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Abstract

On December 7th, 1995, the Galileo descent probe entered Jupiter’s atmosphere at a relative velocity
of 47.4 km s−1. Data collected during flight revealed an unforeseen recession profile: while the stagnation
region had been significantly oversized, the shoulder almost completely ablated. In an attempt to
understand why numerical predictions diverge from the flight data, several sensitivity studies were
performed at the 180 km altitude point. The inaccuracy of the Wilke/Blottner/Eucken model at
temperatures above 5, 000 K was again confirmed. When applied to Galileo’s entry, it predicts a narrower
shock with higher peak temperatures compared to the Gupta/Yos model. The effects of He and H2

line-by-line radiation were studied. Inclusion of these systems increased the radiative heating by 10% at
the stagnation point, even when precursor heating is unaccounted for. Otherwise, the internal excitation
of H2 due to absorption of radiation originating from the highly emitting shock layer promotes H2

emission before dissociation occurs at the shock, resulting in 209% higher radiative heat fluxes. This
result emphasizes the importance of H2 radiation, not only on the recession experienced by Galileo,
but also for future entries in Gas Giants. Accordingly, thermal non-equilibrium resulted in 25% lower
radiative heating when compared to an equilibrium solution, contrary to previous investigations that
neglected H2. Ablation product absorption was shown to counteract precursor heating of H2, but the
ablation layer temperature must be accurately predicted using a material-response code coupled to the
flowfield. Finally, the tangent-slab and ray-tracing models agreed to within 13%.
Keywords: Hypersonics, Galileo, Non-Equilibrium, Radiation, Aerothermodynamics

1. Introduction

On October 18, 1989, the Galileo orbiter was sent
aboard the cargo bay of Space Shuttle Atlantis, car-
rying a descent probe designed to penetrate the
Jovian atmosphere with a set of scientific instru-
ments. The probe officially began its descent on
December 7, 1995, at a relative velocity of 47.4
km s−1, having decelerated from Mach 50 to under
Mach 1 in under 30 seconds and experienced peak
heating rates exceeding 300 MW m−2 [1, 2]. The
extreme heating environment sustained by the probe
during its descent remains, until today, one of the
most severe ever encountered by a planetary entry
capsule. Although the mission was a success, post-
flight analysis of the data collected by temperature
and ablation sensors installed in the descent probe’s
thermal protection system (TPS), whose geometry is
illustrated in Figure 1, revealed how close it came to
completelly ablate near the shoulder. Pre-flight sim-
ulations have since been confirmed to present large
discrepancies with the flight data when it comes to
the expected heat-shield recession, spurring a revival
of research aimed at understanding its causes.

Accordingly, a set of thorough sensitivity studies
regarding the modeling of different phenomena that
have been either neglected or poorly modeled in the
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Figure 1: Galileo geometry and sensor locations.
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past has been conducted. Particularly, the impact
of the following physical processes/modeling strate-
gies will be assessed: calculation of transport prop-
erties using the Wilke/Blottner/Eucken transport
model or the Gupta/Yos model; thermo-chemical
non-equilibrium effects; influence of including He
and H2 radiation; comparison of tangent-slab and
ray-tracing approaches for the computation of radia-
tive heat transfer. This is accomplished by first solv-
ing for the flowfield using the SPARK CFD solver,
after which the radiative field is computed using the
SPARK Line-by-Line (SPARK LbL) radiative code
in a decoupled fashion.

In the process, the capabilities of both codes have
been enhanced. First, the numerical module respon-
sible for computing the transport properties of the
gas in SPARK has been re-structured, now allowing
simulation of all Solar System planets’ atmospheres
using the detailed Gupta/Yos transport model, a
feature previously only available for air. Further-
more, the radiative transfer module in SPARK LbL
has been rebuilt from scratch using Fortran Object-
Oriented programming techniques, improving effi-
ciency of both tangent-slab and ray-tracing routines.
This upgrade to both codes was found necessary
in order to perform the desired sensitivity studies,
while also providing an extension to the capabilities
of both numerical libraries.

