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Numerical Simulation of Galileo Probe Entry Flowfield
with Radiation and Ablation
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A trajectory-based heating analysis of the Galileo probe entry flowfield is attempted to reproduce the heat-
shield recession data obtained during the entry flight. In the calculation, the mass conservation equations for the
freestream gas (hydrogen–helium gas mixture) and the ablation product gas are solved with an assumption of
thermochemical equilibrium. The ablation process is assumed to be quasi steady and is coupled with the flowfield
calculation. The radiative energy transfer calculation is tightly coupled with the flowfield calculation, where the
absorption coefficients of the gas mixture are given by the multiband radiation model having 4781 wavelength
points for wavelength range from 750 to 15,000 Å. The injection-induced turbulence model proposed by Park
is employed to account for the enhanced turbulence effect due to the ablation product gas. It is shown that the
final recession profile of the flight data at the frustum region can be closely reproduced if the injection-induced
turbulence model is employed, although that at the stagnation region is overestimated. The cause of the enhanced
radiative heating that occurs at the frustum region is given in connection with the enhanced turbulence effect in
the shock layer.

Nomenclature
A+ = constant in Eq. (12)
C = mass concentration
D = binary diffusion coefficient, m2/s
d = mixing length, m
F = x component of convective flux vector
Fv = x component of viscous flux vector
G = y component of convective flux vector
Gv = y component of viscous flux vector
H = source vector for axisymmetric flow
Hv = source vector for viscous flow
Hrad = source vector for radiation
ṁ = mass injection rate, kg/m2 · s
n = number density, 1/cm3

Q = conservative variables
qc = convective heat flux, MW/m2

qrad = radiative heat flux, MW/m2

Sc = Schmidt number
y = distance from the wall, m
y+ = dimensionless distance from the wall
�Ha = heat of ablation, MJ/kg
�s = surface recession rate, m/s
κλ = absorption coefficient at given wavelength, cm−1

σλ = absorption cross section at given wavelength, cm2

τ = time constant in Eq. (15), 2 × 10−4s
χ = von Kármán constant, 0.4
ω = vorticity, s−1
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Subscripts

a = ablation product gas
BL = Baldwin–Lomax turbulence model
f = freestream gas
i = species i
inj = injection-induced turbulence model
sub = sublimation
t = turbulent
v = virgin material
w = wall value

Introduction

T HE Galileo probe vehicle entered into the atmosphere of the
gaseous giant planet Jupiter at a relative velocity of 47.4 km/s

on 7 December 1995. During the deceleration from Mach 50, the
peak heating rate and heat load exerted on the forebody heatshield
amounted to 300 MW/m2 and 3000 MJ/m2, respectively.1−3 The
maximum deceleration was as large as 250 g. No spacecraft has
ever experienced such severe entry conditions.

Figure 1 shows the cross section of the Galileo probe vehicle
deceleration module.1−3 The probe configuration is a sphere–cone
with 22.2-cm nose radius and 44.86-deg half-angle. There were 10
analog resistance ablation detector (ARAD) sensors embedded in its
forebody heatshield, and 4 resistance thermometers were bonded to
the inside of the structure.2,3 Figure 2 shows the locations of ablation
sensors (A1–A10) in the forebody heatshield. The ablator recession
data were successfully transmitted via the Galileo orbiter to the Earth
after probe entry, and the final recession profile was deduced.2,3

Before the entry flight, predictions were made for the entry heat-
ing environment.1 These calculations employed the viscous shock-
layer code and assumed thermochemical equilibrium. Radiative heat
fluxes were calculated using the spectrally detailed radiation model
and also the tangent-slab approximation. The shock-layer flow was
assumed to be fully turbulent. In Fig. 3, the comparison of the pre-
dicted surface recession and that of the flight data2,3 are shown.
As can be seen, the predicted recession overestimates 30% at the
stagnation region, whereas it substantially underestimates over the
frustum region.

