
1324 AIAA JOURNAL VOL. 14, NO. 9

lonizational Nonequilibrium Heating During
Outer Planetary Entries

Lewis P. Leibowitz* and Ta-Jin Kuo*
Jet Propulsion Laboratory, Pasadena, Calif.

An analytical tool has been developed which enables the impact of ionizational nonequilibrium effects on
outer planet entry heating to be estimated. The analysis combines recent shock-tube experiments, flowfield
calculations, and planetary entry trajectory analysis. The thickness of the nonequilibrium layer and its variation
around the entry body have been correlated by a reaction flow parameter over a wide range of entry conditions.
The influence of nonequilibrium effects on heating during entry into Saturn and Jupiter model atmospheres has
been studied and the effect of vehicle size and ballistic coefficient determined. An ionizational nonequilibrium
layer of significant thickness was found to exist during portions of entry into Saturn and Jupiter warm at-
mospheres. However, the nonequilibrium layer was found to be thin during the peak heating portions of the
trajectory and resulted in reductions in total probe heating of less than 15%.

Introduction

DUE to the timely need for entry-probe design data,
recent entry heating studies have neglected the impact of

nonequilibrium shock layer flow. However, recent studies by
Leibowitz1 and Howe2 have indicated that ionizational
nonequilibrium effects could result in significant reductions in
radiative heating during some outer planet entry missions.
The present study includes nonequilibrium entry heating ef-
fects and explores their impact on mission design.

The exploration of the outer planets include the study of the
structure and composition of the planetary atmospheres.
Direct measurements of these properties are possible with the
use of an atmospheric entry probe. Heat shield requirements
for entry probes under various entry trajectory conditions
need to be computed in order to maximize the useful scientific
payload and data collection. One assumption that has been
consistently applied to the study of outer planet entry heating
is that the dissociation and ionization of the hydrogen-helium
gas takes place immediately behind the shock wave.3"10 Thus,
the flow in the shock layer is assumed to be in chemical
equilibrium.

However, shock-tube measurements of the time history
of radiative emission from 8,000-20,000°K hydrogen-helium
mixtures have shown that the dissociation and ionization rates
are appreciable and for some flowfield conditions may be
significantly slow. Also, the radiation emitted by the
ionizational nonequilibrium gas behind the shock wave is con-
siderably less than the equilibrium radiative emission. Thus,
when the ionization rate is slow compared with the flow rate,
a weakly radiating nonequilibrium layer is formed behind the
shock wave (see Fig. 1), and the radiative flux impinging on
the heat shield is reduced. The assessment of this reduction in
heating on heat shield requirements is the main objective of
this study.

The ionization kinetics calculation utilizes rate coefficients
obtained from shock-tube measurements under simulated en-
try conditions. Earlier investigations of hydrogen-helium
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radiative relaxation were performed using dilute mixtures of
hydrogen and helium at shock velocities below actual entry
velocities, due to shock-tube performance limitations. The
recently developed Jet Propulsion Laboratory ANAA shock
tube1 permits conditions which directly simulate outer
planetary entry trajectories to be produced. Shock velocities
over 50 km/sec into 1.0 torr of hydrogen can be produced
which fall well into the range of Jupiter entry conditions. The
range of Saturn entry velocities of 25-30 km/sec can be
produced over the full range of initial densities encountered
during heating. By using radiative relaxation rates obtained
with the ANAA shock tube in the ionization kinetics
calculations, the uncertainties in predicting nonequilibrium
rates have been considerably reduced from previous
estimates.

The chemical kinetics calculation has been incorporated in-
to a simplified flowfield computation. The shock layer
flowfield was calculated for the spherical nose of an entry
vehicle assuming a noncentric shock wave. A correlation ex-
pression has been obtained between the nonequilibrium layer
thickness and a reaction rate parameter which permits the
nonequilibrium calculation to be conveniently combined with
a trajectory calculation. The combined nonequilibrium
analysis and entry heating program calculate the effect of
nonequilibrium reactions on both instantaneous and total en-
try heating that the heat shield must receive.

