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Effect of Electron Temperature and Impact lonization on
Martian Return AOTV Flowfields

Leland A. Carlson* and Thomas A. Gallyt
Texas A&M University, College Station, Texas 77843

Various electron impact ionization models in conjunction with a quasiequilibrium electron temperature model
have been investigate^ and applied to the stagnation region of a hypothetical 2.3-m nose radius Martian return
aeroassisted orbital transfer vehicle (AOTV). For the conditions considered, U = 12 km/s at 80 km, both
multitemperature inviscid and viscous results indicate that a two-step ionization impact model predicts ioniza-
tion distances in agreement with experimental data, that nonequilibrium chemistry and radiation effects are
important throughout the stagnation zone, and that the quasiequilibrium electron temperature model is reason-
able. Also, using a nongray emission-absorption radiation step model, it is shown that nonequilibrium causes a
reduction in radiative heating from that predicted for equilibrium conditions and that, compared to an adiabatic
wall, a cool wall (1650 K) results in a 28-43% reduction in radiative beating due to absorption near the wall.

Introduction

I N the future, various space programs will be conducted
that will require the efficient return of large payloads to

low Earth orbit (LEO) from missions to the moon pr planets
such as Mars. To accomplish this task, the return vehicles will
utilize aerocapture techniques that will involve re-entry and
deceleration at high altitudes, and to design these vehicles, a
thorough understanding of the physical phenomena will be
required. Because of the high altitudes associated with aero-
capture, the vehicle flowfields will be dominated by chemical,
thermal, and radiative nonequilibrium phenomena, which in
many cases have not been extensively studied since the Apollo
era.1 Recently, as a result of the Aeroassisted Flight Experi-
ment (AFE) program, results have been presented for aerocap-
ture flowfields in the range of 7.5-10 km/s (Refs. 2-7). These
results have demonstrated the importance of nonequilibrium
phenomena in this flight regime.

However, for a Martian return vehicle the minimum nomi-
nal Earth entry velocity is approximately 12 km/s and the
vehicle might be required under certain conditions to be able
to operate and survive at Earth entry speeds up to 16 km/s.8

At these higher velocities, the nonequilibrium phenomena will
be different from those associated with the AFE vehicle. In the
stagnation region, for example, nonequilibrium should be
dominated by electron impact ionization processes instead of
dissociation reactions; extensive thermal nonequilibrium in-
volving at least three temperatures (heavy particle, vibra-
tional, and electron) will exist; and the radiative heat transfer
may be significantly affected by local thermodynamic
nonequilibrium or nonequilibrium radiation effects. In addi-
tion, the electron temperature and nonequilibrium chemistry
will be strongly coupled, and this coupling will influence the
radiative heat transfer to the vehicle. Furthermore, at the
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higher end of the velocity range (14-16 km/s), the radiative
transfer and the flowfield gasdynamics will be coupled due to
the significant energy losses associated with radiation cooling.

Currently, several different engineering models and reaction
rates have been postulated for electron impact ionization
chemistry, all of which depend on the accurate prediction of
electron temperature. The purpose of the present effort is to
examine these different electron impact ionization models us-
ing flowfield results obtained from both inviscid and viscous,
nonequilibrium chemistry, multitemperature computational
models. By comparing the results with each other, the conse-
quences of using a specific model can be determined. Further-
more, by comparing these results with experimental data, a
suitable ionization model for the stagnation region can be
determined.

Problem Formulation

Flowfield Models
In this study both inviscid and viscous flowfield representa-

tions have been utilized. For the inviscid calculations an im-
proved version of a previously developed6 nonequilibrium
chemistry axisymmetric inverse method based on the work of
Grosse9 has been utilized as the basic Euler equation flow
solver. This method permits arbitrary chemistry, includes op-
tions for a variety of vibration dissociation coupling models,
and, in the computation of radiative transfer, accounts for
nongray gas spectral and local thermodynamic nonequi-
librium phenomena. For the present effort it has been further
modified to include an electron temperature model and both
one- and two-step atomic ionization models.