Sec. 2 presents an overview of past works per-
formed on Galileo’s entry in Jupiter. The main diffi-
culties experienced in reproducing the flight data are
examined, and the modeling assumptions used in
past works are discussed and appraised. Then, the
models used in the present work that bring closure
to the Navier-Stokes equations are detailed (ther-
modynamics, chemical-kinetics and transport), and
the Wilke/Blottner/Eucken and Gupta/Yos models
for transport are compared in Sec. 3. In Sec. 4, the
radiative database developed is presented, together
with the radiative transfer models implemented. Fi-
nally, the results obtained for the 180 km altitude
point in Galileo’s trajectory are discussed in Sec. 5,
and final thoughts are drawn (Sec. 6).

2. Literature Review
The Galileo entry has been subject to several stud-
ies, not only in the mission preparation phase, for
providing a suitable design for the TPS, but also
after the flight, since many authors have tried to
numerically replicate the descent probe’s heat shield
recession. In this section a brief timeline of these
predictions is given.

2.1. Mission Preparation and Flight Data Treatment
Two sets of ground-based experiments conducted
independently have previously studied the chemical
kinetics of H2 –He mixtures. In 1972, Leibowitz per-
formed electric arc driven shock tube experiments

on such mixtures, having explored shock velocities
ranging from 13 to 20 km s−1 [3]. Similar experi-
ments were conducted by Livingston and Poon in
1976 for shock velocities between 26 and 46 km s−1

[4]. Both studies assessed the ionization relaxation
processes between atomic hydrogen and electrons in
the high-temperature shock layer downstream of the
shock wave, and recommended expressions for the
chemical kinetic rates in agreement with the experi-
mental measurements were provided[5]. These old
experiments are still used today for the validation of
theoretical models, emphasizing the value attributed
to experimental ground testing.

The data collected in these experiments allowed
several pre-flight numerical predictions to be ob-
tained. Moss and Simmonds performed extensive
simulations during the mission preparation phase [6].
These ranged from Viscous Shock-Layer (VSL) to
Navier-Stokes solutions, studying the effects of dis-
tinct physico-chemical processes taking place, such
as turbulence, ablation, spallation and wall reflec-
tivity, all under the assumption of chemical equi-
librium. Tiwari and Szema also studied the role
of thermo-chemical non-equilibrium and precursor
heating in Galileo’s entry [7], having found a sig-
nificant increase in both convective and radiative
heating compared to an equilibrium solution. The
influence of precursor heating is enhanced due to
non-equilibrium conditions, and radiative heat fluxes
at the stagnation point (SP) were found to increase
by 10% when this phenomenon was modeled.

After the mission’s success, the flight data re-
garding the heat shield ablation and temperature
captured by the sensors during descent was analyzed
by Milos et al. [2]. The actual heat shield recession
along the wall of the descent probe is shown in Fig-
ure 2, and a comparison is provided on the numerical
recession obtained by other authors. Moss and Sim-
monds’ pre-flight predictions highlight the classical
trend observed for the Galileo mission: the nose
recession is largely overpredicted, while the opposite
is true in the frustum region. This trend translates
the heat fluxes experienced by the probe’s surface,
which lead to ablation, spallation and sublimation
of the probe’s TPS.

2.2. Numerical Reproduction of Flight Data

Among the first to have studied the problem after the
mission, Matsuyama et al. performed coupled radia-
tive transfer simulations assuming thermo-chemical
equilibrium [8], while assessing the influence of a
tangent-slab approximation against an accurate ray-
tracing approach for radiative transfer calculations.
The ray-tracing approach was found to predict a
10% lower SP radiative heating when compared to
the tangent-slab approach.

In 2005, the same authors studied the effects of tur-
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bulence coupled with ablation-product injection near
the wall [9], having found that turbulent-induced
diffusion of ablation products in the shoulder de-
creased radiation absorption by these carbonaceous
species (C, C2 and C3 mostly), allowing for a better
prediction of the recession in this region, as their
results show in Figure 2.

Subsequently, Furudate et al. studied the effects
of thermo-chemical non-equilibrium [10], whose ef-
fects were shown to reduce the predicted radiative
heat fluxes in the SP by as much as 10%, leading
to a better agreement in the predicted surface re-
cession over this region. Park also studied the SP
radiative heating under chemical equilibrium [11].
The author reported good agreement with the flight
data on the SP recession (see Figure 2), provided
the effects of spallation and inclusion of vacuum
ultraviolet (VUV) bands for C2 and C3 species were
incorporated in the radiative analysis. More recently,
Reynier et al. compiled the state-of-the-art in the
modeling of giant-planet atmospheres for convective
heating predictions, and reviewed previous attempts
in simulating the Galileo entry [1]. The increasing
level of detail provided by the improved databases,
which are supported by state-to-state kinetic stud-
ies, is shown to decrease the convective component
of the heat fluxes by between 70% and 85% when
compared to older estimates.

