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Nomenclature
A—As = fitting parameters in Eq. (2)
c1—c4 = coefficients in Eq. (3)
n = molar concentration, mol/m3
T = temperature, K
K = absorption coefficient at given wavelength, m~!
A = wavelength, A
0. = absorption cross section at given wavelength, m?/mol
Subscripts
e = electron
i = species i
itb = index of table data point for temperature
jtb = index of table data point for electron number density

Superscripts

i = species i

Introduction

HEN the Galileo probe vehicle entered the Jovian atmo-
sphere, the peak heating rate and the heat load on the
forebody heat shield amounted to 300 MW/m? and 3000 MJ/m?,
respectively.”> As a result, massive ablation occurred that resulted
in a substantial reduction of the heat shield mass.! The flight data
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revealed that there was a significant discrepancy of the final reces-
sion profile from that given by the preflight prediction. Indeed, the
amount of recession occurred at the stagnation region deduced from
the flight data was almost three-fourths and that at the frustum region
was almost double when compared with those given by the preflight
prediction.? This discrepancy has yet to be explained.

Recently, in our previous study,? we succeeded in reproducing the
large recession occurring at the frustum region and gave one con-
sistent explanation for why the radiative heat flux along the frustum
region of the Galileo probe was larger than the preflight predic-
tions. It was found that the number densities of radiation-absorbing
carbonaceous species in the ablation layer were substantially de-
creased by excessive diffusion and dissociation reactions caused by
the enhanced turbulence effects. To obtain this result, an accurate
calculation of a strongly radiating flowfield over the Galileo probe
that accounted for detailed spectral radiative properties was used.

The line-by-line method* is known to yield the most accurate
spectral radiative properties of high-temperature gases. However, it
is not suitable for coupling with a flowfield calculation because of
its enormous computational load. The modern multiband radiation
models can reduce the computing time of the line-by-line calcula-
tion at least by a factor of 100 and reproduce the line-by-line result
within a small error.>¢ In these models, it is customary to assume
that the absorption coefficients depend only on temperature, assum-
ing in advance typical electron number densities within the shock
layer. This treatment, however, is not suitable for the Galileo probe
entry case because the line shape of atomic hydrogen has significant
dependence on electron number density. In this study, therefore, we
give a new implementation of the radiation multiband model that
depends on both the local temperature and electron number density.

Formulation

In the present multiband model for the computation of the Galileo
probe entry flowfield, the participating chemical species are assumed
tobe H, H', C, C,, C3, O, O,, and CO. Radiation mechanisms con-
sidered in the multiband model are given in Ref. 3. The line-by-
line absorption cross sections are obtained using our in-house code,
which was developed based on the NEQAIRSS. In this code, the
spectroscopic data needed for computing spectral radiative proper-
ties, such as the Einstein A coefficient, the sum of the squares of the
electronic transition moments, and the Franck—Condon factor, are
updated to the latest available values. The absorption coefficients
of the gas mixture are calculated at 4781 wavelength points for the
wavelength range from 750 to 15,000 A. These wavelength points
are carefully selected to include all the important atomic lines that
participate in the energy transfer in the shock layer.’ Continuum
radiation, as well as absorption due to molecules, is also accounted
for.

Let us first describe the conventional multiband model.>® The ab-
sorption coefficient of a gas at a given wavelength point is expressed
as a sum of those for individual species, which can be written as

i
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The cross-section values are evaluated by a curve fit in the form

”)( = eXp {Aiu/z + Agx + Aéx tn(z) + Afuz + Agxzz} (@3]
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where z=10,000/T and AZ,.A(k =1,2,3,4,5) are fitting parame-
ters. Those fitting parameters are determined according to the fol-
lowing procedure. First, the cross-section values of each species are
calculated by the line-by-line method at five typical temperatures
in the shock layer (for example, 3000, 6500, 10,000, 13,500, and
17,000 K for the Galileo probe entry case). The electron number
density at each temperature is required for the calculation of free—
bound and free—free absorption and the Stark broadening of the
atomic line. These values can be estimated by means of an equilib-
rium assumption with the pressure evaluated behind the shock wave
and the selected five temperatures. By solving the resulting five
simultaneous equations, the fitting parameters can be determined.

The aforementioned treatment gives fair agreement with the re-
sults given by the line-by-line method if the dependence of radiation
properties on electron number density is relatively weak. Unfortu-
nately, this is not the case for the Galileo probe entry flight because
the Stark broadening of atomic lines from hydrogen atoms is signifi-
cant and strongly depends on the electron number density. Moreover,
the atomic hydrogens are the dominant contributor to the radiative
heating exerted on the Galileo probe. Therefore, the conventional
multiband model can give erroneous results if the electron number
density used in obtaining the fitting parameters is poorly chosen.

Now we describe an alternative approach to obtaining the cross-
section values, in which bilinear interpolation’ in terms of both
temperature and electron number density is utilized. We first tabulate
the absorption cross-section values at the specified temperatures
and electron number densities using the line-by-line method.* The
absorption cross-section is then given by

o{(T,n,) =ci + T +csn. +csTn, A3)

The coefficients ¢;—c,4 in the above expression are defined as
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where o}i(itb,jtb)’ Tiiw), and ngp) are the absorption cross-section
value, the temperature, and the electron number density at the data
point (itb, jtb), respectively. The derivatives in the above expressions
are evaluated by the first-order difference approximation using the
tabulated data.” Note that the first derivatives so obtained can be dis-
continuous at the table data points. However, the computed results
exhibit no problem leading to inaccuracies. The bilinear interpola-
tion of Eq. (3) is applied to all the participating chemical species.