In the preflight prediction,1 a two-layer, eddy-viscosity tur-
bulence model based on the mixing-length concept and the
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Fig. 1 Cross section of the Galileo Probe vehicle deceleration
module.1−3

Fig. 2 Locations of 10 ablation sensors.2,3

Fig. 3 Comparison of predicted final forebody heatshield recession
profile with flight data.

Clauser–Klebanoff expression was employed as the baseline tur-
bulence model. In addition, two different turbulence models were
also examined for comparison. One can find, however, that all of
these turbulence models actually failed to reproduce the anoma-
lously higher heating rate that appeared at the frustum region. These
turbulence models are originally derived for a smooth wall without
surface injection. Promotion of turbulence in the boundary layer due
to injection of the ablation product gas was pointed out as one clue
to reproduce the flight data at the frustum region.4

In Ref. 5, Park assumed that the turbulence intensity of the ab-
lation product gas injected into the boundary layer was finite and
a function of the mass injection rate. The origin of turbulence of
the injected gas could be attributed to rough surface, intermittent
injection of the ablation product gas, and coalescence of injected

jets through the char layer. He derived the functional form for the
mixing length at the wall surface and determined the time constant
by a comparison with the experimental data at the stagnation point
where the boundary layer is otherwise laminar.

Izawa and Sawada implemented this injection-induced turbulence
model in the existing computational fluid dynamics (CFD) code
through a combination of two different eddy-viscosity models.6 The
near-wall behavior of the turbulent injection gas was described by
the mixing length theory using the modified Van Driest damping
function (see Ref. 7). The injection-induced turbulence model gives
the boundary condition for this part of the combined eddy-viscosity
model. The overall turbulent boundary layer except for the turbulent
injection gas is described by the Baldwin–Lomax zero-equation
model.8 It was shown in the computation for a sphere with wall
injection that the enhanced heat transfer rate at the stagnation point
was well reproduced and that a higher heating rate in the downstream
region was indicated.

This unique turbulence model was employed in the analyses of
heating environment for the Pioneer-Venus probe vehicles. Because
of the higher convective heating due to the enhanced turbulence
effect, the temperature rise in the ablative heatshield at the frus-
tum region was successfully reproduced.9,10 This turbulence model,
however, has not yet been attempted for the Galileo probe vehi-
cle. In the Galileo case, the convective heating is far smaller than
the radiative heating due to massive injection.1,11 Therefore, the
higher convective heating due to the enhanced turbulence effect that
explained the temperature rise at the frustum region of the Pioneer-
Venus probe vehicles does not seem applicable to the Galileo case
directly. However, the promotion of turbulence in the shock layer
and, hence, in the ablation layer due to the ablation product gas can
alter various flow features considerably. It is interesting to examine
the possible effects of injection-induced turbulence on the overall
heat flux exerted on the Galileo probe vehicle.

In addition to the stated turbulence effect, there are several other
issues that can alter the heating rate exerted on the Galileo probe
vehicle while descending into the Jovian atmosphere. In the pre-
flight prediction,1 the helium mole fraction was assumed to be
11%, whereas the measured mole fraction was 13.6% (Refs. 12
and 13). This larger helium mole fraction can cause higher temper-
ature in the shock layer in the actual flight. According to the study
by Brewer and Brant,14 this difference can increase the radiative
heat flux by about 20% for the peak heating condition. Such higher
radiative heating is expected to increase the amount of recession in
the frustum region to yield a closer agreement to that of the flight
data. However, this will cause further discrepancy in the stagnation
region.

Yet another important physical process that has an impact on the
surface heating rate is the nonequilibrium effect. Park and Tauber
suggested the observed discrepancy in the recession profile at the
stagnation region could be explained by the nonequilibrium effect.4

Because a finite time elapses behind the shock wave before radiation
emission occurs, the thickness of radiating gas is less than the actual
shock-layer thickness.15 As a result, radiative heat flux at the stagna-
tion region can be reduced from that given by the preflight analysis,
assuming thermochemical equilibrium to yield a closer agreement
to that of the flight data. Note, however, that this nonequilibrium
effect conversely reduces radiative heat flux over the frustum.

