
120 45 |34.7|31.4)307|-7.68 | -7.41 | -7.44 ] 0.671 | 0.679 | 0.664

Nominal Cases: Mechanical constraint (peak pressure load)

We turn next to the other mechanical

constraint — the pressure load.

performance

Figure 5 shows the variation with EFPA of peak pressure
loads for an entry mass of 2000 kg. Curves are shown for all
three entry velocities and three entry ballistic coefficients —
120, 198, and 388 kg/m? (a factor of 3 spread between low
and high). We observe the following:

(i) Peak pressure loads increase with increasing EFPA for
all entry velocities and ballistic coefficients, which is as
expected. However, there is a very strong dependence
on ballistic coefficient — as the ballistic coefficient
decreases, so does the peak pressure load. The trend,
however, is opposite that of peak deceleration loads,
which increase with decreasing ballistic coefficient
(Fig. 3).

(if) For a given EBC (curves of one family—solid, or
dashed, or dash-dotted) the highest pressure loads
correspond to the highest entry velocity (11.6 km/s).
Between the highest and lowest entry velocities, the

peak pressure loads at an EFPA of -30° differ by no
more than 30%, which is a little larger than the 15% we
saw in the case of peak deceleration loads.

(iii) For a given entry velocity (curves of one color — red, or
green, or blue) the highest pressure loads correspond to
the highest ballistic coefficient (388 kg/m?). Between
the highest and lowest ballistic coefficients, the
maximum difference in pressure loads at an entry flight
path angle of -30° is roughly a factor of 3, suggesting
that this difference scales directly as ballistic
coefficient.

(iv) At an entry angle of roughly -9.75°, the peak pressure
loads are nearly independent of the entry velocity.
However, there is still a dependence on ballistic
coefficient. For the highest ballistic coefficient of 388
kg/m® (2.5 m diameter heatshield), the maximum
pressure load at -9.75° EFPA is roughly 3.5 bar.

Since the highest pressure loads occur for the highest entry
velocity of 11.6 km/s for all three ballistic coefficients, it is
sufficient to work with curves corresponding to this entry



velocity to determine the steepest entry angles for a
prescribed pressure load limit.

Dashed horizontal lines at 5 and 10 bar are also shown in
Fig. 5. The intersections of these lines with the peak
pressure load curves for the highest entry velocity (11.6
km/s) are shown as dashed vertical lines in the plot. The
arrows indicate the direction in which the vertical lines
move with decreasing peak pressure load limits to suggest
that the pressure load limit too determines the steepest entry
flight path angle for a given ballistic coefficient.

—— 2.5 m/10.8 kms
——2.5m/11.2 kms
—— 2.5 m/11.6 kms

If peak pressure loads cannot exceed 10 bars, then the
steepest EFPA is —16.75° for an EBC of 388 kg/m?. For the
lowest EBC of 120 kg/m?, the steepest EFPA is outside our
chosen EFPA interval and peak pressure load is not a
constraint.

If peak pressure loads cannot exceed 5 bar, then the steepest
EFPA is —10.75° for an EBC of 388 kg/m?, and —23.5° for
an EBC of 120 kg/m?, which is a 12.75° interval in EFPA.

=== 3.5m/10.8 kms == 45m/10.8 kms
-=-35m/11.2 kms
=== 3.5m/11.6 kms

== 45m/11.2 kms
= = 45mf11.6 kms
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5

Peak pressure load, bar

Entry flight path angle, deg

Figure 5. Variation with entry flight path angle of peak pressure load for mg = 2000 kg (EBC = 120, 198, and
388 kg/m?) and various entry velocities. Horizontal dashed lines are shown at 5 and 10 bar, and at the
intersections of these lines with the peak pressure load curves, the corresponding entry flight path angles are
shown as vertical dashed lines. At roughly —9.5° EFPA, the pressure load is nearly independent of entry

velocity for each ballistic coefficient.

As with the deceleration loads, we can work with the
alternative analytical method instead of the graphical one
shown in Fig. 5.

We still retain the curve fit form shown in Eg. 6, but
determine the new values of the coefficients for peak
pressure loads. For a prescribed value of ppea, EQ. 6 is
easily inverted to obtain the corresponding value of EFPA,
7. This provides a cross check against results of the
graphical method.

