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Nonequilibrium Radiative Heating
of an Ablating Jovian Entry Probe

S. N. Tiwari* and S. V. Subramaniant
Old Dominion University, Norfolk, Virginia

The influence of nonlocal thermodynamic equilibrium (NLTE) radiative transfer on the entire range of shock-
layer flow phenomena around a Jovian entry body is investigated. The entry body considered is a 35 deg
hyperboloid. The flow in the shock layer is assumed to be viscous, axisymmetric, laminar, and in chemical
equilibrium. With coupled ablation carbon-phenolic injection, 16 chemical species are used in the ablation layér
for radiation absorption. The NLTE radiative transfer and flux equations are expressed in terms of the NLTE
source function, collisional relaxation time, and radiative lifetime. The NLTE results obtained for the peak-
heating entry conditions are compared with corresponding équilibrium results. The results indicate that, in the
presence of the ablatlve products, the radiative heating to the entry body is significantly higher under NLTE

conditions.
Nomenclature

A,,  =Einstein coefficient for spontaneous emission

A’'m, =lower electronic energy level for the C,-Freymark
transition

a*w, =lower electronic energy level for the C,-Swan
transition

B, = Einstein coefficient for stimulated emission

B, = Planck’s function

C.m = collisional de-excitation rate coefficient

c ‘= speed of light

D’'L} =upper electronic energy level for the C,-Mulliken
transition

a? 7, . =upper energy level for the C,-Swan transition

E’'Yr =upper energy level for the C,-Freymark transition

F,. . =Dband oscillator strength

h = Planck’s constant

1, =intensity of radiation

1,, =mean radiation intensity averaged over the spectral
interval Ay

J, = source function

k = Boltzmann constant

N, =number density of the particles in the mth level

N, = number density of the particles in the #th level

n = coordinate normal to the body surface, n*/R},

qr = net radiative heat flux

qr, =spectral radiative heat flux

R, =Dbody nose radium, cm

R, = base radius, cm

s =coordinates along the body surface, s*/Rx

T = equilibrium temperature, K

V. = freestream velocity, km s !

x'L}r  =lower energy level for the C,-Mulliken transition

7 =NLTE parameter, ./7,

R = collisional relaxation time, s

7, =radiative lifetime of the excited state, s

K, =spectral absorption coefficient, cin ~!

R, =equilibrium spectral absorption coefficient, cm ~!

o = density of shock-layer gas, kg m -3
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T =optical coordinate

Subscripts

o = freestream values

m,0 =lower energy level

n,1 = upper energy level

s =values at shock

w = values at wall

Superscripts

)" =lower state of the energy level
()’ =upper state of the energy level
() =dimensional quantity

1. Introduction

[N order to study the composition and structure of Jupiter’s
atmosphere, NASA has planned a Galileo mission for the
near future. The Galileo probe is expected to enter Jupiter’s
atmosphere with an array of scientific instruments. At Jovian
entry conditions, the heating is so severe that the probe has to
be protected by heat-shield materials that weigh as much as
50% of the total probe weight.!* The probe’s heating is
primarily due to radiation from the high-temperature shock-
layer gases. Since the experimental facilities are not capable of
a full simulation of the exact nature of all of the important
thermal phenomena speculated during Jovian entry, it is
necessary to rely on the analytical studies for the design of the
entry probe. In order to evaluate the magnitude of the
radiative heating of the entry body, a meaningful radiative
transport model has to be employed. In the analytical ex-
pression of the transfer equation for the radiating gases, it is
normally assumed that the gas is in the local thermodynamic
equilibrium (LTE). There are situations, however, where this
assumption may not be justified and the condition of nonlocal
thermodynamic equilibrium (NLTE) may prevail.

The LTE analytical studies of the aerothermal environment
for the Jupiter probe have shown that, for a phenolic-carbon
heat shield undér laminar flow conditions, nearly 50% of the
radiation emitted in the high-temperature shock-layer region
of the flowfield is absorbed. within the cooler ablation layer
adjacent to the body surface.4¢ The radiation absorption is
primarily due to the absorption of the C, and C; molecules.”®
It is, therefore, important to investigate the effects of NLTE
on the entire range of shock-layer flow phenomena in the
presence of the ablative products.