The ultimate purpose of the present study is to reproduce the sur-
face recession data of the Galileo probe vehicle obtained during the
entry flight into the Jovian atmosphere. We attempt to carry out a
trajectory-based heating analysis of the entry flight accounting for
both radiation and ablation. In the present study, however, we focus
on the reproduction of the larger amount of recession observed at
the frustum region in the flight data because we employ the thermo-
chemical equilibrium assumption. The actual atmospheric compo-
sition is assumed in the present calculation to have a larger heating
rate. Park’s injection-induced turbulence model5 is employed to see
the consequence of how the enhanced turbulence effect due to the
ablation product gas can increase radiative heat flux toward the wall
at the frustum region. The obtained surface recession is compared
with the flight data.
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Numerical Method
Governing Equations

The governing equations are the Navier–Stokes equations in an
axisymmetric form, which can be written as

∂ Q

∂t
+ ∂(F − Fv)

∂x
+ ∂(G − Gv)

∂y
+ (H − Hv) = Hrad (1)

The components of the conservative variables, the flux vectors, and
the source vectors are given, respectively, as follows:
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In the study by Moss,16 the viscous shock-layer equations consist-
ing of the total mass, the elemental species mass, the momentum,
and the total energy conservation equations for an equilibrium mul-
ticomponent gas mixture were considered. On the other hand, in
this study, the mass conservation equations for the freestream gas
(hydrogen–helium gas mixture) and that for the ablation product
gas are solved, in which the ratio of the elemental concentration of
each gas is assumed to be constant. Those subscripts f and a de-
note the freestream gas and the ablation product gas, respectively.
We assume a binary diffusion between the freestream gas and the
ablation product gas where the diffusion velocity of the present gas
mixture is proportional to the gradient of the mass concentration C .

Therefore, the x component of the diffusive flux for the freestream
gas, for example, can be expressed as

ρ f u f = −ρD f a
∂C f

∂x
(3)

The binary diffusion coefficient D f a is given by

D f a = µ/Sc ρ (4)

where a constant Schmidt number Sc (= 0.582) is assumed (see
Ref. 1).

The governing equations are discretized by a finite volume
method. The numerical flux function is given by the AUSM-DV
scheme17 with use of the MUSCL approach to attain a higher-order
of spatial accuracy. A matrix-free lower–upper symmetric Gauss–
Seidel method is employed for the implicit time integration, ex-
cept for the radiative heat fluxes that are integrated explicitly (see
Ref. 18).

Boundary Conditions
It is assumed that the ablation process is quasi steady. The mass

injection rate is determined from an energy balance at the wall,
which is given by

ṁ = (−qc,w − qrad,w)/�Ha (5)

The wall temperature is assumed to coincide with the sublimation
temperature of the ablator. The sublimation temperature (in degrees
Kelvin) and the heat of ablation for the carbon-phenolic ablator are
calculated by the following expressions, respectively, as1

Tsub = 3797.0 + 342.0 log pw + 30.0(log pw)2 (6)

�Ha = 28.0 − 1.375 log pw + 27.2(log pw)2 (7)

where pw is the wall pressure in atmospheres. The composition of
the carbon-phenolic ablator is assumed 92% carbon, 6% oxygen,
and 2% hydrogen by mass.1 The wall temperature and the mass
injection rate are calculated iteratively while coupled with the flow-
field calculation.

The surface recession rate is defined by

�s = ṁ/ρv (8)

where the density of virgin material is given by3 ρv = 1448 kg/m3.
In the present calculation, the amount of the surface recession at
each trajectory point is calculated by using a second-order formula
based on the surface recession rates at the prior trajectory points.
The computational meshes are generated at each trajectory point by
considering the probe shape change.

For radiation calculation, the wall is treated as a gray surface
with a reflectivity of 0.1 and an emissivity of 0.9. The far-field gas
is assumed to be a blackbody at the freestream temperature.