Figure 6 shows a sample fit to peak pressure loads for a 3.5
m diameter capsule of 2000 kg entry mass and an entry
velocity of 11.6 km/s. The values of A, ', and ¢ obtained by
fitting the data are also shown in the figure.

Applying Eq. 6 to all peak pressure load curves (all nine of
them) shown in Fig. 5 results in the entries shown in Table
3. The inflections in T and ¢ at 11.2 km/s are interesting, but
cannot be explained easily without finer resolution in entry
velocity. The dependence of the coefficients on EBC is

somewhat weak. The lead coefficient A shows a very strong
dependence on EBC.

Comparing the entries in Tables 2 and 3, we see that the
coefficients T' and ¢ are very similar for both peak
deceleration and peak pressure loads, which is not very
surprising. However, values of the lead coefficient A are
different, which is as expected from the different scaling.

As with the peak deceleration load, the dependence of the
curve-fit coefficients on either entry velocity or EBC could
be pursued further. However, such an undertaking will
require much finer resolution in both variables.

We now have two performance constraints, both of which
provide limits on the steepest EFPA. The obvious questions
are: (i) Can both these constraints be active at the same
time? and (ii) Is there a critical ballistic coefficient at which
both constraints return the same EFPA? The latter question
is harder to answer because we have only sampled the
ballistic coefficient variable at a finite number of points, i.e.,



ballistic coefficient is not a continuous variable in the
present work. However, both questions can be answered by

applying the graphical procedure (outlined in Figs. 3 and 5)
to all 15 cases of in Table 1.

Table 3. Coefficients of curves fit to peak pressure loads for a 2000 kg entry mass capsule

Ve, km/s
116 [11.2]108] 116 | 11.2 [ 108 | 116 | 11.2 | 10.8
e, kg/m? | Dy, m A(VE,Be) ITVe fe Ve.fe)

388 25 247 1209|211 |-795|-7.50 | -7.65 | 0.648 | 0.679 | 0.653

198 35 [128|116|1.08|-7.77 | -7.51 | -7.34 | 0.661 | 0.669 | 0.668

120 45 1078|071 |0.69 | -769 |-7.42 | -7.44 | 0.669 | 0.677 | 0.663
o~ _ end by the deceleration load constraint, and regions colored
M green indicate that the EFPA window is closed by the
E pressure load constraint. The gray areas between indicate
= the ballistic coefficient range in which deceleration load
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Figure 6. Variation with EFPA of peak pressure load for
meg= 2000 kg and 11.6 km/s entry velocity. The open
symbols are 3DoF predictions and the line is a curve fit
of the form shown in Eq. 6.

Deceleration Load Limit vs. Pressure Load Limit

We attempt to answer the question whether there is a
“critical” ballistic coefficient at which both constraints are
active, i.e., have the same EFPA for prescribed values of
peak deceleration and peak pressure load limits.

Pressure loads experience a very steep fall off with
decreasing ballistic coefficient (Fig. 6). The trend strongly
suggests that there is a “knee” in the critical pressure Vs.
ballistic coefficient curve, and an attempt is made to
determine this “knee” using the bar chart shown in Fig. 7.

Each entry mass considered in the present work is a
horizontal bar in Fig. 7, and the length of each bar spans the
ballistic coefficient range covered by various diameters
(ranging from 2.5 m to 4.5 m) of the heatshield. Shown on
top of each bar are the diameters that correspond
(approximately) to the ballistic coefficients in the present
study. The bars are colored by the findings of analysis of
trajectories generated as part of this study. Regions colored
yellow indicate that the EFPA window is closed at the steep
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ceases to be an active constraint and pressure load becomes
the driver in closing the EFPA window at the steep end. The
diameters for which the pressure load constraint is a definite
driver are indicated in red in Fig. 7.