Only a few NLTE analyses dealing with planetary entry
heating are available in the literature.!%'2 Horton!® and
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Tiwari and Subramanian!! investigated the influence of
NLTE on the entry heating in absence of ablative products.
For Jovian entry conditions, results obtained in Ref. 11 in-
dicate that the NLTE radiation, in general, reduces the
radiative heating to. the entry body in the absence of the
ablative products. Recently, Nelson!2 presented the
parametric equations for nonequilibrium radiative transport
in the stagnation ablation layer. However, no specific results
were obtained to investigate the effects of NLTE on the
aerothermal environment of the entry body for critical entry
conditions.

The purpose of this study is to formulate the NLTE
governing equations under physically realistic conditions for
Jovian entry in presence of the ablative products, investigate
all of the shock-layer flow phenomena, and determine the
extent of NLTE heating rates for critical (peak-heating) entry
conditions. It should be pointed out that this study deals only
with the influence of NLTE radiative transfer on the shock-
layer flow phenomena in the presence of the .ablative
products; the shock-layer species, however, are assumed to be
in chemical equilibrium.

II. Basic Formulation

The physical model and coordinate system for a Jovian
entry body (probe) are shown in Fig. 1. The radiating flow in
the shock layer is assumed to be axisymmetric, steady,
viscous, and in .chemical equilibrium. Basic governing
equations for this physical model (with coupled mass injection
and ablation) are available in Refs. 5 and 13-15. Thus, only
the governing equations for NLTE radiative transfer and
radiative flux are presented in this section.

The equation of radiative transfer may be expressed, in .

general, as!5:16

dl,/dn=px,(J,—1,) 1

where
-k, =&, [I—(N,/N,)(B,,/B,)] 2
Jvanm/{Bnm[(Nm/Nn)(an/Bnm)_I]} (3)

Anm=(2hV3/c2)Bnm’ Bnm=(gm/gn)van (4)
In the above equations, N,, and N, represent the number
densities and g,, and g, the statistical weight factors for the
lower and upper energy levels, respectively. For nonequilib-
rium conditions, the state population ratio (N,,/N,) for any
two levels in a multilevel system consisting of & levels is ex-
pressed as!?

Nm /Nn = EPnkam,n/ EPmk an,m (5)
k k .

where P,, is the sum of the radiative term A,, and the
collision term C,,. The quantity Q,,, , is the probability for
all transitions from level &k to m not involving #, such that for
k=m,Qu ,=1.

Upon combining Eqgs. (3-5), the source function for the
transition between levels #» and m (containing k intermediate

Fig. 1 Physical model and coordinate system.
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levels) is given by 11,1518

J, = UA I:¢Vdu+e*+0*]/(1+e*+7]*—60) )
where
I "k
n E ml’QFn,m (7a)
B mn (=]
{#n,m
= E PniQt’mn (7b)
ﬂml’ 1 .
t#£n,m
€ =C,,/[B,,B,(T)] (79
é=c2/2hv3, I*=I/B,(T), 6*=6/B,(T) (1d)

For a three-level transition, Eq. (6) reduces to!!

J,={(2hv3/c?)/ [exp(hv/kT) —11})

v X [ 149y /B,,) +6,1/(1+70+8,) 3
where

EA,,"=47rSA B,dv 9a)

8, =Cpr(Ay+Cy+Byl,,)/ (ByQr) ~ (%)

8,=[Cp (B3I, +C 1) —=Cpy (A +Co +By1,,) 1/ (A, Q0r)

. %99
Qr=Ay+Byl,,+Cy+Cy (9d)

In the preceding equations, y=A4,,/C,, represents the ratio of
the collisional deactivation (or relaxation) time and radiative
lifetime of the first excited state, and quantities 6, and é, are
the influence factors in the NLTE source functions arising
from the higher level energy transitions. For a two-level
transition the expression for the source function, as given by
Eq. (8), further simplifies as!®

J,=B,— {n [S . dj}f dV]/47rS deu} (10)

It is evident from Egs. (8-10) that the degree of NLTE
depends on the magnitude of quantities 5, 6,;, and §,. Since
values of 8, and &, are always lower than % for all particles
involving multilevel energy transitions, the extent of
nonequilibrium is characterized essentially by the parameter
n. By theoretical considerations, Jefferies!” has established
that the value of §,,/% is approximately 0.1 for most gases
involving multilevel energy transitions. Consequently, for
<1, the source function becomes the Planck function, and
the assumption of LTE is justified. On the other hand, the
condition of radiative equilibriim is reached for-y>1, and in
this case the entire process of excitation and de-excitation is
radiatively controlled. The NLTE radiation becomes im-
portant for conditions where n=0(1). Equation (8) is used in
evaluating the nonequilibrium source function when no
ablation mass injection is considered in this study. With
ablation injection in the shock layer, Eq. (10) is used for the
evaluation of J, to simplify the analysis.

