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Stagnation-Region Heating Environment of the Galileo Probe
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The heating and ablating environment of the shock layer in the stagnation region of the Galileo probe is analyzed.
Viscous shock-layer method is used assuming thermochemical equilibrium. Improvement is made to the existing
methodology in calculating the equilibrium composition, radiation absorption in the vacuum ultraviolet wavelength
range, and the effect of spallation. The calculated surface recession at the stagnation point agrees fairly closely with

the flight data.

Nomenclature

= spectral intensity of the blackbody, W/(cm? - sr - j4m)
mass fraction of ablation-product gas

JANAF coefficients

Blasius-type nondimensional stream function
enthalpy normalized by freestream enthalpy
freestream enthalpy, J/kg

radiation intensity, W/(cm? - sr)

spectral intensity, W/(cm? - sr - um)

thermochemical ablation rate, g/(cm? - s)

spallation rate, g/(cm? - s)

= normalized rate of cooling by particulate sublimation,
Eg. (2b)

Prandtl number

convective heat transfer rate, W/(cm? - s)

radiative heat transfer rate, W/(cm? - s)

normalized radiative heat addition, Eq. (2a)

Schmidt number for diffusion between the freestream
and ablation-product gases

= tangential coordinate, m

flight time, s

tangential velocity, m/s

distance from wall, cm

particle cloud extinction coefficient, Eq. (2)

heat of ablation, J/g

spectral emission coefficient, W/(cm? - sr - 4m)
spectral absorption coefficient, cm™!

viscosity, poise

= density, g/cm’
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Subscripts

particles

shock wave
turbulence
wall

= origin

= freestream

8oswh"g
1l

Presented as Paper 4109 at the 40th Thermophysics Conference, Seattle,
WA received 22 May 2008; revision received 15 October 2008; accepted for
publication 15 October 2008. Copyright © 2009 by the American Institute of
Aeronautics and Astronautics, Inc. All rights reserved. Copies of this paper
may be made for personal or internal use, on condition that the copier pay the
$10.00 per-copy fee to the Copyright Clearance Center, Inc., 222 Rosewood
Drive, Danvers, MA 01923; include the code 0887-8722/09 and $10.00 in
correspondence with the CCC.

*Visiting Professor, Department of Aerospace Engineering; cpark216@
kaist.ac.kr. Fellow AIAA.

417

Introduction

N UNMANNED vehicle named the Galileo probe entered into

the atmosphere of the planet Jupiter in 1995 [1]. Its forebody
was thermally protected with a heat shield made of carbon-phenolic.
Before the entry flight, the heating and ablation rates and the
extent of recession of the heat-shield surface were predicted by Moss
and Simmonds [2], among others. The calculation by Moss and
Simmonds was made assuming the atmosphere of the planet to
consist of a 89%H,—11%He mixture.

The vehicle was equipped with a group of sensors named analog
resistance ablation detectors (ARADs) to measure the surface
recession. The progress of surface recession was successfully mea-
sured, and the information was transmitted to Earth. By analyzing the
accelerometer record, the H,-to-He mixture ratio was determined to
be 86.4 to 13.6%. Theoretically, this heavier mixture should have
produced heating and ablation rates higher than the 89—11 mixture
considered by Moss and Simmonds [2].

Surprisingly, the extent of ablation at the stagnation region
measured by ARAD 1 and 2 was found to be considerably smaller
than predicted by Moss and Simmonds [2]. On the other hand, in the
downstream region, the extent of ablation was larger than predicted.
Recently, Matsuyama et al. [3] carried out the heating calculation for
the 86—14 mixture. The calculated values for the downstream region
were close to the flight data. However, in the stagnation region, the
calculated values were still substantially higher than the flight data.

It is the purpose of the present work to examine this problem.
Viscous shock-layer method is used instead of the computational
fluid dynamics (CFD) approach commonly used, because it is free of
the numerical singularity problem at the stagnation point.

For the Galileo probe vehicle, heating is mostly by radiation.
Radiation emission from a hydrogen—helium mixture was studied
experimentally in an electric-arc-driven shock tube by Leibowitz [4]
before the Jovian entry. This experiment revealed that radiation
emission behind a shock wave is not immediate, but occurs after a
short time lag because of the time taken for dissociation, ionization,
and electronic excitation (i.e., nonequilibrium relaxation pheno-
mena). Howe [5] predicted that the radiative heating rate would be
smaller than calculated by Moss and Simmonds [2] because of this
phenomenon. In Fig. 1, the thickness of this radiationless region is
shown for the Galileo probe entry conditions. As shown in the figure,
the radiationless region is less than 1 mm. This is small compared
with the shock-layer thickness for the probe, which was about
20 mm.