We see that the ballistic coefficient range at which the
switch occurs lies between 250 and 260 kg/m? Therefore,
there is a “critical” EBC at which the deceleration load and
pressure load constraint yield the same interval closing entry
flight path angle. Denoting this “critical” EBC as g ¢it, We
can determine the equivalent heatshield diameter, Dy i,

from
4m
Db,critz CiE
T DﬁE,crit

This heatshield diameter is to be interpreted as the smallest
diameter that can be flown without violating the peak
pressure load constraint, which we have assumed to be 10
bar. Using 255 kg/m2 as the value of S ot and an entry mass
of 316.5 kg (mass of PVLP), we compute the minimum or
“critical” diameter of the heatshield to be 1.227 m. Although
further computations are necessary to get the precise value
of the “critical” EBC, it is comforting to see that the present
results are consistent with Pioneer Venus — the 316.5 kg
entry capsule had a 1.42 m diameter heatshield.

()

It should be borne in mind that this “critical” EBC is for a
10 bar limit on the peak pressure load. If the peak pressure
load limit is reduced, the value of S ¢t will change (reduce)
as well (Fig. 5). Although a lower pressure load limit is
moot in the context of entry-grade carbon phenolic, this
finding might have implications for newer materials being
developed as alternates to entry-grade carbon phenolic.

Having worked with the mechanical constraints (or limits),
we turn next to the thermal performance constraint, viz. the
total heat load.
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Figure 7. Bar chart of ballistic coefficient intervals in which the pressure load limit of 10 bar determines the closure of
the entry flight path angle at the steep end of the interval. Also indicated on the bar chart are the diameters of the
heatshields. Diameters for which the pressure limit determined EFPA interval closure are shown in red. The shaded
region between EBC values of 250 and 260 kg/m? is where the peak deceleration and peak pressure loads switch roles
in determining the steepest entry angle. These results are for a 200 g peak deceleration load and 10 bar peak pressure

load mission profile.
Nominal Cases: Thermal constraint (total heat load)

The thermal performance constraint, which is primarily the
total heat load, determines how shallow the EFPA can be.

Figure 8 shows the variation with EFPA of total heat load at
the stagnation point for an entry mass of 2000 kg. Curves
are shown for all three entry velocities and three entry
ballistic coefficients. We observe the following:

(i) Total heat load is strongly dependent on ballistic
coefficient and entry velocity.

(if) For a given EBC (curves of one family—solid, or
dashed, or dash-dotted) the highest total heat loads
correspond to the highest entry velocity (11.6 km/s).

(iii) For a given entry velocity (curves of one color — red, or
green, or blue) the highest total heat loads correspond to
the highest ballistic coefficient (388 kg/m?). Between
highest and lowest ballistic coefficients, the peak heat
fluxes differ by as much as a factor of 3.

(iv) In all cases, there is an upturn in total heat load at the
shallow end of the EFPA interval.

(v) These results are consistent with the contours shown in
Fig. 1.

As mentioned earlier, large total heat loads result in large
thicknesses of the thermal protection material to keep the
adhesive bondline at 250 °C. Deferring TPS mass fraction
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and material properties for now, we therefore seek
“reasonable” heat loads that yield “reasonable” thicknesses
of the thermal protection material, and the EFPAs
corresponding to these heat loads. Since there is subjectivity
in coming up with a “reasonable” total heat load limit,
determination of the EFPA that closes the viable window at
the shallow entry end becomes a contentious task. We have
made an attempt here to develop a semi-rigorous metric to
determine the EFPA window closure.

We know the total heat load (Q) rises sharply beyond a
certain EFPA (Fig. 8). Therefore, we make an attempt to
determine the ‘“knee in the curve” (point of maximum
curvature) of the Q-je distributions. Instead of using a
graphical method, or even a numerical approach with Eq. 4,
to compute the curvature, x(3&), of the total heat load
distributions, we use an analytical approach.

We first curve fit the total heat load distributions using a
function of the form given in Eg. 6, and then evaluate
curvature (Eq. 4) analytically.

Figure 9 shows a sample fit to total heat loads for a 3.5 m
diameter capsule of 2000 kg entry mass and an entry
velocity of 11.6 km/s. The values of A, T', and ¢ (curve-fit
coefficients in Eq. 4) obtained by fitting the data are also
shown in the figure.
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Figure 9. Variation with EFPA of total heat load for mg
=2000 kg and 11.6 km/s entry velocity. The open symbols
are 3DoF predictions and the line is a curve fit of the
form shown in Eq. 6.