Thermochemical Equilibrium Gas Properties
The equilibrium gas properties are calculated by the free-energy

minimization technique.19 The elemental species composition that
is required for the free-energy minimization calculation is deter-
mined from the mass concentration of the freestream gas C f and
that of the ablation product gas Ca . Seven chemical species such
as H2, H, He, H+

2 , H+, He+, and e− are considered to describe the
freestream gas. An additional 18 species, C, C2, C3, C4, C5, C+, CH,
C2H, C3H, C4H, C5H, CH2, C2H2, O, O2, O+, CO, and CO2, are
considered for the ablation product gas. The final chemical com-
position of these 25 chemical species is determined in the present
calculation through the table lookup interpolation method.20 The
thermodynamic and transport properties of these chemical species
are taken from Refs. 21–25.
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Radiation Model
In the present multiband model, the absorption coefficients of

the gas mixture are calculated at 4781 wavelength points for the
wavelength range from 750 to 15,000 Å. These wavelength points
are carefully selected to include all of the important atomic lines that
participate in the energy transfer in the shock layer.26 Continuum
radiation, as well as absorption due to molecules, is also accounted
for.

The absorption coefficient of the gas mixture is expressed as a
sum of those for individual species, which is written as

kλ =
∑

i

niσ
i
λ (9)

where ni is the number density of species i and σ i
λ is the absorp-

tion cross section per 1 mol/cm3 of species i . The absorption cross
section of individual species determined by the detailed line-by-line
calculation27 is first tabulated at the chosen wavelength points for the
temperature range from 3000 to 17,000 K and for the electron num-
ber density range from 1010 to 1018 1/cm3. The temperature range is
divided into 14 equal intervals, whereas the electron number density
range is divided into 20 equal intervals in the logarithmic scale. In
the actual flowfield computations, the absorption cross section at
the local temperature and electron number density are determined
from a bilinear interpolation of the tabulated data. This is in con-
trast to the conventional multiband radiation model for air in which
the absorption cross section is determined from a curve fit depend-
ing only on the local temperature.26 The present treatment is found
necessary because the absorption cross section of atomic hydrogen
depends critically on the electron number density because of the
Stark broadening effect.

The validity of the present table lookup method for finding the
absorption cross section in the multiband model is examined by com-
paring the calculated radiative heat flux profiles with those given by
the detailed line-by-line calculations for various shock layer proper-
ties. Though not shown here, good agreements are obtained for the
radiative heat flux profiles in the shock layer with varying temper-
ature and electron number density. We also note that the multiband
model for hydrogen–helium mixture constructed along the lines
of the present method has been applied to solve the entry flight
flowfield of the Galileo probe with radiation.28 Ablation was not
accounted for in that calculation. The obtained results showed rea-
sonable agreement with that shown in the preflight prediction of
Moss and Simmonds.1

In the present radiation calculation, the participating chemical
species are H and H+ for the freestream gas and, in addition, C, C2,
C3, O, O2, and CO for the ablation product gas. Radiation mecha-
nisms included in the calculation are listed in Table 1.27,29−34

One-dimensional radiative transfer calculation using the tangent-
slab approximation is employed in the present calculation to de-

Table 1 Radiation mechanisms involved in the present
radiation model

Species System Source

Atomic lines
H Lyman, Balmer, and Paschen series 29,30
C 710 lines 27,30
O 564 lines 27,30

Molecular bands
C2 Swan, Ballik-Ramsay, Fox-Herzberg, Freymark,

Mulliken, Deslandres-d’Azambuja, Phillips 27
CO 4+, Hopfield-Brige 27
O2 Schumann-Runge 31
C3 Swings, UV 27,32

Bound-free continuum
H 33,34
C 600–62,000 Å 27,31
O 500–10,000 Å 31

Free–free continuum
H, H+ 30,34

termine the radiative heat flux. A fully coupled calculation of the
flowfield and radiation is carried out for obtaining a converged so-
lution for the strongly radiating flowfield. To reduce the computing
time, we employ the parallel computation for solving the radia-
tive transfer equations35 using a SGI ORIGIN 2000 with up to 128
processors.