Furudate et al. [6] studied the nonequilibrium relaxation pheno-
menon in a hydrogen—helium mixture theoretically. They concluded
that the nonequilibrium relaxation phenomenon played only a minor
role in the Galileo entry.

For these reasons, equilibrium flow is assumed in the present
work. The issues examined are the 1) accuracy of equilibrium state
calculation, 2) vacuum ultraviolet absorption mechanisms, and
3) effect of spallation. The present work concludes that, unlike the
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Thickness of nonequilibrium region behind shock wave
in Galileo Probe entry, as predicted using Leibowitz's
[4] data
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Fig. 1 Thickness of radiationless region behind normal shock in
Galileo probe entry environment predicted by the work of Leibowitz [4]
and Howe [5].

previous investigations, the calculated stagnation-region surface
recession agrees with the flight data reasonably closely.

Method of Calculation

Flow Solution
Viscous Shock Layer Equations

The stagnation-region flowfield is solved using a viscous shock-
layer method [7]. The condition immediately behind the normal
shock wave is calculated using the Rankine—Hugoniot conditions.
The mass and momentum of the flow is represented by a Blasius-type
nondimensional momentum variable f. In the stagnation region, the
f equation is a third-order nonlinear ordinary differential equation
and is well known [7]. It is simplified by neglecting the pressure
variation in the normal direction and is linearized in the present work
in the form

o

(v

Here, the prime denotes differentiation by a normalized tangential
distance [7]. The quantities f and f} are the assumed values of f and
f': they are replaced by f and f’ after solving Eq. (1). The outer
boundary condition (i.e., the Rankine—Hugoniot condition) specifies
that f would attain a prescribed value and f” would be unity at the
shock wave. At the wall, the ablation rate specifies the value of f. The
quantity f’ is zero at the wall. Initially, £}, f1, p/p,, and pu/u, are
assumed, and integration is performed to satisfy these boundary
conditions.

The energy of the flow is represented by a nondimensional energy
function g. It satisfies a linear ordinary differential equation:
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R
R=— 2

2(du, /ds)H 22)

p
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P = du, jasyH

and R and P are the radiative power gain per unit volume and the
power loss per unit volume due to the cooling in vaporizing the
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particles, respectively. Equation (2) assumes that the Lewis number is
unity.

The flow is assumed to be in thermochemical equilibrium, as
mentioned. To obtain the updated values of the ratio pu/psu,
appearing in Egs. (1) and (2) and p, / p appearing in Eq. (1), one must
calculate the equilibrium thermodynamic state. To do so, one must
know the ratio of the elemental mass fractions. Following the
common practice, this is obtained by assuming that the ablation-
product gas and the freestream gas diffuse through each other. The
diffusion equation is written for the mass fraction of the ablation-
product gas mass fraction c in the form

(Lﬂ
Sc pyps

To be precise, vaporization of the spalled particles produces a
gaseous ablation product, and this must be accounted for in Eq. (3) as
an additional term. However, this procedure encounters a difficulty:
the vaporization phenomenon not only changes the elemental mass
fraction c, but also produces displacement and hence a change in the
flowfield. To circumvent the problem, all spalled particles are
assumed to penetrate the shock layer and reach the freestream; in the
freestream, the particles are vaporized by the hypersonic impacts of
the oncoming flow. With this simplification, one needs only to
specify the shock value of ¢ to account for the presence of the ablation
product in the freestream.

The value ¢ is unity at the wall. At the shock, with the simpli-
fication made, ¢ takes the value equal to the ratio of the rate of the
spalled particles penetrating the shock layer to the freestream mass
flow rate.

From the solution of the ¢ equation and the solution of the g
equation, the equilibrium state is calculated. Using the equilibrium
state parameters, pu/p,it, and p/p, are calculated. Using these,
Eq. (1) is solved to obtain its next-level approximation. This
procedure is repeated until the f, g, and ¢ functions reach constant
values.

c’)/—i—fc’:O 3)

Turbulence

The flow in the stagnation region is laminar unless there is
ablation. The ablation product is turbulent at the wall according to the
injection-induced turbulence theory [8]. According to this theory, the
turbulence eddy viscosity at the wall due to ablation is up to 14 times
the laminar value for the Galileo probe. But this turbulence decays in
the boundary layer. In [3], this effect was accounted for, showing that
this phenomenon does not affect the flowfield substantially. For this
reason, most of the present calculation was performed assuming the
flow to be laminar. Viscosity is calculated using the well-known
Wilke’s mixture rule employing the available collision integrals.