Since at the high altitudes and low densities of interest in
aerocapture both viscous phenomena and wall thermal
boundary-layer effects will be important, calculations have
also been obtained using a modified version of the NASA
Langley nonequilibrium chemistry viscous shock-layer code
VSL3DNQ, which is an axisymmetric version of the SHTNEQ
code described in Ref. 10. Like the inviscid code, this viscous
shock-layer (VSL) method has also been modified to include
an electron temperature model and both one- arid two-step
atomic ionization formulations. In addition, it has been com-
bined with a nongray emission-absorption radiation model to
permit the computation of radiative heat transfer. However,
the effects of radiation gasdynamic coupling due to radiation
cooling have not yet been included in the VSL formulation.
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Electron Impact lonization
At conditions of interest for Earth return from Mars, the

nonequilibrium chemistry region behind the bow shock will be
dominated by ionization chemistry. Initially, ions will be pro-
duced via reactions involving NO+ and N2

+ and precursor
photoionization, but once significant dissociation has oc-
curred and reasonable amounts of atomic nitrogen and oxygen
are present, the atoms will directly ionize in collisional reac-
tions. Of these the most important are the electron impact
reactions:

10

e~ = N

=O

e~ + e (la)

(Ib)

since they can induce electron avalanche and, thus, strongly
affect the length and character of the nonequilibrium zone.

The classical model for these reactions uses standard forms
for the species production terms, reaction rates, and equi-
librium constant. This approach essentially assumes that the
ionization mechanism proceeds via a one-step process, and a
widely used set of reaction rates for these reactions consists of
the following:

For e~ = N + + e ~ + e

kf=l.lx 1032re- 3'14 exp ( - 169,000/7;) (2)

(3)

where kf and kb are the forward and reverse rate coefficients
based on the local electron temperature Te.

For O + e" = O+ + e~ + e",

kf = 3.6 x 1031re-2 91 exp( - 158,000/7;) (4)

(5)

Following normal practice, it is assumed that in these reac-
tions the governing temperatures are the electron tempera-
tures. These rates were presented by Kang et al.u as part of an
extensive reaction chemistry set, and results using this set
yielded good agreement with electron probe measurements on
the flank region of the RAM-C flight vehicle experiment. Both
recombination coefficients, Eqs. (3) and (5), have the form
resulting from elementary12 and variational theory three-body
collision theory,13 and the coefficient is near the upper bound
determined by Makin and Keck.13 In fact, several figures in
Ref. 11 are labeled "Results are for upper-bound reaction rate
coefficients for de-ionization reactions."

Similar recombination rates were also used in reflected
shock-tunnel nozzle flow investigations of C + recombination
and O2

+ and N2
+ dissociative recombination in which good

results were obtained.14"16 However, as noted by the investiga-
tors, these experiments may not have been sensitive to these
reactions since in one case the leading coefficient in Eq. (3)
was varied by plus and minus two orders of magnitude with no
effect on the data.16 Also, these laboratory and flight experi-
ments were for flows dominated by recombination and at
lower electron densities and temperatures (2500-8000 K) than
those that are of interest in the current investigation. Thus,
although not establishing the validity of these rates for the
present conditions, these experiments do not indicate that they
are incorrect.

However, Park17'18 measured the nitrogen ionic recombina-
tion rate at a nominal temperature of 10,000 K using an arc
plasma wind tunnel and obtained values that corresponded to
a recombination rate of

kh = 5.02x 10427r5-27 (6)

which is in reasonable agreement with the value of Kang et
•al.11 He also suggested that the forward rate be obtained from

PARK(68) &: KANG ET AL BASED
ON RECOMBINATION EXPTS.
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the equilibrium constant, K^, via

~ = N +

(7)

Both the Park forward rate corresponding to Eq. (6) and the
Kang et al. forward rate given in Eq. (2) are plotted in Fig. 1.
As can be seen, the agreement between the two rates over the
range of electron temperatures of interest in the present study
is good.

Now it should be recognized that, for the high temperatures
of interest in the present effort, three-body deionization re-
combination will include significant electron capture into low-
lying levels and collisional de-excitation should be rapid.12 In
addition, although the atomic electronic excited state popula-
tions may be in a Boltzmann distribution during recombina-
tion [i.e., local thermodynamic equilibrium (LTE)], at Te,
experimental evidence19 indicates that many of the excited
state population densities may not be in equilibrium with the
number density of free electrons. As will be discussed later,
this nonequilibrium with the free electrons during recombina-
tion is in contrast with the behavior that can be assumed to
occur behind a shock wave during ionization.

Recently, Park4 used a two-temperature ionizing air model
and obtained good agreement with shock-tube, shock-tunnel,
and flight measurements of phenomena immediately behind a
shock front and/or in the stagnation zone and forward face
region of blunt bodies. For these studies several of the reaction
rates were adjusted in order to yield good comparisons with
experimental data, and the forward rates for the reactions in
Eq. (1) are considerably different from those given by Eqs.
(2-7). These rates consist of the following:

For N + e~ = N + + e ~ + e ~ ,

kf = 2.5 x 1033re-3-82 exp( - 168,6007 T&) (8)

ForO + e- = O + + e ~ + e ~ ,

kf = 3.9 x 1033re-3 78 exp( - 158,500/7;) (9)

and the forward rate for atomic nitrogen electron impact
ionization is plotted in Fig. 1 . Note that it is almost two orders
of magnitude smaller than the rates based on recombination.