Turbulence Model
The injection-induced turbulence model is implemented into the

present CFD code to yield the overall eddy viscosity as9,10

µt = (µt )BL + (µt )inj (10)

where the first term is given by the original form of the Baldwin–
Lomax turbulence model.8 The second term is given by

(µt )inj = ρd2
inj|ω| (11)

dinj = max(0, dw − χy) exp(−y+/A+) (12)

The mixing length dinj takes the maximum value dw at the wall and
decays exponentially in the boundary layer according to the Van
Driest theory. The wall mixing length dw is chosen to satisfy the
following relation:

(µt,w)Park = ρwd2
w|ω|w (13)

where (µt,w)Park is the eddy viscosity at the wall with injection flow.
Park determined this as5

(µt,w)Park = 0.4ṁd (14)

where the mixing length d is simply given by

d = τ ṁ/ρw (15)

The time constant τ is taken to be 2 × 10−4 s. Details of the injection-
induced turbulence model are described in Ref. 5. The turbulent
Prandtl number and Lewis number are assumed to be 0.9 and 1.0,
respectively.1

Flow Conditions
Calculations are carried out at eight trajectory points chosen along

the actual entry trajectory.2 The freestream conditions for each tra-
jectory point are listed in Table 2. The freestream composition is
assumed to be 86.4% H2 and 13.6% He by volume. Figure 4 shows
a typical example of the computational meshes with 51 × 71 grid
points. At the shock position, grid lines are clustered to resolve the
detached shock wave sharply. In the present calculations, a Courant–
Friedrichs–Lewy number of 1000 is assumed.

Results and Discussion
In Fig. 5, the final recession data obtained in the present calcula-

tion is compared with the flight data2 and that obtained in the study
by Moss and Simmonds.1 At the stagnation point, the calculated
final recession overestimates the flight data considerably, although
it agrees with that given by Moss and Simmonds.1 At the frustum
region, on the other hand, the obtained final recession closely repro-
duces the flight data.

Table 2 Flow conditions at the trajectory points2

Time, s Altitude, km Velocity, km/s Density, kg/m3

40.35 190 46.951 3.16 × 10−5

43.79 170 46.256 7.03 × 10−5

47.36 150 44.813 1.49 × 10−4

49.21 140 43.531 2.27 × 10−4

51.16 130 41.591 3.49 × 10−4

53.23 120 38.617 5.56 × 10−4

55.52 110 34.296 8.36 × 10−4

58.19 100 28.440 1.23 × 10−3
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Fig. 4 Computational 51 ×× 71 grid point mesh used in calculation at
51.16 s.

Fig. 5 Comparison of obtained final forebody recession profile with
flight data and preflight prediction.

Figures 6a–6c show various flowfield properties at the peak heat-
ing point (51.16 s) along the line normal to the wall at the ARAD sen-
sors locations, as well as at the stagnation point. Figure 6a shows the
temperature profiles. The shock-layer temperature reaches 16,000 K
at the stagnation region, whereas it is 13,000 K at the frustum re-
gion. However, note that the gas temperature in the near-wall region
is lower at the stagnation point than that at the other sensor loca-
tions. Figure 6b shows the mass fraction of the ablation product
gas. Toward the frustum region, the ablation product gas penetrates
deeper into the shock layer due to diffusion. At the stagnation point,
the mass fraction of the ablation product gas is rather abundant
in the near-wall region, whereas it sharply decreases as departing
from the wall surface in the downstream region. Figure 6c shows
the wallward radiative heat flux profiles. At the stagnation point,
significant absorption of the radiative heat flux occurs in the near-
wall region. The attenuation due to absorption is as large as 55%
with respect to the peak value. At the frustum region, on the other
hand, the attenuation amounts only to about 25% because of the
weaker absorption.