Ionization Kinetics and Equations
The reaction scheme describing the important collisional

processes in hydrogen-helium ionization relaxation behind
shock waves has been modeled after the results of argon
ionization studies. Ionization of hydrogen is initiated by
atom-atom collisions which produce atoms in electronically
excited states that are rapidly ionized by additional collisions.
A simplified two-step model is assumed in which hydrogen in
the first excited state is produced by collisions with hydrogen
and helium atoms and is then immediately ionized by a sub-
sequent collision. As the number of electrons produced by the
previous reactions grows, hydorgen is ionized by collisions
with electrons. The electron-atom collision process also
proceeds by a two-step excitation ionization process, with the
first step being the rate controlling reaction.

The reaction scheme for the dissociation of hydrogen has
been obtained from results of previous shock-tube in-
vestigations. 11>12 Molecular hydrogen is first dissociated by
collisions with itself and helium. The hydrogen atoms
produced in the reaction also participate in the dissociation
reaction, as do ions and electrons as they are formed. In the



SEPTEMBER 1976 NONEQUILIBRIUM DURING OUTER PLANETARY ENTRIES 1325

lower temperature ranges, when ionization begins to become
significant the dissociation rate is fast compared with
ionization, and the overall ionization rate is controlled only
by the excitation-ionization reactions. However, as the tem-
perature increases, the dissociation time and the ionization
time become comparable. At these temperatures, the
dissociation rate becomes increasingly important in deter-
mining the overall ionization rate.

The rate constants for the reaction scheme have been ob-
tained from the comparison ^of shock-tube radiation
relaxation measurements with the results of computer
solutions to the reaction kinetic equations. Radiative
relaxation measurements have been made in a 85% hydrogen
mixture using the AN A A shock tube. These relaxation time
data allow direct comparison of experimental and calculated
relaxation times. From a comparison of these results, shown
in Fig. 2, expressions for each of the rate constants were ob-
tained and are listed in Table 1. For shock velocities less than
30 km/sec, the dissociation rate was fast compared with the
ionization process and thus the overall relaxation rate was
controlled by the ionization reaction rates.

In order to calculate nonequilibrium flow around an entry
probe, the one-dimensional equations for relaxation rate,
fluid mechanics, and equations of state are solved
numerically. A different equation is used to describe the rate
of formation and destruction of H, H + , and He + by each
reaction step in the reaction scheme. The concentrations of
the remaining species are obtained using conservation of
atomic elements relations. Separate energy equations for elec-
trons and heavy particles are needed to obtain the electron
temperature and the heavy particle temperature. A steady-
state approximation for the electron energy equation allows
an explicit equation of Te to be written in terms of species
concentrations and the heavy particle temperature. For a fur-
ther description of the governing equations for ionization
kinetics, see Leibowitz n and Hoffert and Lien.13

For one-dimensional, chemically reacting system tube flow,
the energy equation and equations of state are solved in terms
of the stream tube velocity and pressure, u2 and p2, and the
species concentrations and the electron temperature. The
velocity and pressure are obtained from the shock layer
pressure distribution expressions, while the species con-
centrations are obtained from numerical integration of the
kinetic rate equations. A Runge-Kutta integration scheme
which starts at the shock wave and follows a streamline
through the shock layer is used. The kinetics and fluid
relations are solved at each step. A separate step size is used
for integration in the dissociation and ionization regions.