However, the injection-induced turbulence theory does not ac-
count for the presence of spalled particles. The relative motion
between a solid particle and the surrounding flow is very likely to
produce turbulence. Unfortunately, there is no way to know the
strength of this particle-induced turbulence.

To explore the possible effect of this particle-induced turbulence,
turbulent calculation was performed in the present work for one
selected case. Because the spalled particles exist throughout the
shock layer, as will be shown later, the effective viscosity (i.e., the
sum of the molecular and turbulent viscosities) is assumed to be a
constant multiple of the laminar viscosity. The Prandtl number and
Schmidt number are both assumed to be 0.7 for both laminar and
turbulent calculations. This is consistent with the assumption of a
unity Lewis number.

Shock Standoff Distance

The present viscous shock-layer method is a fairly loose approxi-
mation in treating momentum, in that it assumes pressure to be
constant across the shock layer. As a result, the method tends to
consistently undercalculate the shock standoff distance. To produce
the same shock standoff distance as that obtained in [3], the nose
radius was taken to be 28.8 cm (i.e., a factor of 1.2 was multiplied to



the actual nose radius of 24 cm). This procedure undercalculates
the convective heat transfer rate by about 10%. Fortunately, the
convective heat transfer rate is negligibly small in this environment,
and therefore this error would be inconsequential. Such a loose
approximation is justified here, because the problems the present
work seeks to solve (i.e., thermochemistry, radiation, and spallation)
are unaffected by the looseness of the momentum treatment.

Equilibrium Composition

Eight chemical species are assumed to exist: He, H,, H, Ht, C, C,,
C;, and C*. Equilibrium thermodynamic properties are calculated
using the well-known Gibbs free-energy-minimizing technique. In
calculating the species thermodynamic properties, the JANAF curve
fit [9] was used. In this curve-fit method, thermodynamic variables
are expressed using six parameters F; (i = 1 to 6). Two sets of these
six parameters are given in the original work [9]: one for the tem-
perature range from 500 to 3000 K and one from 3000 to 6000 K. The
original JANAF coefficients for H and H* for the 3000 to 6000 K
range, taken from [9], are given in Table 1. The set for 3000 to 6000 K
was used with modification. The modification was made so that the
calculated temperature and H* concentration agree with the values
obtained using partition functions at the point immediately behind
the normal shock wave.

The partition functions are calculated by accounting for all H-atom
levels up to one level just below truncation by the charge-shielding
phenomenon. Modification was made for F, for Hand F, forH*. F,
for H represents the electronic excitation energy, which is inaccurate
in the original JANAF coefficient tables, because only five energy
levels are accounted for. F; for H represents the ionization potential
of H, which is inaccurate in the original JANAF coefficient tables,
because the lowering of ionization potential is not accounted for.
These modified values of H and H* JANAF coefficients are
presented in Table 2. These modified parameters result in H*
concentration and temperature that agree to four significant figures
with those determined using the partition function method behind
the normal shock. In the interior of the inviscid region and in the
boundary layer, this method results in slightly erroneous tem-
peratures and H* concentrations. But in these low-temperature
regions, radiation is weak and so the error is inconsequential.

Radiation

Radiation calculation was carried out using 10,001 wavelength
points spread between 400 and 24,000 A at equal energy intervals.

Table 1 Original JANAF coefficients for H and H* in
the temperature range from 3000 to 6000 K given in [9]

For H*

F, = 3.67182¢5
F = 1.34229¢4
Fy = 4.96799¢0
Fy = 0.00000¢0
Fy =2.16503¢ — 1
Fy = 3.74820e1

For H

F, = 5.20997¢4
F> = 1.34229¢4
F, = 4.96794¢0
F,=9.21055¢ — 9
Fy =2.32451¢2
Fy = 3.88627¢l

Table 2 F, for H and F, for H* used in the
present work

Time F, forH F, forH

40.35 3.34900e4 3.65140e5
43.79 3.37000e4 3.64500e5
47.36 3.32740e4 3.63500e5
49.21 4.43200e4 3.41830e5
51.16 4.08160e4 3.38700e5
53.23 3.52570e4 3.34800e5
55.52 2.79700e4 3.31800e5
58.19 2.1965%4 3.58680e5
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Fig. 2 Photoionization cross sections of C; and C,.