It should be noted that all previous studies taking
into account the radiation field only considered radia-
tive mechanisms from H, while the effect of He lines
and H2 bands, for example, remains unaccounted
for. Moreover, the three-dimensional character of ra-
diative transport is rarely included, and modeling of
transport properties has, until now, relied on Wilke’s
mixing rules, despite their poor accuracy at high
temperatures. Also, thermo-chemical equilibrium
has been assumed in the main studies performed
in the past. A thorough study of these effects is
still lacking in order to understand the unresolved

Figure 2: Predicted heat shield recession [2, 6, 9].

mysteries regarding the Galileo entry, which is the
aim of the present work.

3. Flowfield Modeling
This section provides details on the models used in
this work to compute the flowfield properties. These
are implemented in the SPARK code, a multi-physics
CFD code designed to handle hypersonic flows with
high-temperature effects. The thermodynamic and
kinetic properties of the flow are described, and a
comparison between different models to compute
transport properties is presented.

In the present work, the compressible Navier-
Stokes equations are used to obtain the macroscopic
properties of the flow around the descent probe.
These conservation equations are written as

∂ (ρcs)

∂t
+ ∇ · (ρcsV ) = ∇ · Js + ẇs (1a)

∂ (ρV )

∂t
+ ∇ · (ρV ⊗ V ) = ∇ · [τ ]−∇p (1b)

∂ (ρe)

∂t
+ ∇ · (ρV e) = ∇ ·

(
V · [τ ]− pV − q

)
,

(1c)

where the heat-flux vector is defined without the
radiative source term as

q = −
∑
k

kk∇Tk +
∑
s

Jshs . (1d)

Additionally, the two-temperature model employed
in the present work to account for thermal non-
equilibrium requires an additional energy conserva-
tion equation for the vibrational temperature of H2,
described through

∂
(
ρev,H2

)
∂t

+ ∇ ·
(
ρV hv,H2

)
=

∇ ·
(
−kv,H2

∇Tv,H2
+ JH2

hv,H2

)
+ Ω̇V−T . (1e)

3.1. Thermodynamics
A seven species mixture composed of H, He, H2,
H+, He+, H2

+ and e– was assumed in the present
work, similar to the one employed by Reynier et
al. and used in several other post-flight studies
[1, 10, 12, 9]. Jupiter’s unperturbed atmosphere is
assumed to consist of 86.4% H2 and 13.6% He, in
mole percent, the value measured during the actual
flight as reported by Milos et al. [2]. The thermo-
dynamic properties of the gas are computed from
the classical high-temperature results of statistical
thermodynamics.

3.2. Chemical Non-Equilibrium
Chemical non-equilibrium is taken into account by
solving a mass conservation equation for each species
separately (Eq. (1a)). The mass source term is mod-
eled via the usual relation expressing the net rate
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Table 1: Kinetic model employed in the present
work.

Reaction Process

R1 H2 + H ←−→ H + H + H
R2 H2 + He ←−→ H + H + He
R3 H2 + H2 ←−→ H + H + H2

R4 H2 + H+←−→ H + H + H+

R5 H2 + e– ←−→ H + H + e–

R6 H + e– ←−→ H+ + 2 e–

R7 H + H ←−→ H+ + e– + H
R8 H + He ←−→ H+ + e– + He
R9 He + e– ←−→ He+ + 2 e–

R10 H2
+ + e– ←−→ H + H

resulting from the forward and backward reactions:

ẇs
Ms

=
∑
r

∆νsr

{
kf,r

∏
s

[Xs]
ν’
sr − kb,r

∏
s

[Xs]
ν”
sr

}
,

(2)
where the forward reaction rates kf,r are computed
from the usual Arrhenius equation and kb,r is ob-
tained from the equilibrium constant. Several kinetic
schemes regarding entry into Gas Giant atmospheres
can be found throughout the literature [7, 1, 10, 3],
all of which highlight the importance of properly
modeling H2 dissociation. The kinetic model em-
ployed in the present work is presented in Table 1,
and the Arrhenius rates employed are those obtained
experimentally by Leibowitz and Kuo [3], comple-
mented with the associative ionization reaction rate
for H2

+ used by Furudate [10].