Figures 7a and 7b show the spectral intensity reaching the wall
surface at the stagnation point and at the location of ARAD 7-8,
respectively. The spectral intensity is obtained by the line-by-line
transport calculation27 using the converged flowfield solution. At
the stagnation point, one sees that C3 UV bands significantly absorb
radiation in the wavelength range from 1400 to 2000 Å. Absorption
due to C3 Swings band is also observed from 3000 to 5000 Å. The

a)

b)

c)

Fig. 6 Flowfield properties along the line normal to the wall at the peak
heating point, 51.16 s: a) temperature distributions, b) mass fraction
distributions of ablation product gas, and c) wallward radiative heat
flux distributions.

Hβ line of atomic hydrogen at 4800 Å is partially absorbed by the
C2 Swan band system. At the frustum region, on the other hand,
absorption due to C2 and C3 band systems are not as significant
compared with that at the stagnation region. Note that many atomic
carbon lines in the wavelength range from 1400 to 2000 Å and above
7000 Å reach the wall at the frustum region. These emissions come
from the high-temperature shock-layer region where the ablation
product gas is reached due to diffusion effect as shown in Fig. 6b.
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a)

b)

Fig. 7 Spectral intensity reaching the wall at peak heating point,
51.16 s: a) stagnation point and b) ARAD7-8.

Fig. 8 Number density distributions of C2 and C3 along line normal
to wall at peak heating point, 51.16 s.

The number density distributions of C2 and C3 in the near-wall
region along the line normal to the wall at the locations of ARAD
sensors as well as at the stagnation point are indicated in Fig. 8.
Because the temperature in the near-wall region becomes higher
at the frustum region as indicated in Fig. 6a, those C2 and C3 are
likely dissociated and can only remain in the vicinity of the wall.
This reduces the absorption of radiation considerably at the frustum
region.

Fig. 9 Spectral intensity reaching the wall at the location of ARAD7-8
(injection-induced turbulence model not included).

Now it becomes clear that the large recession in the frustum region
in the present calculation is due to a large radiative heat flux caused
by the weak absorption there, which is due to the reduced number
densities of C2 and C3 in the near-wall region. The reduction of C2

and C3 can occur either by dissociation due to the high temperature
in the near-wall region or by the diffusion of the ablation product
gas. We have seen in Fig. 6a that higher temperature that promotes
dissociation appears in the near-wall region. We also have seen in
Fig. 6b that the mass fraction of the ablation product gas rapidly
decreases due to the diffusion in the near-wall region, except at the
stagnation point. Therefore, it is necessary to identify the reason
why these effects that contribute to reduce the number densities of
C2 and C3 occur rather significantly in the present calculation.

Figure 9 shows the spectral intensity reaching the wall surface at
the location of ARAD 7-8 obtained from the converged flowfield
solution that does not take account of the injection-induced turbu-
lence model. The helium mole fraction is assumed to be 13.6%.
Comparison with the result shown in Fig. 7b in which the effect
of injection-induced turbulence is accounted for reveals that strong
absorption by C3 UV bands occurs in the wavelength region from
1400 to 2000 Å. The comparison of the mass fraction profiles of
the ablation product gas in the near-wall region at the location of
ARAD 7-8 is shown in Fig. 10a. When the injection-induced turbu-
lence model is included in the calculation, the fraction of the ablation
product gas is reduced significantly in the near-wall region due to
an enhanced diffusion effect. This can be confirmed in Fig. 10b, in
which the normalized eddy-viscosity distributions in the near-wall
region at ARAD 4 as well as at ARAD 7-8 are shown. Note that
the eddy viscosity in the near-wall region is significantly increased
when the injection-induced turbulence model is combined with the
Baldwin–Lomax turbulence model. Figure 10c shows the number
density distributions of C2 and C3 in the near-wall region at the lo-
cation of ARAD 7-8. When the injection-induced turbulence model
is included in the calculation, the number densities of C2 and C3 are
significantly decreased in the near-wall region. All of these results
indicate that the larger eddy viscosity in the near-wall region caused
by the injection-induced turbulence model enhances the diffusion
effect that reduces the mass fraction of the ablation product gas in
the near-wall region, increases the temperature to promote dissoci-
ation reactions of C2 and C3, and makes the absorption of radiation
weaker.