Applying Eqg. 6 to all total heat load curves shown in Fig. 8
results in the entries shown in Table 4.

Comparing the values of T" (interpreted crudely as a skip out
EFPA) in Table 4, with the corresponding values in Tables
2 and 3, we see a shift of almost 1° towards the steeper end
of the EFPA interval. These results confirm what we
expected — the “knee in the curve” (of the total heat load
distributions) is away from the skip out boundary.

The distributions of curvature of total heat load, computed
using Eq. 4 with the entries given in Table 4, are shown in
Fig. 10. For each Vg-fe combination, there is a distinct peak
in curvature, and each peak is the “knee in the curve” of the
corresponding total heat load distribution. The values of
EFPA corresponding to the peaks in curvature (Fig. 10) are
shown in Table 5. The peaks depend weakly on entry
velocity, but shift by as much as 1.0° with a factor of 3
change in EBC.

Table 4. Coefficients of curves fit to total heat loads for a 2000 kg entry mass capsule

Vg, km/s
116]11.2]108] 116 | 112 [ 108 | 116 | 112 | 1038
B, kgim® | Dy, m A(Ve,BE) ITVe.fe) (Ve fe)
388 25 307|248 |222|-8.75| -8.56 | -7.93 | —0.075 | —0.108 | —0.159
198 35 |17.4|145]12.8 | -8.75 | -8.49 | -8.06 | —0.082 | —0.123 | —0.167
120 45 |116] 98 | 9.3 | -8.71 | -8.48 | —7.78 | —0.095 | —0.138 | —0.201
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Figure 10. Variation with EFPA of curvature (Eq. 4) of
total heat load distributions for mg = 2000 kg and nine
Ve-f= combinations (10.8, 11.2, and 11.6 km/s and 2.5,
3.5, and 4.5 m diameter).

Table 5. EFPASs corresponding to peak curvature in heat
load distributions for mg = 2000 kg

Vg, km/s
116 | 11.2 | 108
B kg/m2 Dy, m 7 at Kinax OF Q
388 2.5 | -10.40 | -10.45 | -10.32
198 35 | -9.81 | -9.81 | -9.62
120 45 | -955 | -9.52 | -9.17

We could use the EFPA values in Table 5 to close the
shallow end of the EFPA window, i.e., prescribe these
values as the shallowest one should enter the atmosphere of
Venus. The vertical dashed lines in Fig. 8 represent these
limits for an entry velocity of 11.6 km/s. Just because we
have “closed” the EFPA window does not mean that we
have established their viability. To do so would require that
we have to consider both the heatshield mass fraction (Eq.
5) and peak heat flux. However, before we take up these
ideas next, we emphasize that a material is not involved in
the total heat load argument presented so far. The total heat
load is simply a time-integrated heat flux, and the heat flux
at the stagnation point (Eq. 2) is independent of the material.
However, the heatshield mass fraction argument presented
next does depend on the choice of material for the
heatshield.

Nominal Cases: TPS mass fraction

Figure 11 shows the variation with EFPA of unmargined
heatshield mass (based on uniform thickness of entry-grade
carbon phenolic) for an entry mass of 2000 kg. Curves are
shown for all three entry velocities and three entry ballistic
coefficients. Several thin vertical dashed lines are shown in
the figure. The blue vertical lines represent EFPA limits

13

determined by either the 200 g limit on peak deceleration
loads or by the 10 bar limit on peak pressure loads.
Referring back to Fig. 5, we see that for the 2000 kg/2.5 m
dia. heatshield (EBC of 388 kg/m?), the steepest EFPA is
determined by the 10 bar pressure limit; the peak
deceleration load limit of 200 g determines the steepest
EFPA for the other two diameters at this entry mass. The
black vertical lines represent EFPA limits determined by the
total heat load. The EFPA space between like pairs of
vertical lines, indicated by double-headed green arrows,
represents the first estimate of the viable EFPA window for
each diameter (equivalently each EBC).