3.3. Thermal Non-Equilibrium
Thermal non-equilibrium was studied using a two-
temperature model that allows for the vibrational
energy levels of H2 to be populated according to a

Boltzmann distribution at a temperature Tv,H2
dif-

ferent from the remaining thermal modes, which are
assumed thermalized at Ttr. In the radiative analy-
sis, both Te− and Tv,H2 are assumed in equilibrium,
as vibrational-electronic energy exchange is very ef-
ficient. The energy source term Ω̇V−T present in Eq.
(1e) is modeled using the traditional Landau-Teller
equation. Vibrational relaxation times are obtained
from Millikan-White’s correlation, with coefficients
provided by Palmer et al. [13].

3.4. Transport

One important outcome of this work was the imple-
mentation of an updated database along with an im-
proved Gupta/Yos formulation in SPARK, allowing
this transport model to be applied to atmospheres
other than Earth’s. Viscosity, thermal conductiv-
ity and mass diffusion are typically computed using
the Wilke/Blottner/Eucken model (abbreviated to
Wilke from now on), which is known to provide in-
accurate results as temperatures increase beyond
the onset of ionization. Details for both transport
models are provided in the main text. The more
detailed Gupta/Yos model, taking into account the
effect of non-diagonal terms in the Chapman-Enskog
formulation, was also considered (Gupta/Yos 2nd
Order). Both transport models were compared, and
verification was performed against literature data.
The results for viscosity and thermal conductivity
are presented in Figure 3. The main takeaway from
this comparison is the inadequacy of the Wilke trans-
port model above 5, 000 K. Additionally, the two
Gupta/Yos models implemented also present signif-
icant differences, showing the typically neglected
impact of the non-diagonal terms in the Gupta/Yos
formulation. Thus, the 2nd Order model was re-
tained for subsequent simulations using the Gupta/
Yos theory.

Figure 3: Comparison of transport properties obtained from various models and literature data for
equilibrium H2 –He mixture at 1 atm. The different shades of the same color on the right correspond
to using different thermodynamic models: dark filled markers - Analytic model; light filled markers -
Capitelli coefficients; light open markers - NASA9 coefficients.
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4. Radiation Modeling

The definition of a spectral database suited to the
Galileo entry conditions has been carried out. The
atomic spectral database accounts for as much ra-
diative transitions as possible using the data avail-
able in NIST [14], and a general semiempirical
function was developed for the Stark broadening
mechanisms of hydrogenöıd species. Molecular H2

transitions are also considered, in an effort to de-
termine its impact using a line-by-line approach.
Finally, these discrete atomic and diatomic transi-
tions have been complemented by a data set for con-
tinuum transitions (bound-free photo-dissociation/
photo-ionization, and free-free bremmstrahlung). A
detailed description of the spectral database is avail-
able in the dissertation.

4.1. Radiation Database Verification

The absorption coefficients obtained with SPARK
LbL’s spectral database were compared with those
published by Perrin et al. [15] using the HTGR
database. The comparison is performed using an
equilibrium H2 –He mixture at 1 atm and initial
molar composition in the ratio H2 : He = 89 : 11%.
The spectral absorption coefficients resulting from
both databases are presented in Figure 4 for two
temperatures: 5, 000 K, representative of the bound-
ary layer temperature surrounding Galileo’s TPS,
and 20, 000 K, close to the temperatures found in
the high-temperature shock layer.

The results show good agreement between the
two spectral databases, although a more pronounced
Stark Broadening of H lines is observed in the HTGR
database, especially at 20, 000 K. As temperatures
increase, the molecular absorption lines of H2 present
in the UV region are progressively overcome by
atomic H Lyman absorption. At lower temperatures,
as in the 5, 000 K case presented, these molecular ab-
sorption mechanisms are still quite important. This
raises the question of whether or not the assumption
of neglecting H2 radiative processes is reasonable,
as has been almost exclusively done in the past.
There are two regions in the flow where H2 exists
in significant amounts: near the wall, where atomic
H recombination occurs, and at the shock location,
just before the temperatures increase beyond the
onset of dissociation. The increased emission from
H2 transitions in the shock region, together with
the potential increase in absorption resulting from
inclusion of these mechanisms in the boundary layer,
were investigated in the present work.