In Ref. 4, Park and Tauber pointed out several possible reasons
for observed difference in the final recession profile between that
deduced from the flight data of the Galileo probe and that of the
preflight prediction at the frustum region. Though we do not deny
other possible reasons, we emphasize here that the enhanced tur-
bulence effect due to the ablation product gas can give a consistent
explanation of why the radiative heat flux is increased at the frustum
region. We also emphasize that a reasonable agreement is obtained
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a)

b)

c)

Fig. 10 Effect of injection-induced turbulence model on flowfield
properties in near-wall region at ARAD7-8: a) mass fraction distribu-
tions of ablation product gas, b) normalized eddy viscosity distributions,
and c) number density distributions of C2 and C3.

for the first time between the calculated final recession profile at
the frustum region and that of the flight data when we employ the
injection-induced turbulence model.

Let us compare the overall influences of changing the atmospheric
composition and also of introducing the injection-induced turbu-
lence model on the surface radiative heat flux at the peak heating
point (51.16 s). In Fig. 11, four cases are compared for the forebody
radiative heat flux. The present calculation, in which the helium

Fig. 11 Influences of changing atmospheric composition and introduc-
ing injection-induced turbulence model on forebody radiative heat flux
distributions.

mole fraction is assumed to be 13.6% and the injection-induced
turbulence model is employed, gives the highest radiative heat flux
among these four cases. On the other hand, if the helium mole frac-
tion is assumed to be 11.0% and the injection-induced turbulence
model is not used, we have the lowest radiative heat flux. This case
corresponds to that given by Moss and Simmonds.1 The case with
the helium fraction of 13.6% but the injection-induced turbulence
model not used gives the averaged value of the earlier two cases.
This almost agrees with the result given by Brewer and Brant.14 The
remaining case of assuming the helium fraction to be 11.0% with
the injection-induced turbulence model considered in the calculation
gives the radiative heat flux distribution that almost duplicates the
preceding result. From these results, therefore, both the increased
helium fraction in the freestream gas and also the consideration of
the injection-induced turbulence model in the calculation are equally
contributing to increase the radiative heat flux at the frustum region.

Finally, the following remarks are noted. First, it is found that
the convective heat fluxes at ARAD sensor locations are almost di-
minished at all trajectory points due to massive ablation, even if we
consider the effect of injection-induced turbulence in the calcula-
tions. Therefore, the net heat flux virtually agrees with that of the
radiative heat flux. Second, besides the nonequilibrium effect men-
tioned earlier, the radiative heat flux at the stagnation region can
be reduced if we determine the radiative heat flux accounting for
the multidimensional radiative transfer.28 The tangent-slab approx-
imation used in the present calculation is known to yield a larger
amount of radiative heat flux at the stagnation region for a typical
radiating flowfield over a blunt body. Last, we note that the amount
of the final recession obtained in the present calculation still under-
estimates the flight data slightly at the frustum region. The radiative
heat flux at the frustum region can be increased if we consider the
spalled particles from the ablator surface because those spalled par-
ticles not only enhance the turbulence intensity in the shock layer,
but also to emit radiation while heated in the shock layer.36,37 The
significance of these effects due to spalled particles, however, needs
to be clarified.

Conclusions
A trajectory-based heating analysis of the Galileo probe entry

flowfield with radiation and ablation is successfully carried out. The
flowfield is assumed to be in thermochemical equilibrium. The radia-
tive energy transfer calculation is tightly coupled with the flowfield
calculation, where the absorption coefficients of the gas mixture are
given by the multiband radiation model. The injection-induced tur-
bulence model is employed to account for the enhanced turbulence
effect due to the ablation product gas. It is shown in the present
calculation that the final recession profile of the flight data at the
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frustum region can be closely reproduced if we employ the injection-
induced turbulence model, although that at the stagnation region is
overestimated. It is indicated that the larger eddy viscosity caused
by the injection-induced turbulence model enhances the diffusion
effect that reduces the mass fraction of the ablation product gas in
the near wall region, increases the temperature to promote dissoci-
ation reactions of C2 and C3, and makes the absorption of radiation
weaker.
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