Flowfield Computation
Since a large number of serial computations are necessary

for computing the nonequilibrium planetary entry shock layer
and the radiative flux, none of the time-consuming flowfield
computation schemes, such as the method of integral
relations, the time-dependent method, or the inverse method
is pursued here. Instead, a simplified but rapid flow com-
putation has been developed. A straightforward marching
scheme along various streamtubes from the shock front is
used, similar to the approaches of Freeman14 and Hornung.15

Streamtube calculations of nonequilibrium shock layers have
also been performed by Lin and Teare,16 McKenzie,17 and
Menees.18 By using several empirical relations from previous
exact numerical solutions, the present scheme involves only
purely algebraic computation versus the full-fledged boun-
dary-value problem used by the latter two authors. However,
the present scheme would be more accurate than Freeman's
model, which grossly underestimates the flow speed in regions
close to the body and overestimates the thickness. The stand-
off distance is obtained from the correlation of Hornung15 in
terms of the reaction rate parameter.

It is reasonable to uncouple radiation from the flowfield
computation, thus assuming the inviscid shock layer to be
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Fig. 1 Schematic diagram of radiative flow regions.

Fig. 2 Comparison of computer calculated values of the normalized
ionizational relaxation distance with shock tube measurements, where
• and T represent data using the ANAA shock tube with p, = 1.0

and 4.0 torr respectively.

radiatively adiabatic for all outer planetary missions except
Jupiter. This greatly simplifies the computation of the inviscid
shock layer. From our previous computation, the cooling
parameter (characteristic radiative flux vs enthalpy con-
vection) is less than 2% throughout the entire flight history
for a 0.7 m radius Saturn probe with an inertial entry angle
—7 = 40°, and still less for either a shallower entry or for
other outer planets except Jupiter. To simplify calculations,
the flowfield around Jovian probes is also computed
assuming radiative adiabaticity.

Table 1 Reaction scheme and rate constants

1. H + e5?H + 2e

2. He + ei^He+ + 2e

= 6.09 x 10'17 (SkT^TT^) 1 2 exp(-13.6/kT e)

= 3. 56 x 1CT17 (8kTe /Tt^e)1 / 2 exp(-24. 58/kT^

= 1.1 x 1CT16 (8kTe/Tr (jie)1/2 exp(-10.0/kT e )

k4 = 6.0 x 10"17 (8kTe/Tr (J le)1/2 exp(-20.0/kT e )

H* H He

7. H2 + He^H + H + He

9. H2 + H^H + H + H

10. H2 +H~VH + H + H+

11. H, + e^H + H + e

k& = 5.0 x 10" (8kT/irjjL) exp(-1 0. 0/kTQ)

k? = 7 . 2 x l Q - 6 T [l - exp(1.5 x 108/T2)] exp(-52340/T)

k = 2 . 5 k
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Shock Shape Determination
It is well known that the stand-off distance and the shock

shape for a chemically equilibrium inviscid shock layer over a
blunt body can be closely approximated by a perfect gas
solution with a constant 7 that reproduces the compression
ratio along the axis. One of the latest investigations along this
line with experimental support was described by Miller and
Moore.19 As a corollary, when the stand-off distance for a
chemically equilibrium inviscid shock layer is given, the
corresponding perfect gas solution that reproduces the stand-
off distance will also reproduce the compression ratio and
shock shape. As a first approximation, this correlation is ex-
tended to shock layers governed by finite-rate kinetics in the
present study. In the present scheme, the shock front con-
figurationi as well as those of the streamlines and pressure
distribution, are specified prior to the chemical kinetics
calculations.

The shock stand-off distance is given by empirical relations
extracted from the frozen flow numerical solution of Van
Dyke20 for an infinite Mach number. The numerical
discrepancy among the simple empirical relations and Van
Dyke's solutions is less than 1.5% in a wide range of com-
pression ratios. However, it should be noted here triat with
Van Dyke's inverse approach the body configuration is that
which supports a paraboloid shock front, and hence is not
exactly a sphere. These shock stand-off distance formulas ap-
ply equally well to equilibrium flows and are extended here to
nonequilibrium studies.