4.2. Radiative Transfer Models

The energy transfer processes resulting from radia-
tive transitions occurring everywhere in the flowfield
is modeled through the solution of the radiative
transfer equation, which may be written in the form

Figure 4: SPARK LbL and HTGR’s databases
compared at 5, 000 K (top) and 20, 000 K (bottom).

Iθ,φν (L) = Iθ,φν,0 e
−τν(L) +

∫ τν(L)

0

jν
κν
e−(τν(L)−τν) dτν ,

(3)
expressing the spectral intensity of radiation as a
function of the spectral coefficients and optical thick-
ness at a position L along the line of sight specified
by the direction (θ, φ). The optical thickness is de-
fined as the integral of the absorption coefficient
over a given distance, that is

τν (s) =

∫ s

0

κν ds′ . (4)

The radiative heating the probe experiences during
entry is obtained by integrating Iθ,φν over the spectral
and hemispherical domain, after solving Eq. (3) for
the spectral directional intensity at every location
along the wall, that is,

qrad =

∫ ∞
0

∫ 2π

0

∫ π/2

0

Iθ,φν,wall cos θ sin θ dθ dφ dν .

(5)
The formulation often employed to solve Eq. (3) is
the tangent-slab approximation, which is known to
overpredict the radiative heating at the stagnation
region by 10 to 15%, whereas differences of up to 70%
have been reported for the shoulder and afterbody
regions when compared to the ray-tracing approach.
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(a) Constant (∆θ,∆φ). (b) Fibonacci Lattice.

Figure 5: Ray distribution strategies compared.

Both models were implemented in a Fortran mod-
ule and integrated with the SPARK LbL spectral
database in an uncoupled approach.

The fundamental assumption behind the tangent-
slab approximation is that the flow properties are
considered to vary only in the direction normal to
the body for the purpose of radiative transfer com-
putations. This approximation prevents radiative
transitions to have an impact other than at the
wall location directly normal to them, leading to
a localized modeling of inherently non-local pheno-
mena. This assumption allows the evaluation of
the directional integral in Eq. (3) to be performed
analytically, resulting in

qTS
rad = 2π

∫ ∞
0

∫ z∞

0

jν E2 [τν (z)] dz dν , (6)

where E2(x) is the 2nd order exponential integral.
The ray-tracing approach is a more physically

consistent method, since it relies on the direct inte-
gration of Eq. (3) along a set of rays/directions. The
equation is solved for every frequency by marching
along a given ray between the upstream and wall
boundaries to obtain the spectral intensity Iθ,φν,wall

at the vehicle’s surface, and the radiative heating is
then obtained from Eq. (5).

At the heart of the ray-tracing approach is the di-
rectional discretization of the hemispherical domain,
providing the directions (θ, φ) along which Eq. (3)
is solved. A simple approach that is often (inade-
quately) implemented is to select a set of constant
∆θ and ∆φ values and subdivide the domain into
equally spaced intervals, resulting in a cluster of rays
at the poles. The alternative technique implemented
in the present work relies on the so-called Fibonacci
Lattice [16], providing a significant improvement in
uniformity when compared to the constant (∆θ,∆φ)
grid, as may be observed in Figure 5.

Once the directional discretization is set up and
the trajectories of the rays through the flowfield are
known, the emission and absorption coefficients are

computed along each line of sight by providing the
flowfield temperatures and species’ number densi-
ties to the line-by-line routine. Since the rays don’t
necessarily pass through the cell’s center, where its
properties are defined, an approximation must be
employed at this stage. The simplest option is to
consider the emission and absorption coefficients to
be constant along a given cell, inheriting the spectral
values of the cell-center. However, this may poten-
tially introduce large spatial integration errors in
locations where the mesh is coarse, or if the integra-
tion is carried over lengthy rays, in which case the
error accumulates with each cell. Another option is
to assume that the spectral coefficients vary linearly
between cells. This alternative was implemented in
SPARK LbL, following the approach developed by
Johnston et al. [17] for the LAURA/HARA suite
of codes at NASA. The three radiative transfer for-
mulations were implemented and compared in the
context of the Galileo entry.