For a two-level transition, the expression for the
nonequilibrium absorptlon coefflclent can be obtained from
Eq. (2) as®®

=7,(0.1) {1— [”J“%SA'V qR”dv]/DEN} a1
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where - .
k,(0,1)=0,(0,1)N, . (12a)

"DEN= (9/8) +exp(—hv/kT) (12b)

In Eq. (lZa), 0,(0,1) represents the absorption cross section
and N, is the number dens1ty of the absorbing species in the
ground state.

The ‘‘tangent slab’> assumption for radiative transport is
used in this study. With this assumption, the expression for
the NLTE radiative flux is obtained by integrating the NLTE
transfer equation, Eq. (1), between two parallel boundarles
(the body and the shock) as!415

ax(m =ai (M =z =| " i, () ar- [ " gz (z,)a0

(13)
where
qp (n) =2S0 [B,,,Ej(ry) +7rSOV JV(I)EZ(TV—f)dt]dV (14a)
az (n)=2g:° I:Bth(To,, T )+7rS J(OE,(t—7, )dl]dv
' (14b)
TV=S"KV(n)dn : ‘(14¢)
0

In Eq. (13), g# and gz represent the radiative flux toward the
shock and body, respectively. In Eqgs. (14), B;, and B,,
represent the radiosities of the body and shock, respectively;
and expressions for these are available in the cited references.

With appropriate relations for «, and J,, Eq. (13) is used in
the general energy equation and the set of governing
equations is solved for desired results.

III. Properties of the Shock-Layer Gas

For Jovian entry conditions and for the case with no
ablation from the surface, the NLTE effects are considered
only for the hydrogen species in the shock layer. However, for
the case of carbon-phenolic (or graphite) ablation injection,
the C, molecules play a very important role in the radiation
blockage. For this case, therefore, contributions for the C,
molecules are included in the NLTE analysis.

Complete information on .chemical composition and
thermodynamic and transport properties of the shock-layer
gas (with and without ablative products) is available in Refs. 5
and 13-15. Information on radiative and collisional properties
for different species is obtained from various sources. This is
discussed briefly in this section.

A. Absorption by Gaseous Mixture

The equilibrium absorption coefficient, in the spectral
range 0-15 eV, is evaluated by using the detailed method
described in Refs. 15 and 20. Appropriate modifications are
made in this model to account for NLTE processes.!!!5 In

_particular, the absorption coefficient for the C, molecules
which includes all the important band systems in the spectral
range of 0.1-6.6 eV is evaluated using the method outlined in
Ref. 8.

It should be noted that for evaluation of the NLTE ab-
sorption coefficient and source function, it is essential to have
information on the collisional relaxation time and radiative
lifetime of different species. This information is available for
the shock-layer species without ablative products.in Refs. 11
and 15; and the method of evaluating this in presence of the
ablative products is presented in the next two subsections.

B. Collisional Relaxation Time

The important species influencing the collisional process in
- the ablative layer are C,, H,, H, H*, C;, C, and ¢~. The
effect of molecular hydrogen, however, is negligible because
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the number density of H, is small compared to the other
species. Experimental values for the collisional relaxation
time for C, are not available in the literature. However, these
can be obtained from theoretical considerations similar to

. that for shock-layer species without ablation injection. 1,15

The collisional relaxation time for collisions between
neutral particles (such as atoms and molecules) is given, in
general, by!5:2!

ne=1/f.=1/(Qnv) = (xm/8kt) %/ (n) (15)

where f. is the frequency of collisions (s~!), n the number
density of the colliding particles (cm~3), Q the collisional
cross section of the colliding particles (cm?2), » the most
probable velocity of the particles (cm-s —1), and m the mass of
the colliding particles. The relaxation time for collisions
between like particles (i.e., for H-H, H,-H,, C,-C, collisions)
can be obtained from Eq. (15) by using appropriate values for
collisional cross section and mass. For C,, 2=2.5x 108 and
m=4x.10-2 g. For collisions between unlike particles (with
different mass and cross section), the relaxation time is given
by!s:2!

nZ1(C-Cp)=2nc, Qg [2kT(mc, + mc)/(xme,me) 1% (16)

where .
QE=0.25(QCZ+QC)+(Vz7r)(QC29C)V2 a7n

The combined relaxation time for self-collisions and collisions
of different kind is given by!3

1/[n.(COM)] =X/ [n(C-O)] + (I - X) / [7.(C,-C)] (18)

where X represents the mole fraction of C.
The rate of electronic de-excitation from an upper state to a
lower state (by electron impact in a molecule) is given by?!