In the calculation of the Galileo probe entry flowfield, the cross-
section data are tabulated for the temperature range from 3000 to
17,000 K and the electron number density ranges from 10'° to
10" cm~3. The temperature range is divided into 14 segments at
regular intervals, whereas the electron number density range is di-
vided into 10 segments at regular intervals in the logarithmic scale.
The obtained tabulated cross-section data is found to be sufficiently
smooth for the present purpose.

Results and Discussion

We attempt to justify the developed multiband radiation model
in terms of reproducing the radiative heat flux profiles given by
the detailed line-by-line calculation. In what follows, therefore, the
computed radiative heat flux profiles and that given by the line-
by-line method are compared with respect to typical shock layer
properties obtained in our previous study? for the peak heating con-
dition of the Galileo probe entry flowfield. In Ref. 3, we solved
the Navier—Stokes equations in the axisymmetric form using our
in-house code. We assumed thermochemical equilibrium in the cal-
culation. The equilibrium gas properties were obtained by utilizing
the free-energy minimization method. The flowfield data used in the
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Fig. 1 Shock layer profile along the stagnation streamline obtained

for the peak heating condition of the Galileo probe entry flowfield.? The
inset shows the near wall distributions of carbonaseous species.
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Fig. 2 Comparison of the net radiative heat flux distributions along
the stagnation streamline between the present multiband model, the
line-by-line method, and the conventional multiband model. Negative
value corresponds to the radiative heat flux toward the wall and vice
versa.

-
o
G

-
(=
N
T

-
o
w
T

— Present ]
-+ Line-by-line

f 1

Radiative intensity, W/im?Z-sr-A

-
o
N

10° 10*
Wavelength, A

Fig. 3 Comparison of spectral radiative intensity incident on the wall
given by the present multiband model and that given by the line-by-line
method.

present study are identical to those presented in Ref. 3. The radia-
tion model detailed in this study is also identical to that employed in
Ref. 3. In this study, one-dimensional radiative transfer calculations
assuming the tangent-slab approximation are carried out along the
shock layer profile shown in Fig. 1 with different radiation models.

In Fig. 2, comparisons of the net radiative heat flux distributions
are given. One can find that the present multiband model well re-
produces that given by the line-by-line calculation. Note that two
radiative heat flux distributions using two different table intervals
virtually agree with each other, confirming that the cross-section
table with 14 x 10 intervals is sufficient for the present purpose. On
the other hand, the conventional multiband model obviously fails to
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Fig. 4 Shock layer profile along the line normal to the wall in the down-
stream frustum region.? The inset shows the near wall distributions of
carbonaceous species.
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Fig. 5 Comparison of the net radiative heat flux distributions in the
shock layer given by the present multiband model, the line-by-line
method, and the conventional multiband model. The inset shows the
net radiative heat flux distributions near the wall.

reproduce the heat flux distribution within the ablation layer near
the wall. The radiative heat flux values at the wall are determined
to be —226, —234, and —192 MW/m? by the line-by-line calcula-
tion, the present multiband model, and the conventional multiband
model, respectively.

The spectral radiative intensity distributions incident on the wall
given by the present multiband model and that by the line-by-line
calculation are compared in Fig. 3. The present multiband model
again reproduces spectral intensity given by the line-by-line cal-
culation quite well. Although we do not show the result here, the
conventional multiband model overestimates absorption due to car-
bonaceous species in the ablation layer, which can result in erro-
neous heat flux distribution near the wall.

Figure 4 shows the shock layer profile along the line normal to
the wall at 0.733 m from the stagnation point®> where the analog re-
sistance ablation detector sensors 7 and 8 are embedded.! Because

the ionization reaction behind the shock wave is less significant in
the downstream frustum region, we can check the accuracy of the
radiation models for lower electron number density and for lower
temperature using the flowfield properties at this position. We also
note that carbonaceous species are significantly diffused in the shock
layer at this position. Figure 5 compares the net radiative heat flux
distributions in the shock layer. Again, the present multiband model
well reproduces that given by the line-by-line calculation. The con-
ventional multiband model, on the other hand, fails to reproduce
the heat flux distributions by giving an erroneous radiative source
profile, although it gives approximately the same result as the line-
by-line method at the wall.

The typical computing time needed to solve the one-dimensional
radiative transfer equation on the Itanium 2 workstation using the
present multiband model becomes approximately 1/500 of the cor-
responding time by the line-by-line calculation. We note that the
computing time of the present multiband model using the bilinear
interpolation is comparable with that needed for the conventional
multiband radiation model.

Conclusions

We have presented a new method for determining the absorption
cross-section depending on both the local temperature and electron
number density for constructing a multiband radiation model for
the calculation of the Galileo probe entry flowfield. It is shown that
the present method can favorably reproduce the high-fidelity radia-
tive heat flux values given by the line-by-line method for typical
shock layer profiles taken from the computed Galileo probe entry
flowfield. It is also shown that the computing cost of the present
multiband model is approximately 1/500 of that required for the
line-by-line method. The cross-section table with 14 x 10 intervals
for the temperature range from 3000 to 17,000 K and the electron
number density range from 10'° to 10'® cm~3 is found to be suffi-
cient for providing accurate heat flux values. The present calculation
method for obtaining absorption cross section can provide a prac-
tical means for computing strongly radiating flowfields that have
significant dependence on electron number density.
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