The final step in obtaining the surface radiative
heating qrad is the directional integration over the
hemisphere, as defined by Eq. (5), followed by an
integration over the spectral domain. Regarding
the former, a typical integration quadrature cannot
be employed since the directional grid constructed
from the Fibonacci Lattice is irregular in θ and φ.
This complication may be avoided by using a Monte-
Carlo-based integration technique, which is justified
by the small number of variables and the large num-
ber of rays (samples). The spectral radiative heating
at a given wall location is then simply

qν = 2π
1

Nrays

Nrays∑
r=1

Iν,r cos θr , (7)

where Nrays represents the total number of rays
considered for that wall point, and θr is the angle
between the ray and the wall normal. The resulting
qν is then integrated in frequency using a trapezoidal
rule to yield the surface radiative heating.

5. Results and Discussion
The simulations performed in the present work focus
on the trajectory point at 180 km altitude, where
strong non-equilibrium is expected. Table 2 presents
the flowfield test matrix simulated in the present
work. Reynier et al. [1] also studied this point, allow-
ing for qualitative comparisons to be drawn. The

Table 2: Test matrix used in the present work
[1, 2].

Case Alt. (km) Time (s) V (m/s) T (K) p (Pa)

Wilke 1T

180 42.06 46, 674 161.9 27.5
Wilke 2T

Gupta/Yos 1T
Gupta/Yos 2T
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influence of the two considered transport models
is assessed in both thermal equilibrium and non-
equilibrium conditions (1T and 2T), by solving the
Navier-Stokes equations assuming laminar flow and
an axisymmetric flowfield. All simulations assume
an isothermal, non-catalytic wall at 3, 000 K. The
thermodynamic, kinetic and energy-exchange mod-
els described previously were applied, and when-
ever thermal non-equilibrium was considered, Park’s
rate-controlling temperature model is applied to the
dissociation reactions of H2.

The computational domain surrounding the Gali-
leo probe is illustrated in Figure 6, along with two
ARAD sensor locations, representative of mid-body
and near-shoulder regions. A structured 72 × 60
mesh was found to properly capture all flowfield fea-
tures of interest, following a mesh convergence study.
The mesh was refined at strong-gradient regions and
extended beyond the strong expansion issuing from
the shoulder, a feature that was deemed necessary
so as to obtain accurate ray-tracing predictions in
this region. However, this introduced significant
challenges to the simulation of the flow, as the large
expansion would reduce the pressure to near-vacuum
values, and the solution would easily become unsta-
ble. The extreme velocity and small CFL numbers
required to stabilize the numerical scheme ( between
10−4 to 10−2 at the start, raised to 10−1 closer to
convergence), also meant that very small time steps
were used (O(10−12 s)), and convergence took a long
time. Furthermore, the upstream velocity had to

Figure 6: Computational mesh and boundary con-
ditions.

be incrementally increased until the actual flight ve-
locity was reached, even though an implicit scheme
was used.

5.1. General Flowfield Features

Figure 7 compares the stagnation line tempera-
tures and convective heating obtained for the four
cases considered. The maximum temperature pre-
dicted using the Gupta/Yos transport model is about
28, 000 K at the shock for the non-equilibrium case,
6% higher than that obtained under equilibrium
conditions. The non-equilibrium region extends for
3–4 mm after the shock, a small thickness that will
be critical when discussing H2 radiation. Thermal
equilibrium is then attained up to the boundary
layer, where the imposed wall temperature induces
the large gradients observed. Similar considerations
apply to the Wilke 1T and 2T cases. A 5% higher
peak temperature is predicted using Wilke’s trans-
port model as a result of the lower thermal conduc-
tivities, since the shock is thinner and the heat does
not diffuse at the rate predicted with the Gupta/

(a) Temperatures along stagnation line.

(b) Convective heat fluxes along body.

Figure 7: Comparison of flowfield properties.
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Yos model. The Wilke boundary layer gradients
are not well captured due to poor mesh refinement
at the wall, despite the 72× 90 mesh used for this
case. As mentioned in [1], a first-cell height of 20
nm was required to solve this problem, which proved
unfeasible in the present work. Also, the discrep-
ancies observed with Reynier et al.’s temperature
profiles are a result of different kinetic rates and
thermodynamic databases employed.