Coum = [A(T710,000)7g, 1/ (i’ f2%) [(1/m?) — (1/A%)] (19)

where g, is the statistical weight factor, m and 7 are the
principal quantum numbers of the lower and upper states,
respectively, A is the excitation rate constant (different for
different molecules), and r represents the internuclear
separation distance the value of which is different for dif-
ferent molecules. Due to the absence of e~ close to the wall,
where the NLTE effect is more pronounced, de-excitation by
electronic collisions is not considered.

C. Radiative Lifetime of Excited States

There are eight known C,-band systems in the 0.2 to 7.0 eV
(0.1 to 1.2 u) spectral region. The Swan band system, whose
electronic transition is represented by d” m,—a’m, is the
strongest radiating system of the C, molecules. The Freymark
band (E'E} —A’w,) and the Mulliken band (D'Z} ~x'L})
are the next important radiating systems of the C, molecules
Hence, the radiative lifetime of these band systems has to be
determined first in order to evaluate their respective NLTE

. cross.sections. For a molecule with an electronic transition,

the radiative lifetime is related to the wavelength-dependent .
electronic F number, the electronic transition moment, and
the Einstein coefficient for spontaneous emission A4 ,,.,.. The
measured value for the electronic transition moment is
available for the C,-band systems.?? The electronic F number
is given in terms of the square of the transition moment
IR, /ea,|? as

Fy(\) = [(872m,c/3he?\)E IR, /ea,|2]/A (20)

where
A=(2~0,,.) (28" +1)

In the above discussions and relations, the single prime
denotes the upper state and the double prime the lower state,
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and S” represents the. spin quantum number of the lower
state. The quantity o, , =1 for A=0and o, =0 for A#0; A
is the resultant angular momentum of electrons. The elec-
tronic F number is related to the band oscillator strength by

Fv’v” =Lady / (21)
where g,.,. is the Franck-Condon factor. Now, the radiative
lifetime of the v” state can be expressed as

(n,) 1=A,,.=F,, [(6.67x105)/N1(g"/g’) (22)
Here, g’ and g” are the degeneracies of the upper and lower
levels, respectively, and g”/g’=1 if the corresponding
vibrational levels of the electronjc state are nondegenerate.
The value of F,.,. measured for the C,-Swan (0,0) band is
6.5x 103 (Ref. 23). Upon substituting this value of F,,.,» and
using Eq. (22), the radiative lifetime of the C,-Swan 3w,
(v" =0) state is found to be 8.0x 10-7 s. No measured value
of the band oscillator strength F,.,. is available for the
Freymark and Mulliken band system. However the values of
the electronic transition moment are .available for these
bands; and, since F,. . is directly proportional to the elec-
tronic transition moment, the radiative lifetime of the E'L}
state of the Freymark (0,1) band is 1.5x 106 s and the D' L}
of the Mulliken (0,0) band is 6.95x 106 s. These values are
used in the majority of cases investigated in the present study.
However, another set of values for the radiative lifetime of
different bands is suggested in the literature.?? These are 7,
(Swan)=1.25x10-7 s, 5, (Freymark)=4.67x 108 s, and 4,
(Mulliken) =8.77x10-% s. These values are significantly
different from those mentioned earlier. Because of this
discrepancy, it is essential to investigate the influence of a
different set of radiative lifetimes on the NLTE results. The
following format, therefore, will be adapted for calculating
the NLTE results in the presence of the ablative products in
the shock layer:

NLTE (I): based on 7, (Swan)=8x10-7s.

NLTE (II): based onn, (Swan)=1.25x10""s.
NLTE (III): based on the combined contributions of
, 7, (Swan)=8x 107,

7, (Freymark) =1.5x 10-%, and

1, (Mulliken) = 6.95 x 106 s.

NLTE (IV): based on the combined contributions of
7, (Swan)=1.25x10-7,
7, (Freymark) =4.67 x 10-8, and
7, (Mulliken) =8.77x 10~ s.