The nonequilibrium stand-off distance is interpolated bet-
ween the frozen and equilibrium values using Hornung's15

correlation:

SHOCK
WAVE

[ (A 0 ) / - (A,) e q ] /5 (1)

The reaction-rate parameter 0 (the first Damkdhler number)
is defined as the ratio of the fluid mechanic residence time to
the reaction time, and for the stagnation point it can be ap-
proximated by

(2)

where the normalized particle relaxation time PI tp is obtained
from the ionization kinetics calculations.

The shock shape in terms of body-centered coordinates (see
Fig. 3) is obtained from the relations between the shock-
centered angle and the body-centered angle,

cos m. =

and the expression for the shock radius,

["sin
c -r L sin05 cos(05-

(3)

(4)

where e denotes the ratio of the oncoming flow density to the
mean shock layer density along the axis and RB and Ros
denote the body radius and the shock radius at the axis,
respectively, which are not concentric.

The first term represents the contact sphere at the axis as
viewed from the body center. The second term reflects the
gradual increase of the radius of curvature of the shock front
as it extends from the axis. Due to symmetry requirement, the
radius correction term starts with 0( ®i) as shown.

Pressure Field and the Streamline Configuration
Post-shock pressure along the shock front ps is computed

using frozen-flow oblique shock relations, assuming
vibrational equilibrium. Pressure distribution along the axis is
given by Bernoulli's equation.

Fig. 3 Schematic diagram of f lowfield geometry.

Pressure distribution along the body downstream of the
stagnation point is given by the modified Newtonian pressure
distribution

(5)

which is insensitive to the chemistry within the shock layer ac-
cording to time-dependent solutions of Kyriss.21 With the
pressure fully specified along the boundaries, pressure
distribution within the shock layer is approximated by in-
terpolating between pB(0) and/?5(0) using the expression:

=pB + (ps-pB) ( y / A ) 2 (6)

which reduces to the correct values at the shock front, at the
body, and along the axis.

The streamline configuration is approximated by essentially
stretching Lighthill's constant density, concentric shock layer
streamlines22 between the annulus Ros and RBL (see Fig. 3)
radially in a linear proportion to fill in thejVA = 1 andjVA = 0
annulus. Thus, at a given 6, the streamline ordinatejVA essen-
tially retains its corresponding Lighthill value. The stream
function is described by

30 ei

-5(l-4eL)f2+2(l-eL)(l-6eL)f-']

\3(l-eL)

(7)

where

,-*L + -

is the stretching parameter and the Lighthill compression ratio
eL, which is different from e, follows from the requirement
that the shock and body radii be concentric. Despite the
anomalous sonic line configuration of the original Lighthill's
solution, the sonic line configuration for a frozen-flow com-
putation with the present scheme agrees closely with much
more elaborate schemes. Thus, calculations proceed from the
shock front along streamtubes whose configuration and
pressure distribution are known. The local flow speed is com-
puted at each station using the Bernoulli's equation with den-
sity input from the kinetics computation within the previous
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increment. The residence time for the next increment across
the flowfield becomes the step size for the kinetics com-
putation. Thus, straightforward stepwise kinetic and flow
calculations are carried out along each streamline. For a
typical Saturn entry computation, calculations along sixteen
streamtubes were carried out to fully cover the flowfield. This
flowfield scheme is only meant to be a first-order solution and
leaves fine details of iterative schemes to subsequent studies.

Results of Nonequilibrium Calculations
The interaction of ionization processes with the shock layer

flowfield can be studied using the ionization kinetic flow
calculations. The thickness of the nonequilibrium layer can be
determined and the variation of properties along the body ob-
tained. Conditions representative of Saturn entry trajectories
have been chosen as examples and the results illustrate the im-
pact of the shock layer flow on the ionization relaxation rate.