As a result of the difficulty encountered in Wilke’s
case, the convective heat fluxes presented in Fig-
ure 7b are underpredicted. A good agreement is
found between the Gupta/Yos cases and Reynier et
al.’s prediction in the conical body section, which
doesn’t translate to the spherical section, where the
Gupta/Yos heat fluxes are larger by up to a factor
of two. Regardless of the transport model employed,
thermal non-equilibrium doesn’t appear to have an
impact in convective heating. Finally, the local peak
near the shoulder is a result of the rapid expansion
that reduces the boundary layer thickness and leads
to higher temperature gradients, increasing TPS
recession in the shoulder corner.

5.2. Radiative Heating Sensitivity Studies

Several sensitivity studies on the radiative heating
experienced by the Galileo probe are now presented,
so that the assumptions used in past predictions can
be appraised. Following the discussion on the impact
of the transport model and thermal non-equilibrium,
the radiative heating is also influenced by virtue
of the different number density and temperature
fields obtained. Figure 8 illustrates the effects of
transport, thermal equilibrium and radiative transfer
models on the radiative heating along the body,
where the constant coefficient ray-tracing model was
used unless stated otherwise.

Clearly, the overpredicted heat fluxes obtained
with the Wilke model are consistent with the un-
realistically high boundary layer temperatures re-

Figure 8: Modeling influence on radiative heating.

sulting from insufficient refinement near the wall.
However, the larger shock temperatures predicted
by this model also contribute to the discrepancy
observed between the Wilke and Gupta/Yos formu-
lations. Thus, it is difficult to conclude whether the
overprediction is a result of the poor mesh refinement
or a manifestation of the inaccuracy of the former
model at high temperatures. Moreover, the results
obtained with the Wilke transport model show a
continuous increase in radiative heating towards the
shoulder, as opposed to the slow decline observed
with Gupta/Yos. It is interesting to note that this
trend conforms with the higher shoulder heat fluxes
identified during post-flight data analysis, despite
the inaccuracies of the model at high temperatures.

Regarding non-equilibrium effects, the thermal
equilibrium solution predicts 25% higher radiative
fluxes compared to the 2T model. This stems from
strong H2 emission at the shock, and is caused by
considering the translational and vibrational temper-
atures to be in equilibrium. In reality, vibrational
relaxation occurs at a finite rate, and Tv,H2

doesn’t
reach the 26, 000 K peak predicted by the 1T case.
Thus, de-excitation takes place from less energetic
vibrational states, resulting in weaker emission.

The radiative transfer model employed also plays
an important role in the radiative heating predic-
tion. The results display 3 to 10% higher radiative
heat fluxes when the tangent-slab is used over the
conventional ray-tracing approach. This difference
increases to between 6% and 13% when the com-
parison is carried over to the more accurate linear
interpolation ray-tracing, which differs from the con-
stant coefficient model by 3% throughout the body.

An important outcome of the present work is to
understand the effects of He, He+ and H2 systems on
the radiative heating, as previous predictions have
almost exclusively considered atomic hydrogen only.
To this end, the spectral heat fluxes considering all
radiative systems are compared in Figure 9 to those
using only H systems. The solid lines, representing
the cumulative integration along the spectrum, show
that the main contribution to the 9.5% difference
results from the VUV continuum emission due to H2

radiative recombination. This difference reaches a
1.7% minimum at ARAD 7–8, suggesting the effect
of He, He+ and H2 radiation is more important at
the SP. The contribution from H2 was observed to
originate from the shock location, where tempera-
tures are highest, before dissociation consumes the
H2 available in the freestream. Therefore, it highly
depends on the shock thickness, which was seen
to vary with the transport model used, due to en-
ergy diffusion caused by high thermal conductivities.
This may lead to an underprediction of radiative
emission at the shock if the transport model is unable
to predict the high thermal conductivities associated

8



Figure 9: Effect of He, He+ and H2 radiative systems on spectral heat flux at the SP using ray-tracing
approach on the Gupta/Yos 2T solution.

with highly ionized flows.