The line radiation, the bound—free continuum, and the free—free
continuum radiation from H are well known, and have been used in
[2,3]. The same method was used for the present work. In addition,
the line radiation from the 20 strongest lines [10] and the bound—free
continuum [11] for C are accounted for. The uniform slab approxi-
mation is made in radiative transfer calculation. For comparison
purposes, calculation was also made accounting for the spherical
nature of the shock layer for the peak-heating point.

Radiation absorption in the ablation-product layer occurs mainly
from C; and C,. For C;, the Swings band and the vacuum ultraviolet
absorption band in the wavelength range from 120 to 180 nm are also
well known and were used in [2,3]. These are used here also.

In addition, there are photoionization continua for both C; and C,
in the wavelength range below 110 nm that have not been accounted
forin [2,3]. Nicolas et al. [12] measured the absorption rate of C; in a
laser ablation experiment at an unknown low temperature. The
published article does not give the absolute values of the absorption
cross section. However, one of the authors provided the original data.
The absolute cross section was determined from the original data to
within an uncertainty factor of about 2 with his help.

Photodissociation and ionization continuum of C, was calculated
by Pouilly et al. [13] and by Toffoli and Lucchese [14] at a low
temperature. The two sets of data agree reasonably well. In the
present work, the data by Toffoli and Lucchese are adopted. In Fig. 2,
the photoionization cross sections of Cs, the present extrapolation
thereof, and those for C, used in the present work are presented.

The cross-sectional values are stretched for use at high tem-
peratures. In a photoionization process, the electronic transition
moment is nearly independent of vibrational and rotational levels.
But, at high temperatures, the upper vibrational and rotational states
are populated, whereas the ground state is thinned. This shifts the
photoionization threshold to a lower photon energy (i.e., to a longer
wavelength), according to the Boltzmann distribution rule.

A similar spreading is performed for the vacuum ultraviolet band
of C; in the 120 to 180 nm range. This band, in reality, consists of
bound-bound transitions. Assuming that electronic transition
moment does not vary with vibration or rotational levels, the band
spills out into longer and shorter wavelengths as high vibrational and
rotational levels are excited. This phenomenon can also be accounted
for by applying the Boltzmann distribution rule. Resulting absorp-
tion cross sections for C; in the short wavelength range are presented
in Fig. 3.

For C, in the visible wavelength range, the Swan band is the
strongest. This band is accounted for in the present work. Its
absorption spectrum is calculated using a line-by-line method with
200,001 wavelength points in the wavelength range from 3360 to
7600 A. The resulting absorption cross section is smoothed.
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Fig. 3 Absorption cross section of C; in the vacuum ultraviolet
wavelength range.

For C,, there are eight known band transitions in the wavelength
range from 1000 to 1800 A (ie., £X;-a’Il,, g*A,-a’I1,,
F'I1,-X'SF, 430’1, 3'T,-X'SF, A -a’TT,, W £ -a3Plu,
and k*E7-a*11,). Bruna and Grein [15] provided band strength
factors to four of these eight bands (i.e., those for the f-a, g-a, F-X,
and 3P-X transitions). For the rest, the strength factor is assumed to
be the same as those for the resembling transitions. Line-by-line
calculation was performed for these eight bands, and the resulting
cross sections are smoothed. The resulting cross sections for C, in the
vacuum ultraviolet wavelength range are presented in Fig. 4.

The well-known radiative transfer equation is integrated nu-
merically along 9 directions separated by 10 deg intervals along the
stagnation streamline to obtain the intensities in those directions.
Radiative flux is evaluated by numerically integrating these intensity
values over the 27 solid angle. A cubic integration routine is used for
this purpose to ensure sufficiently high fidelity.

Spallation

The spallation phenomenon for the Galileo probe was first studied
both theoretically and experimentally in [16]. In that study, the
spalled particles were assumed to be spherical in shape, and their
trajectories were calculated for three different initial sizes (5, 100,
and 300 pum) for the flow environment of the Galileo probe. All

Cross section 6, cm?

Absorption cross section of C,

in vacuum ultra-violet range
—— 2000 K

- --8000K
—-- 16000 K

| | | |
800 1000 1200 1400

Wavelength A, A

Fig. 4 Absorption cross section of C, in the vacuum ultraviolet
wavelength range.

particles were assumed to be ejected from the wall normally. The 100
and 300 pm particles did not vaporize totally within the shock layer.
The 5 pm particles typically disappeared within a distance of 10 mm
away from the ablating wall.