Although the three-dimensional flowfield can be broken in-
to one-dimensional streamtubes in order to simplify
nonequilibrium calculations, considerable errors are in-
troduced if further simplifications of constant area or con-
stant pressure flow are used. This is due to the difference from
streamline to streamline in pressure variation along the
streamline. Streamlines in the stagnation region have an in-
creasing pressure, while streamlines away from the stagnation
region have a steady decrease in pressure away from the shock
wave. The sensitivity of the relaxation rate to streamline
pressure distribution limits the accuracy of studies using
tabulated constant pressure - kinetics calculations for
streamline relaxation distances such as recently done by
Howe.2

Electron Concentration Distribution
The electron concentration and temperature distribution in

the flowfield determine the radiative flux to the body. For
nonequilibrium flow, the electron concentration and tem-
perature distribution in the flowfield are affected by the reac-
tion time for dissociation and ionization. An example of the
electron concentration distribution in the shock layer sur-
rounding a spherical nose is shown in Fig. 4 for initial con-
ditions encountered during a Saturn entry trajectory. The
relative thickness of the shock layer has been magnified for
illustrative purposes. Lines of constant electron concentration
for values of 0.19, 0.39, 0.58, 0.77, and 0.97 of the peak
stagnation point electron concentration are shown in terms of
jYA, the distance from the body normalized by the shock
layer separation distance, and the body angle in polar
representation. Also shown are the trajectories of two of the
streamlines followed in the calculations. The kinetic flow
parameter has a value 12 = 0.949 for this case. The region of
peak electron concentration is kept close to the body by the
long relaxation times, and the peak electron concentrations
are confined to the stagnation region due to the decay in elec-
tron concentration as the flow expands around the body.

Correlation with Reaction Flow Parameter
In order to achieve a simplified method for including

nonequilibrium effects in entry heating calculations, the
correlation of shock layer electron distribution with the rate
parameter 12 has been studied. Along a trajectory, the entry
velocity and initial density vary over a wide range, resulting in
changes in shock layer temperature, electron concentration,
and 12. Electron distribution contours for cases with the same
0 have been tested for similarity over the range of conditions
of velocity and density encountered during Saturn entry. In
Fig. 5, lines of constant electron concentration are plotted as a
function of normalized body distance and body angle for
three cases having 12 - 1.27. Each case of density and velocity
represents an actual point on an entry trajectory (Saturn
nominal atmosphere, 40° inertial entry angle) with nose
radius adjusted to aclhieve equal 12. Electron contours are

SHOCK
WAVE

BODY ANGLE, deg

\\____LL
0.6 0.4 0.2 0

y/A
Fig. 4 Nonequilibrium shock layer flow showing lines of constant
electron concentration for a Saturn entry case with RB = 2Q cm, Uj
= 29.9 km/sec, p/ = 1.06x!0~7 gm/cm3, and 40° entry angle, 12
= 0.949.

B, rod

Fig. 5 The use of 12 as a similarity parameter for electron density
distribution where the listed parameter is the fraction of maximum
electron concentration and the conditions for the calculations
are — p / = 2 . 6 9 x l O ~ 7 gm/cm3, w/27.3 km/sec, RB = 70 cm;
— p,=4 .36x!0~ 7 gm/cm3,*// =28.1 km/sec, RB=2G cm;
and ---p, =1.06x10 ~7gm/cm3, u, = 29.9km/sec,RB = 21 cm.

shown in Fig. 5 for values of 0.19, 0.77, and 0.97 of the
maximum electron concentration in each case. Despite the
significant variation in initial density and nose radii, the con-
tour lines are found to be similar for the most part. Com-
parisons of electron contour lines have shown similar
agreement for cases with values of 12 from 0.95-4.7. Thus, it is
possible to develop an approximate representation for the
nonequilibrium flowfield around a sphere knowing the
equilibrium, stagnation point, electron concentration, and 0.