Up to this point, the effects of precursor heating,
ablation products injection and radiation-flowfield
coupling have been neglected. These were studied
in the present work in an approximate manner, due
to a lack of available computational resources. Pre-
cursor heating effects result from photo-ionization
and photo-dissociation processes occurring before
the shock due to radiation emitted upstream from
the shock layer. The internal degrees of freedom
of H2 are excited, increasing Tv,H2

. The flowfield
changes promoted by these effects were imposed to
the Gupta/Yos 2T solution based on previous work
done on the subject [7]. A 209% increase in radia-
tive heating was observed at the SP, mainly due to
the extra molecular band radiation from H2 in the
upstream. This suggests that if precursor heating is
accounted for, the emission from H2 systems cannot
be neglected as was done in the past.

The injection of ablation products in the flowfield
was estimated using Park’s mole fractions for C, C+,
C2 and C3 at the boundary layer [11]. Similarly,
the flowfield changes induced by the inclusion of
these species were done as a post-processing step to
the Gupta/Yos 2T solution. The ensuing radiative
analysis resulted in the spectral heat fluxes depicted

in Figure 10. If these species are injected and reduce
the flowfield’s temperature to 3, 000 K near the wall,
a 74% decrease in radiative heating is observed at
the SP. However, the 3, 000 K assumption is con-
servative, and in the opposite limiting case where
ablation products injection is unable to induce a
temperature reduction, the additional emission from
these species increases the SP heat fluxes by 438%,
suggesting that an accurate modeling of ablation
products-flowfield energy exchanges is vital to prop-
erly estimate its effects on radiative heating.

Finally, the empirical Tauber-Wakefield (TW) cor-
relation was used to estimate the effects of radiation-
flowfield coupling. Such formulas, which depend on
the local radiative heat flux, are known to underes-
timate the radiative cooling effect at downstream
regions, due to its non-local character. This is indeed
observed in Figure 11. The decrease in radiative
heating is significant all along the body, but more
so in the stagnation region. The results of Moss
and Simmonds for the altitudes of 184.5 km (40 s)
and 166.6 km (43 s) reveal the same trend obtained
with the Wilke model with heat fluxes increasing to-
wards the shoulder. The SP prediction is within the
bounds reported by Matsuyama for the altitudes of
184.5 km and 166.60 km, obtained using a tangent-

Figure 10: Spectral heat fluxes at SP when ablation products are present in the 3, 000 K boundary layer.
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Figure 11: Comparison of corrected radiative heat-
ing predictions with literature results.

slab approach coupled to an equilibrium flowfield,
and only considering H and H+ radiation. Park’s
prediction, which properly treats ablation products
injection, is significantly lower, but again thermo-
chemical equilibrium was assumed. This limits the
conclusions that may be drawn from such compar-
isons. Two additional points were included at the
SP in Figure 11. Both show how the combined effect
of precursor heating and ablation product absorp-
tion almost cancel, provided the conservative case
for ablation product temperatures is used.

6. Conclusions
Despite the practical nature of this dissertation, a
substantial amount of code development was neces-
sary, so as to improve the models applied in the past
to Galileo’s entry. The transport module in SPARK
was re-structured to integrate the modern trend in
CCS databases, and the ray-tracing algorithm in
SPARK LbL was re-built in OOP Fortran standards.

When applied to Galileo’s entry, the Wilke model
predicts a narrower shock with higher peak tem-
peratures when compared to Gupta/Yos, leading
to a substantial overprediction in radiative heat-
ing. H2 radiation was found to play an important
role in entry to Jupiter, especially when precursor
heating effects are accounted for. Also, thermal non-
equilibrium effects must be accurately modeled so as
to avoid the vibrational temperature peak prediction
under equilibrium conditions. If precursor heating
is neglected, inclusion of He, H+ and H2 radiation
increases radiative heating by 9.5% at the SP.

Ablation products absorption was shown to poten-
tially counteract the effects of H2 precursor heating.
However, the ablation layer temperature must be
accurately predicted using a material-response code
coupled to the flowfield. Although a 74% decrease
in radiative heating is observed in the conservative
case, the 438% increase predicted otherwise reveals

the uncertainties one may expect to deal with if
ablation product-flowfield energy exchanges are not
properly modeled. Finally, the analysis conducted
on the effects of three-dimensional radiation model-
ing reveals a maximum 10% difference between the
tangent-slab and ray-tracing approaches at the SP.
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