We now attempt to get a second estimate of the viable
EFPA window by prescribing a “desired” heatshield mass,
which is simply the product of a “desired” mass fraction (of
the heatshield) and the entry mass (Eq. 5). We could use the
Pioneer Venus probes for these fractions or rely on the
estimates provided by the mission concepts [2-4]. The mass
fraction of entry-grade carbon phenolic used in PVLP was
0.09, i.e., 9% of the entry mass (of 316.5 kg) was taken up
by just the carbon phenolic material; this fraction was 0.13
for the three small probes (91 kg) of the Pioneer Venus
mission. These mass fractions are from as-flown designs.
However, the mass fractions for the concept missions [2-4]
ranged from 0.17 to 0.22 (values back calculated using the
thicknesses stated, wetted areas, and mass density of entry-
grade carbon phenolic).

We see that there can be variability in mass fractions,
perhaps due to variability in mission requirements, or
perhaps due to different assumptions, or both. The best that
can be done then is to determine the sensitivity of the EFPA
window to an assumed fraction. However, we have to be
cautious here because the estimates of heatshield mass that
we have are unmargined. Since the present paper is not
about heatshield design, and hence, we do not have a
margins policy, we have simply used an arbitrary value of
0.1 of the unmargined heatshield mass fraction to illustrate a
few key points.

The thin horizontal dashed line is shown in Fig. 11 for a
heatshield mass of 200 kg for a 2000 kg entry mass, i.e., for
a mass fraction of 0.1. First, we notice that a 4.5 m diameter
heatshield has no viable entry space based on this assumed
mass fraction. Second, the shallow end of the EFPA
window for the 3.5 m diameter heatshield closes at roughly -
19°, which is close to the steep end limit of roughly —22°.
Third, the first estimate of viable EFPA space for the 2.5 m
dia. heatshield remains unchanged. Fourth, to enable the
larger diameter heatshield will require an increase in the
stipulated value of 0.1 for mass fraction.

There is little further to be gained from working with the
mass fraction argument, especially since it requires both a
margins policy and a clear mission requirement and/or mass
allocation.
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Figure 11. Variation with entry flight path angle of unmargined heatshield mass for mg = 2000 kg (EBC = 120,
198, and 388 kg/m?) and various entry velocities. The vertical lines represent EFPA limits derived from
mechanical and thermal constraints. The thin horizontal dashed line at 200 kg represents a heatshield mass

fraction of 0.1
Nominal Cases: Material heat flux limit

The chief remaining consideration is the heat flux
performance of the material. Ablative materials usually have
a threshold heat flux below which their performance is
diminished, making them mass inefficient. This heat flux
threshold is not available in the open literature. Therefore,
we choose not to take it into consideration. The only thing
one could do is to determine the heat flux values
corresponding to the EFPA limits to see if these values
exceed the performance requirements of the mission.

We conclude here by stating that only a sampling of the
results of this study has been provided in the present paper.
Complete details are available from a comprehensive
document [28] currently in preparation.

6. GROUND TEST CONSIDERATIONS

One aspect not addressed in the present work is testing of
materials (entry-grade carbon phenolic or other). Ground-
based test facilities, such as arc jets, also have to be factored
into the constraints because there are limits on the test heat
fluxes and pressures they can provide. Depending on the
trajectory, some of the predicted pressure-heat flux
combinations could lie outside the operational envelopes of
these ground-based facilities. Furthermore, some of the
facilities developed at NASA Ames Research Center (ARC)
during the Galileo program no longer exist.

Based on the results shown in Table 6, the predicted heat
fluxes and pressures at the low end are roughly 2 kW/cm?
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and 5 bar. With an appropriate test article design, heat
fluxes of this level can be achieved in the 60 MW
Interaction Heating Facility (IHF) arc jet at NASA ARC.
For instance, one could test small (10.16 cm diameter)
sphere-cone geometries in the smallest nozzle (15.24 c¢cm
exit diameter) that is currently available in the IHF.
However, stagnation point pressures greater than 1.5 bar
cannot be achieved with this nozzle. To raise the pressure,
the nozzle exit diameter will have to be smaller. Indeed,
there is currently a plan at NASA ARC to develop a nozzle
with an exit diameter of 7.62 cm (3 inches). While such a
nozzle will be more able to provide the high heat fluxes and
pressures necessary to test and qualify materials, modeling
and test design (in terms of coupon size and thermal
response including sidewall effects) will pose more of a
challenge. A piecewise approach to testing and flight
qualification, as discussed in the paper of Venkatapathy et
al. [29], would probably be called for.