Experimentally, the motion pictures taken of the spallation
phenomena were analyzed to determine the speed of the spalled
particles [16]. For the particles visible in the pictures, the fastest
particles were observed at very high radiative heating rates (heating
rates higher than 50 kW/cm?) to move at about 300 m/s. The
slowest particles, observed at the lowest tested heating rates, moved
at about 25 m/s. In the range of heating rates of 20 to 30 kW /cm?,
the particles seemed to move typically at about 100 m/s.

In [17], the theoretical model in [16] was extended by introducing
size and ejection velocity distribution functions. Both size and
velocity distribution functions are characterized by their median
values and exponents over the (size or velocity) variables. The
calculation was made for Stardust’s Earth entry conditions.

Park et al. [18] measured the extent of radiation attenuation by the
cloud of spalled particles in the shock layer for the phenol-
impregnated carbon ablator (PICA) used for the Stardust vehicle.
Radiation intensity / attenuates in a cloud of particles by the Beer’s
law:

I
T =exp(-ay) (€]
0
The coefficient « is known as the extinction coefficient. It is the sum
of cross-sectional areas of all particles contained in a unit volume,
e.g., 1 cm®. When the heat transfer rate was about 1.6 kW /cm?, the
extinction coefficient of the particle cloud was about 0.11 cm™!
near the wall in the experiment by Park et al. [18]. The spallation rate
to produce this extinction coefficient was calculated in that work
to be of the order of 1073 g/(cm? - s). The measured extinction
coefficient values were plotted against the distance from the wall.
Four independent such plots were obtained in the experiment.
Five parameters (the median size, median velocity, frequency-size
exponent, frequency-velocity exponent, and spallation rate) that best
reproduce the four extinction coefficient plots were determined, as
follows.

Particle trajectory calculation was performed for 59 representative
diameters, accounting for collisional heating, gas irradiation, surface
radiation, and vaporization, as in [17]. The aforementioned five
parameters were varied in each calculation. The parameters that best
reproduced the measured extinction coefficient variation were
derived. The results showed that the assumption that all particles are
ejected with a same speed is satisfactory. The exponent on size in
describing the size distribution was found to be —0.65. The median
diameter was deduced to be 10 um. The ejection speed that best
reproduced the extinction data varied from 12.4 to 35.1 m/s,
corresponding to the heating rates of 410 and 1710 W/cm?.

The spallation behavior of the carbon-phenolic material used for
the Galileo probe vehicle was studied by Lundell [19]. A laser beam
was directed toward an ablator sample, and the particles ejected from
the surface were collected and weighed. For the material used for the
stagnation region of the heat shield (chop-molded carbon-phenolic),
spallation was observed when the radiative heat flux incident on the
wall, gq,,, exceeded 14.5 kW/cm?. Above this heat flux, the
spallation rate was found to be describable by

m =990 X (q,, — 14.5) kg/(m? - s) 3)

where ¢,, is in kW/cm?. Note that the threshold ¢,, of
14.5 kW /cm? was exceeded during the peak-heating period in the
entry trajectory of the Galileo probe.

In Lundell’s [19] experiment, the extinction coefficient was not
determined consciously. Presently, however, one can deduce the
order of magnitude value of extinction coefficient from the result of
the experiment. In his experiment, he saw that the particle cloud
attenuated the laser radiation significantly [19]. He had to blow off
the particle cloud using a tangentially directed gas jet: the ablation
rate was found to increase significantly when the blowing was
applied [19]. (The present author witnessed the experiment.) This



significant radiation attenuation is interpreted here to mean a 30%
reduction in radiation intensity. The ablating target he used seemed to
produce a particle cloud of a thickness of the order of 3 mm. For the
material used for the stagnation region, his experiment produced
spallation rates between 0.061 and 0.174 g/(cm? - s), a representa-
tive value being 0.1 g/(cm? - s) [19]. By Eq. (2), a 30% reduction in
3 mm represents an attenuation of 1/e = 0.368 for a cloud thickness
of 10 mm. This leads to a calibration point stating that a spallation
rate of 0.1 g/(cm? - s) produces an extinction coefficient of 1 cm™!.

This calibration constant for extinction coefficient is the value of
extinction coefficient in the volume adjacent to the ablating wall.
Because the particles shrink in size as they travel away from the wall,
the extinction coefficient decreases with distance. By calculating the
trajectories of the particles as was done in [16—18], one can determine
the spatial distribution of the extinction coefficient. To do so, the
median diameter (10 pm) and the size-frequency exponent (—0.65)
were assumed to be the same as for PICA. The particle ejection speed
was assumed to be 100 m/s, the median value obtained in [16].