IV. Computational Procedure and Data Source

The numerical procedure for solving the viscous shock-
layer equations with coupled injection is discussed in detail in
Refs. 5 and 13. The entry body considered is a 35 deg half-
angle hyperboloid which enters the Jovian atmosphere at zero
angle of attack. The body nose radius is Ry =0.311 m. The
body surface is assumed to be gray having a surface emittance
of 0.8. Jupiter’s nominal atmosphere is assumed to consist of
89% hydrogen and 11% helium by volume. Complete in-
formation on thermodynamic and transport properties, entry
trajectory, and other data required for the present study is
available in Refs. 5, 13, and 15.

V. Results and Discussion

To investigate the importance of NLTE radiation, the
results were obtained only for a 35 deg hyperboloid (with
coupled ablation mass loss from a carbon-phenolic heat
shield). This is because, for this case, LTE results were
already available in the literature.>® For comparative pur-
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poses, selected NLTE results were also obtained for the case
with no ablative products (i.e., for 77 =0). The NLTE results,
in this case, were obtained by considering the combined
collisional deactivation process of H-H and H*-H*+. The
combined relaxation time is obtained by using the appropriate
form of Eq. (18). Viscous shock-layer results obtained for the
peak-heating conditions are presented in this section.

As discussed earlier, for NLTE study, it is essential to know
the nature of the collisional de-excitation processes and
relaxation times of different shock-layer species in the
presence of the ablative products. Figure 2 illustrates the
important species concentrations near the wall influencing the
C, collisional process. In general, the C; molecules are
concentrated near the wall and the number density rapidly
reduces away from the wall as they dissociate into C, and
atomic carbon. )

The variation of collisional relaxation time for the C,-C,,
H-H, and combined collisions is shown in Fig. 3 as a function
of temperature. The C,-C,, C,-C, C,-H, and H-H collisions
represent the combined collisional process. This relaxation
time for the combined collisional process is used in the present
analysis. The radiative lifetimes of the Swan (0,0), Freymark
(0,1), and Mulliken (0,0) bands are also shown in this figure.
Unlike the collisional relaxation time, the radiative lifetimes is
invariant with temperature. The majority of NLTE results in
1019_
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Fig. 5 Enthalpy and density variations across the shock layer (along
the stagnation streamline).

this study were obtained by using the combined radiative
lifetimes of the Swan, Freymark, and Mulliken band systems
as indicated by %, (IIT). However, some results for radiative
heating rates were also obtained by using the other radiative
lifetimes of the band system as indicated by 7,(I), 1,(II), and
7,(1V).

rThe temperature variation across the shock layer (for
location s =0) is shown in Fig. 4 for both LTE and NLTE (I1I)
conditions. Results with no mass injection are also shown here
for comparison. As would be expected, the shock-layer
temperature, in general, is lower in the vicinity of the body in
the presence of the ablative products. It is seen that the NLTE
temperature distribution is.lower than the equilibrium values
throughout the shock layer. A maximum difference of 5.48%
is noticed between the two values at n=0.13. The C,
molecules in the ablation layer absorb less energy, under
NLTE conditions than under equilibrium conditions. This, in
turn, results in lower temperature values in the ablation layer,
and this trend continues in the entire shock layer.

Figure 5 illustrates the density and enthalpy variations
across the shock layer for LTE and NLTE (III) conditions.
The enthalpy variation has a similar trend as the shock-layer
temperature shown in Fig. 4. It was found that NLTE
essentially had no influence on the pressure distribution in the
shock layer. The density, however, is seen to be significantly
higher for the NLTE case. This is a direct consequence of
relatively lower NLTE temperatures in the shock layer. A
maximum increase in density of about 5.5% is noticed at
n=0.15.
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Fig. 7 Pressure and heating rate variations along the body surface.

The  equilibrium and nonequilibrium shock-standoff
variation with distance along the body surface is shown in Fig.
6 for cases with and without ablation injection. It is noted that
the shock-standoff distance is not influenced significantly by
the NLTE conditions for the case with no ablation injection.
For the case with ablation injection, however, the NLTE (III)
results are comparatively higher than the LTE results. The
reason for this behavior is the combination of enthalpy and
density variation in the shock layer along with the energy loss
at the shock for nonequilibrium conditions. The difference in
LTE and NLTE shock-layer density is relatively higher for the
case with ablation than without ablation.!® This density
variation essentially results in higher shock-standoff distance
for the case with ablation.