For entry heating studies restricted to the stagnation region,
additional simplifications can be made in the nonequilibrium
flow treatment. A correlation has been obtained between the
results of the flowfield calculation for an effective shock layer
thickness and the similarity parameter 12. The effective dis-
tance ye is defined as the distance between the body and the
contour line for 0.77 of the maximum electron concentration.
This distance is approximately constant for body angles bet-
ween 0 and 0.25 rad. In Fig. 6 values of ye/^o obtained from
the flowfield calculations are plotted as a function of 12. These
calculations cover a range of densities from 1.0 to 4.3 x 10 ~8

gm/cm3, a range of entry velocities between 2.7 and
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Table 2 Model atmosphere composition (1970)
by volume

Atmosphere
Saturn cool
Saturn nominal
Jupiter warm
Jupiter nominal

H2

0.73
0.886
0.937
0.865

He
0.263
0.112.
0.062
0.133

2.99x 106 cm/sec, and a range of nose radii from 20-88 cm.
The calculations shown in Fig. 6 are fit well by the simple em-
pirical expressionye/^0-0.9 (1 -e~°-5Q). Also shown in Fig.
6 is a plot of the effective equilibrium layer thickness
ye/&o = 1-1/0, which assumes a constant velocity behind the
shock wave. The deviation between this expression and the
calculated results is produced by the effect of flow
deceleration in the stagnation region on relaxation distance.

Entry Calculations and Results
Nonequilibrium heating calculations of the instantaneous

and total heat flux have been made for entry of a probe into
Jupiter and Saturn atmospheres. Using the nonequilibrium,
stagnation region flow correlation, the radiative relaxation
data were combined with radiative flux calculations and a
trajectory program to produce entry heating results. Using
this approach, the effect of inertial entry angle, vehicle size,
ballistic coefficient, and planetary atmosphere on
nonequilibrium heating has been determined.

The trajectory program23 integrates the equation of motion
for a probe in inertial, planetocentric coordinates assuming a
constant ballistic coefficient and zero lift. The aerodynamic
drag force is calculated using the component of planet
rotation velocity and probe inertial velocity in the com-
putational plane, at the entry point latitude. Thus, the
calculations are correct for equatorial, downwind entry and
can be used for nonequatorial entry with small error. Model
atmosphere compositions and temperature and density
distributions serve as inputs to the calculations. See Table 2
for a listing of atmosphere compositions. At each point in the
trajectory the equilibrium shock layer temperature and den-
sity are determined using the results of the JPL Ther-
mochemistry Program.24 Stagnation point convective heat
flux is calculated for a nonablating surface using hydrogen-
helium thermal conductivity data.

At each point in the trajectory, the reaction flow parameter
fi is calculated based on the instantaneous entry velocity and
freestream density. The effective nonequilibrium shock layer
thickness is determined from the correlations given by Eq. (1).

The radiative flux to the body for both equilibrium and
nonequilibrium layers was calculated using results from the

Fig. 6 Correlation of effective equilibrium layer thickness with ft
where o represents results of the flowfield computations: __
denotes an empirical fit to these results, and —— represents the ex-
pression j^/A^ = 1-I/ft.

hydrogen-helium flux computations of Stickford.25 The in-
stantaneous values of nonequilibrium radiative flux,
equilibrium radiative flux, and convective heat flux were com-
piled. These quantities were integrated to give total entry
heating.

An example of the radiative heating pulse experienced by a
Saturn entry probe is shown in Fig. 7. The instantaneous heat
flux is shown as a function of entry time from an altitude of
300 km from the cloud tops. For this case, with 15 deg entry
angle and the Saturn cool atmosphere, the effective radiating
layer thickness is considerably smaller than the equilibrium
layer throughout the entry heating pulse. The maximum value
of Q during the trajectory is 1.7 and occurs close to the point
of peak heating. As can be seen in Fig. 7, the presence of the
nonequilibrium layer results in an approximately 40% reduc-
tion in the peak radiative heating to the stagnation point.
Peak convective heating for this case is 5.8 kw/cm2 and oc-
curs at 18.9 sec.