The result of such calculation is shown for the peak-heating point
in Fig. 5 by the dashed curve and is compared with the experimental
data for Stardust obtained in an arc-jet wind-tunnel experiment that
closest resembles the Galileo case. The figure shows that particles
disappear faster in the Stardust environment, despite the fact that
the shock-layer pressure was lower for the Stardust. This can be
attributed to the presence of atomic oxygen in the Stardust case: the
oxygen atoms bombarding the particles quickly oxidize solid carbon.
The calculated shape of extinction coefficient variation implies that
half or more of the particles, for which the median diameter is
assumed to be 10 pum, disappear within the distance of 2 cm.
According to [16], 5-pum-diam particles disappear typically in 1 cm.
Thus, Fig. 5 is compatible with the findings in [16]. Figure 5 is also
compatible with the experimental data in [18] when one accounts for
the presence of oxygen atoms in the experiment.

Carrying out the particle trajectory calculation inside the flowfield
calculation was met with a difficulty: the flow solution did not
converge. To avoid this difficulty, a straight-line distribution of
extinction coefficient is assumed, as shown by the solid line in Fig. 5.
The base of the solid line is the value deduced from Eq. (5) and the
calibrated extinction coefficient value corresponding to the base
value. The slope of the solid line is the slope at the boundary-layer
edge. This linear approximation gave a satisfactory convergence of
the flow calculation. From the extinction coefficient distribution, the
blockage of radiative flux toward the wall is calculated as follows.

When the extinction coefficient of the particle cloud is given as «,
the effective spectral emission coefficient €, and the effective spectral
absorption coefficient k; become

5x107 —
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—— Galileo, linear solution used in present work
- - - Galileo exact solution
—@- Stardust, arc-jet exp, Park et al. [18]
4= 1 1
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Fig. 5 Extinction coefficient distribution at 53 s point.
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where €, and «; are the emission and absorption coefficients in the
absence of particles.

The linear approximation overestimates the blockage of radiation
in the region near the shock wave. However, this error is not large,
because the wall-ward radiative flux is small near the shock wave, as
will be shown later.

Wall Conditions

The carbon-phenolic used for the heat shield contains small
amounts of hydrogen and oxygen. These are ignored, and the
material is assumed to be pure carbon. The wall temperature is the
same as that used in [2,3]. The steady-state ablation assumption
introduced in [2] is used also: that is,

Grw + g — 5.679 x 1075T = MAH ®)

The heat of ablation AH is calculated using the heat of formation
value of —372 J /g determined experimentally by Wakefield and Pitts
[20]. Over the range of temperature from 3700 to 4100 K, the heat of
ablation is expressible approximately as

AH = 23,307 — 0.825(T, — 4000) J/g

The thermochemical ablation rate M and the spallation rate 7
that satisfy the spallation Eq. (4) and the steady-state ablation
condition (8) are obtained through trial and error.

Results
General Features of Solutions

Compared with the uniform slab, the radiation calculation made at
the peak-heating point accounting for the spherical nature of the
shock layer showed radiation flux less than 1% (0.81 to 0.98%)
lower. This difference is ignored in the present work.

In Fig. 6, convergence patterns of the shock standoff distance and
the wall radiative heat flux are shown. The calculated case is that
given by Matsuyama et al. [3]. The figure compares the calculated
values with the corresponding values obtained by Matsuyama et al.

In the calculation, the first 14 iterations were made without
radiation. Between the 15th and 20th iterations, only 10% of the
calculated radiative power change is accounted for. As shown in this
figure, a converged solution is obtained after about 40 iterations. The
averages of the 36th to the 45th values are used as the converged
values. As shown in the figure, the shock standoff distance calcu-
lated in the present work closely matches the value obtained by

30 Matsuyama et al present sol 1%
shock stand-off distance shock stand-off distance
£
: 5
G ] =
8 30 )
< Q
% 2
5 3
5 >
I Matsuyama et al present so =
5 wall radiative heat flux wall radiative heat flux 5]
< 1ofF p
8 2
5 —10 o
Flight time = 51.16 sec 3
051 original JANAF coefs "
®
e
0.0 | | | HO
0 10 20 30 40 50

Iteration number
Fig. 6 Convergence pattern of the shock standoff distance and wall
radiative heat flux, and comparison with the values by Matsuyama
et al. [3].
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Matsuyama et al. [3]. As mentioned, this agreement is obtained in the
present work by assuming the nose radius to be 1.2 times the true
value.