7. SUMMARY

We have considered the legacy 45° sphere-cone aeroshell
geometry for entries into Venus, which is called out as a
priority destination in the latest NRC Planetary Science
Decadal Survey. Guided by some of the mission studies
performed in support of the latest Decadal Survey, we have
considered a number of entry mass and diameter
combinations and a range of entry velocities as initial
conditions for atmospheric entry into Venus. Specifically,
we have considered combinations of entry masses of 1500,
1750, 2000, 2250, and 2750 kg, diameters of 2.5, 3.5, and
4.5 m, and entry velocities of 10.8, 11.2, and 11.6 km/s.



Furthermore, we have limited the present study to ballistic
entries that tie back to Pioneer Venus legacy.

With the knowledge of entry ballistic coefficient, entry
velocity, and heading angle, we have rapidly generated
hundreds of 3DoF trajectories using the in-house code,
TRAJ. We have covered an EFPA range from near skip out at
the shallow end to -30° at the steep end, with an increment
of 0.5°. All trajectory computations are terminated at a
Mach number of 0.8, assuming parachute deployment at this
point. For each trajectory we have tracked the peak
deceleration load (or g load), the peak pressure at the
stagnation point (or p load), the peak total heat flux (both
convective and radiative heat fluxes computed using
correlations based on the nose radius and freestream density
and flight speed), the total heat load, and the final altitude at
Mach 0.8. Further, for each trajectory, using the FIAT option
built into TRAJ, the unmargined thickness (at the stagnation
point of the heatshield) of entry-grade carbon phenolic (for
which a calibrated material thermal response model is
readily available) has been computed. Assuming this
thickness to be uniform, we have computed the mass of the
heatshield. The trajectory and material sizing computations
are calibrated against similar data for PVLP.

With this coverage of EFPA, we have imposed constraints
based on mechanical and thermal performance of the
heatshield material. For mechanical performance we have
assumed a deceleration load limit of 200 g on the science
payload and a pressure load limit of 10 bar on the heatshield
material. Applying these constraints on the TRAJ-predicted
deceleration and pressure loads, we have shown that they
determine the steepest possible entries. Furthermore, we
have shown that, for the chosen ballistic coefficients, the
constraints on deceleration loads and pressure loads are not
active at the same time. For most cases the operating
constraint that determines the steepest possible entry is the
deceleration load limit of 200 g. However, as the EBC
increases, the 10 bar limit on pressure becomes increasingly
important. Analysis of computed trajectories shows the
existence of “critical” EBCs beyond which the steepest
entry angle is determined by the pressure load and not the
deceleration load. The thermal performance of the material
determines the shallowest possible entries, and we have
assumed a threshold based on inflections in total heat load
distributions. Using the steep and shallow end limits on
EFPA determined by mechanical performance and thermal
performance constraints, respectively, we have determined
the viable EFPA windows (if any) for the many mass and
diameter combinations, thus meeting the primary objective
of the present work. A key finding is that there is a critical
ballistic coefficient beyond which the structural integrity of
the material under pressure loads becomes limiting. For the
abovg mechanical constraint choices, this Sg it is about 250
kg/m®.

We hope that apart from establishing viable entry corridors
for Venus missions (all predicated on the use of entry-grade
carbon phenolic on a legacy 45° sphere-cone geometry), the
results of the present study will be useful in the
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development of a new class of ablators. Based on the
analysis presented, we think that a key driver in the
development of a new class of ablators for rigid aeroshells
is the pressure load, and the higher the spallation pressure
load limit of the new materials, the more the EFPA window
for ballistic entries can be opened up.

We add that the methodology presented here initially
employed a graphical approach to analysis of 3DoF results.
However, we have also demonstrated that it is possible to
use analytical methods to determine first estimates of viable
EFPA intervals. Essentially this means that with a modest
investment in the development of software tools, we can
develop an analysis framework, which significantly reduces
analysis time, allows for examination of larger and finer set
of parameters, and generalizes to other planetary entries.
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