Variations in the nondimensional surface pressure and
heating rate along the forebody of the probe are illustrated in
Fig. 7. These quantities are nondimensionalized by their
respective stagnation values of p},=6.309 atm, g,
(LTE)=201.849 MW/m2, and qy,o (NLTE)=208.927
MW/m?2. It is seen that NLTE virtually has no influence on
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Table 1 Wall radiative heat flux for the case with ablation under LTE and NLTE conditions

Wall radiative heat flux g%, MW/m?

qr D g (I11) q%(1Vv)

s=5*/R} q3(LTE) 75D
0.0 201.849 206.774 209.017 208.927 211.987
0.2 188.172 193.127 196.020 195.891 201.497
0.4 164.709 169.658 173.278 173.127 178.165
0.6108 135.040 139.244 141.497 141.543 144.782
0.7854 110.900 114.765 115.900 115.974 120.841
1.200 75.012 78.767 80.256 79.012 80.572
1.500 58.271 61.813 61.570 61.902 62.090
400 T T T T T T 220 T T T T T L
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Fig. 8 Variation of radiative heating rate along the body surface 60 l 1 i L L L
(with and without ablation). 0 0.2 0.4 0.6 0.8 Lo L2 1.4

the pressure distribution. However, the total heating. rate
(convective plus radiative) is- increased significantly- under
NLTE conditions. The main contribution to the total surface
heating was found to be the radiative heating. The ex-
planation of increased NLTE radiative heating, in this case, is
given in the discussion of results presented in Figs. 8 arid 9.
The résults of radiative heating rates for different -con-
ditions are given in. Table 1 and are shown in Figs. 8 and 9.
The LTE and NLTE (III) results are compared in Fig. 8 for
the cases with and without ablation injection. The results
clearly indicate that the radiative heating to the body, in
general, is reduced significantly in the presence of the ablative
products. For the case with no ablation, the NLTE results are
found to be significantly lower than the LTE results; a
decrease of about 9% is noted at the stagnation point. Ex-
tensivé discussion on this is presented in Refs. 11 and 15; but
the main reason for this is that the NLTE source function is
lower than the Planck function for identical conditions. In the
presence of the ablative products, however, the results
presented in Fig. 8 and Table 1 show the NLTE results are
comparatively higher than the LTE resuilts. The reason for
this is as follows: Under NLTE conditions, the number of C,
molecules in the ground state (that are capable of absorbing
the incoming radiation from the shock-layer gases) is less as
compared to the LTE values (i.e., the number based on the
Boltzmann distribution). This increases the transparency of
the ablation layer which, in turn, results in a higher heating
rate of the entry body. This reverse trend in the NLTE heating
rate is an important finding of this study. The results for the
NLTE heating rate obtained by considering different
radiative lifetimes are illustrated in Fig. 9. The results for
cases 1, (II) and », (I1I) were found to be about the same for
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Fig. 9 Comparison of LTE and NLTE radiative heating rates along
the body surface with ablation.

all body locations (see Table 1). The results for », (I) are seen
to give the smallest increase in NLTE heating whereds the
results for 7, (IV) provide the maximum heating rate to the
body. These NLTE results, however, do not differ from each
other considerably. The maximum increase in the stagnation-
point heating is found to be about 3.5% for 7, (III) and about
5% for n, (IV). Thus, based on the information of radiative
lifetimes of the C,-band system available at the present time,
it may be concluded that the NLTE effects will be maximum
for the combined radiative lifetime represented by %, (IV),
and this will increase the radiative heating of the body by a
maximum of about 5%. This, in turn, would result in a
relatively higher rate of mass loss from the body surface. !

V1. Conclusions

The radiative transfer equation has been formulated under
the nonlocal thermodynamic equilibrium (NLTE) conditions.
The formulation is used .in solvirg the viscous radiating
shock-layer equations with coupled ablation and mass in-
jection for a Jovian entry probe with a carbon-phenolic heat
shield. The Swan (0,0), Freymark (0,1), and Mulliken (0,0)
bands of the C,-band systems are treated to be in
nonequilibrium in the ablation layer. Flowfield results ob-
tained for the peak-heating conditions (¢=111.3 s) indicate
that the temperature distribution in the shock layer is lower
under NLTE conditions. Similar behavior is also noticed for
the enthalpy distribution. It is found that NLTE increases the
density in the shock layer, but has no influence on the pressure
variation. The radiative heating to the entry body is increased
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significantly because of NLTE; this; in turn, results in in-
creased mass loss from the body.
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