In Fig. 7, species mole fraction distribution is shown for the peak-
heating point, # = 53.23 s. As shown, the inviscid region of the
shock layer contains H, H*, and He. In the ablation layer, C; and C,
are the main constituents.

In Fig. 8, temperature distribution and the distribution of radiative
heat flux directed toward the wall are shown for the peak-heating
point for different spallation rates. One sees that radiative heat flux
reaches the peak at the edge of boundary layer and falls to roughly
half its value at the wall. Radiative heat flux decreases as spallation
rate increases. This is because the particles block radiation [see
Egs. (6) and (7)]. Temperature is also affected by spallation. Near
the wall, temperature change is evident. In the inviscid region, there is
a slight decrease in temperature with increase in spallation rate.
This is due to the cooling effect of the particles [see Eq. (2)]. Near the
shock wave, the radiative heat flux is relatively small. The linear
approximation of extinction coefficient variation shown in Fig. 5 will
make a relatively small error for this reason.

In Fig. 9, the radiation spectrum is shown at the boundary-layer
edge and wall for the peak-heating point. The absorbing bands are
indicated in the figure. The wavelength range marked as absorption
by extended vacuum ultraviolet (VUV) is the range in which the
newly added vacuum ultraviolet absorption bands are active. As
shown, the new VUV bands are very effective in absorbing radiation.
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In Fig. 10, the effect of turbulence is shown. Here, the viscosity
value of the laminar flow is increased by a factor of 4 and 10
throughout the flowfield. As mentioned earlier, this turbulence is
considered to be due to the relative motion of the particles: the
turbulence produced by the gaseous ablation decays in the boundary
layer. As the figure shows, the wall heat transfer rate and spallation
rate are affected very little. However, the ablation rate is increased
slightly. The increase in convective heating rate is substantial when
the multiplicative factor is 10.

In Table 3, comparison is made between the present solutions and
the solution by Moss and Simmonds [2] and that by Matsuyama et al.

Table 3 Comparison between the present results and the results
by Moss and Simmonds [2] and by Matsuyama et al. [3]

Case M kg/(m*-s)  qn, kKW/cm?
89%H,-11%He, 310 kg, 51.5 s (alt = 131.6 km)
Moss and Simmonds [2] 8.2 25.6
Present work 9.23 22.9
89%H,-13.6% He, 51.16 s (alt = 130 km)
Matsuyama et al. [3] 10.0 24.6
Present work 9.49 23.4
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Table 4 Steady-state solutions for Galileo probe at the stagnation point obtained using the present model [3]

Flight time, s  Altitude, km Ablation rate,

Spallation rate ¢, boundary-layer

q, wallkW/cm? g, wall kW /cm?

kg/m? - s kg/m? s edge kW /cm?
40.35 190 0.473 0 3.713 2.031 0.4179
43.79 170 1.128 0 8.369 3.707 0.2283
47.36 150 2.943 0 19.42 8.120 0.1562
49.21 140 4.459 0 28.34 11.75 0.1537
51.16 130 5.672 0.0120 34.38 14.68 0.1375
53.23 120 5.749 0.0376 30.18 14.88 0.1151
55.52 110 5.664 0.0174 25.01 14.68 0.1568
58.19 100 1.604 0 5.310 4.743 0.7707

[3]. As the table shows, the present method reproduces those earlier
results reasonably closely.

Heating, Ablation, and Recession

Table 4 presents the steady-state solution for the Galileo probe at
the stagnation point.

In Fig. 11, the stagnation-point heating rates are shown at each
trajectory point. The four different methods mentioned earlier are
compared here:

1) The calculation made with the original JANAF coefficients, the
original VUV absorption mechanisms, and without spallation.

2) The calculation made with the modified JANAF coefficients,
the original VUV absorption mechanisms, and without spallation.

3) The calculation made with the modified JANAF coefficients,
extended VUV absorption mechanisms, and without spallation.

35—
original JANAF
30
I
S L
g Modified JANAF
=
X
x 20
2 Modified JANAF
- extended VUV
@
o 151
<
<
= 10
5 —
Present model (modified JANAF,
0 ; A extended VIUV, spallatio?)
35 40 45 50 55 60
Flight time, sec
Fig. 11 Wall heating rates at each trajectory point.
14—
m Original JANAF
Nl 12 -
£ Modified JANAF
()]
g
© Modified JANAF
c 8r extended VUV
kel
S 6t
<
Q
2]
+ 4
c
kel
5 2
Qo Present model (modified JANAF,
< 0 | extended VIUV, spallationl)

35 40 45 50 55 60
Flight time, sec

Fig. 12 Ablation and spallation rate at each trajectory point, calculated
by four different methods.