The relative impact of the nonequilibrium effect on Saturn
entry heating is shown in Fig. 8. The reduction in total
radiative heating due to nonequilibrium effects and the ratio
of equilibrium radiative heating to convective heating is
shown as a function of entry angle. Results for both Saturn
nominal and cool atmospheres are shown. Nonequilibrium ef-
fects produce significant reductions in radiative flux at the
lower entry angles with a 50% reduction in flux produced at
—7 = 30 deg inertial for the nominal atmosphere and at —7
= 8 deg for the cool atmosphere. However, the significance of
radiative heating with respect to convective heating increases
with entry angle. Due to the higher fraction of helium in the
cool atmosphere, shock layer temperatures are higher than for
the nominal atmosphere at a given entry velocity. Thus,
radiative heating dominates heating for large angle entry into
the cool atmosphere. As a result of the opposite trends in the
quantities shown in Fig. 8, the overall impact of the

12 14 2016 18

ENTRY TIME, sec

Fig. 7 Saturn entry radiative heating pulse for the cool atmosphere
with j8 = 120 (mks), RN = 0.25 m, and -y = 15°.

Fig. 8 The reduction in radiative heating due to nonequilibrium ef-
fects for Saturn entry with RN = 0.445 m and 0 = 120 (mks).
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Fig. 9 The reduction in radiative heating due to nonequilibrium ef-
fects for Jupiter entry with /?/y = 0.445 m and /3 = 140 (mks).

nonequilibrium effect on the total probe heating is small.
Reductions in total heating have been found to be less than
15%.

The effects of radiative relaxation on entry heating for
Jupiter nominal and warm atmospheres are shown in Fig. 9.
Negligible reduction in radiative heating was found for the
nominal atmosphere. Due to lower shock layer temperatures,
reductions in heating were apparent for the warm at-
mosphere. However, even for the warm atmosphere the
nonequilibrium effect produces less than a 10% reduction in
total entry heating.

Conclusions
An analytical tool has been developed which enables the im-

pact of the ionizational nonequilibrium effect on outer planet
entry heating to be estimated. A calculation method was
developed to obtain nonequilibrium electron concentration
and temperature distributions in an entry probe shock layer
based on recent shock-tube radiative relaxation measure-
ments. The thickness of the nonequilibrium layer and its
variation around the entry body have been correlated by the
reaction flow parameter 0 over a wide variety of entry con-
ditions and nose radii. Using such a correlation in conjunction
with entry trajectory calculations, the stagnation region
nonequilibrium heating has been studied. The influence of
inertial entry angle, vehicle size, ballistic coefficient, and
planetary atmosphere has been determined.

An ionizational nonequilibrium layer of significant
thickness has been found to exist during entry of a planetary
probe into the atmospheres of Saturn and into the warm at-
mosphere of Jupiter. This nonequilibrium layer forms im-
mediately behind the shock wave and produces appreciably
less radiative flux than if in equilibrium. Although the
thickness of this zone of low radiation can be an appreciable
fraction of the shock layer during the early stages of entry, it
was found to be thin during the peak heating portion of the
trajectory. Therefore, for the cases considered, ionizational
nonequilibrium effects result in only a small reduction in the
overall entry heating. Typical reductions are less than 15%.

Consideration of ionizational nonequilibrium effects on
outer planet entry missions is still required. Potential changes
in probe-design or in estimate of planetary atmosphere com-
position may alter the significance of the nonequilibrium ef-
fect on heating. Efforts to reduce probe radiative heating by
reducing the nose radius or the ballistic coefficient, for exam-
ple, will increase the presence of a nonequilibrium layer. Also,
nonequilibrium effects may have an impact on other aspects
of entry. For example, they must be evaluated if experiments
are proposed to monitor shock layer radiative emissions
during entry. Finally, further work is required to evaluate
nonequilibrium effects on entry into Uranus or other outer
planet targets.
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