4) The present model which uses the modified JANAF
coefficients, extended VUV absorption mechanisms, and with
spallation.

As shown, the present method gives the smallest heating rates.
When the spallation phenomenon is not included, heating rates are
larger. When the extended VUV absorption is excluded, heating rates
become still larger. When the original JANAF coefficients are used,
the heating rates are the largest.

In Fig. 12, the steady-state ablation rate and spallation rate are
shown at all trajectory points for four different calculations. The
curves joining the calculated points are obtained through a second-
order interpolation. The ablation rates behave as the heating rates, as
expected.

By integrating the curves in Fig. 12, surface recession is obtained.
In Fig. 13, the results are shown for the four calculations and
compared with the flight data. As shown, the present model closely
reproduces the flight data. Matsuyama et al.’s [3] value falls between
the highest two calculations made here.

Discussion

The foregoing results show that there are three reasons why the
previous investigators overpredicted the surface recessions at the
stagnation point: inaccurate thermochemical state calculation,
inadequate accounting of VUV absorption, and neglecting of
spallation. When these three items are corrected, the calculated
surface recession agrees with the flight data. It is especially note-
worthy that spalled particles function efficiently as a radiation
blocker. When the wall heating rate exceeds the spallation threshold,
spallation sets in. As a result, the wall heating rate cannot be much
larger than the threshold heating rate.

The present finding will have considerable implications on the
heating-ablating analysis of the downstream region. The heat-shield
material used in the downstream region (tape-wrapped carbon-
phenolic) was different from that used for the stagnation region. The
downstream material was found by Lundell [19] to start spallation at
8.5 kW/cm?, instead of 14.5 kW/cm? for the stagnation region.
This means that the shock layer in the downstream region contained
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- - - modified JANAF /
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Fig. 13 Progression of surface recession compared among different
methods.
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much more spalled particles than the stagnation region. Radiative
heat flux reaching the wall must have been reduced to values slightly
larger than the threshold of 8.5 kW /cm?.

What other effect the spalled particles will have on the heating
rates in the downstream region is not known at this time. Because
the solid particles released in the upstream region will naturally
flow downstream, the downstream region will be rich with solid
particles. This may cause strong turbulence in the downstream
region. According to Fig. 11, the convective heating rate becomes
respectable when turbulence is strong. Radiation by carbon may also
become substantial. The heat trapped by the spalled particles flows
downstream and is bound to contribute to increasing the convective
heating rate there.

The present calibration procedure for determining the extinction
coefficient for a given spallation rate (see the Spallation section) is
crude. But accuracy of this calibration constant is not so important for
the following reason: when the radiative heat flux reaching the wall
exceeds 14.5 kW /cm? [see Eq. (3)], the spalled particles produce a
radiation shield and so the radiative heat flux reaching the wall is
prevented from rising much further. The wall radiative heat flux value
can reach values only slightly above 14.5 kW /cm?, as shown in
Table 4. In the present calculation, for the 53 s point, this excess heat
flux is 14.88 — 14.5 =0.38 kW/cm?. The calibration constant
affects this excess value inversely. For instance, if the calibration
constant is twice the value used in the present work, the excess heat
flux will be 0.38/2 = 0.19 kW /cm?, resulting in the wall heat flux
value of 14.5 4+ 0.19 = 14.69 kW/cm?, which is only a small
difference from 14.88 kW/cm?. Consequently, the ablation rate,
which is proportional to the wall heat flux value (spallation rate is a
negligibly small portion of the ablation rate), is also insensitive to the
accuracy of the calibration constant.

To a minor extent, the VUV absorption values used in the present
work is uncertain. As mentioned, there are 8 molecular bands in the
wavelength range from about 1000 to 2000 A. Intensity is known
only for four of them. Even for these four, the accuracy of the
intensity parameter is uncertain. As mentioned, for C;, photo-
ionization cross section is uncertain by a factor of 2. Improvement
can be made on these. When radiation is absorbed in the boundary
layer, the local temperature is raised. This hot gas will flow
downstream and contribute to increasing the convective heating rate
there.

Conclusions

When the thermochemical state of the inviscid region is calculated
accurately (vacuum ultraviolet absorption mechanisms are expanded
to include all known bands of C, and C;) and the effect of spallation is
accounted for, the calculated surface recession of the Galileo probe in
the stagnation region agrees fairly closely with the flight data. In
particular, spalled particles provide blockage of the radiative heat
flux reaching the wall.
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