The second model for atomic ionization is an engineering
approximation based on various theories involving the ioniza-
tion of argon20"24 and the application of these theories to
nitrogen and oxygen.25'26 This approach assumes that atomic
ionization is not a one-step process but proceeds via a two-step
chain involving excitation to an excited state followed by rapid
ionization controlled by the local charged particle concentra-
tions and the electron temperature. This concept applies not
only to electron impact ionization but also to heavy particle
ionization involving atom-atom and atom-ion collisions.

Unfortunately, because of the two-step process, the usual
mass production rate formulation is not completely adequate.
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For example, assume that the atom-atom ionization process
proceeds as follows:

Ng + M = N* + M (10)

(11)

where N* refers to atomic nitrogen in an excited state. By
assuming that the first step is rate determining, that dNVdf is
approximately zero, and that the ground state concentration
approximately equals the atom concentration, kinetics yields
the rate of species mass production per unit volume us to be

"N*, total = 3IW*/[N,][Af] - kb[N*][M]} + o>NM1 (12)

where kf and kr are for Eq. (10), brackets denote concentra-
tion, 9E5 is the molecular weight of species s, and the subscript
11 refers to Eq. (11). However, by assumption,

*, total — 0

so that

(13)

But kf and kr are related by the equilibrium constant for Eq.
(10):

where g is the degeneracy of the indicated energy level E9 and
k is the Boltzmann constant. Thus, Eq. (13) becomes

gg exp (E*/kT)[N*
(14)

At this point, a rate expression relating the excited state to the
ions and free electrons could be introduced instead. However,
based on experimental evidence for monoatomic gases,19'24 it
can be assumed as an approximation that the excited states of
nitrogen are in equilibrium with the free electrons and ions at
the electron temperature. Thus,

NeNN+

NN* g* (15)

where X is the ionization potential from the excited state, Q5
el

is the electronic partition function of species s , and ge _ is the
partition function for the electrons defined by

A similar analysis for M = N + ionization yields

<be,N+ =3tte*/[N][N + ]

1-- (17)

whereas, for electron impact ionization, M = e~, the result is

(18)
S.exp 7-

Similar expressions could be obtained for atomic oxygen ion-
ization.

Notice that the production rates involving heavy particles
(atoms and ions) are governed by both the electron and the
heavy particle temperature, whereas the production rate for
the atom-electron reactions involves only the electron temper-
ature but has the classical form. Furthermore, the forward
rate coefficient is for the limiting step and only uses the energy
of the assumed excited state and not the ionization energy.
Wilson,25 using the work of Petschek and Byron,27 assumed
that the rate-limiting step in the ionization process was the
excitation of the atoms to the level involving the largest energy
jump, i.e., to the 3s4P for nitrogen and to the 3s5S state for
oxygen, and they proposed a form for the excitation rate. It
should be noted that for oxygen and nitrogen this rate-limiting
step is for the temperatures of interest here and differs from
that used in Ref. 13, which was only 2.5 eV below the ioniza-
tion level.

Using this theory, Wilson obtained good agreement with
shock-tube data for ionization distances behind shock waves
in air. Subsequently, these forms were used to deduce rates
that were used to study nonequilibrium radiating phenomena
behind reflected shock waves26 and the AFE stagnation re-
gion.6

Thus, based on the theory and results presented in Refs.
24-26, reaction rates consistent with the two-step approximate
model given by Eqs. (10-18) consist of the following:

For N + e" = N + + e ~ + e ~ ,

kf = 4.16 x 1013re°-5 exp( - 120,0007 Te) (19)

kf = 5.49 X 1013re°-5 exp( - 104,500/re) (20)

For N + N = N + + e ~ + N and N + N + = N + + e ~

where h is the Planck constant and me is the electron particle
mass. Substituting Eq. (15) into Eq. (14) and noticing that

yields, for M - N,

1- (16)

where A V is Avogadro's constant, and the subscript 11 is
replaced by the incident particle for the two-step reaction, M.

kf = 2.34 x exp( - 120,0007 T) (21)

The forward rate given by Eq. (19) is also shown in Fig. 1
and is in reasonable agreement with the ionization rate of
Park.4 As can be seen, both of the rates associated with
ionization processes are considerably slower than those de-
duced from recombination experiments and theory. However,
the difference might be due to fundamental differences in the
processes involved. In the shock-tube case the process is dom-
inated by forward ionization, and in the rate derivation it was
assumed that the excited states were in equilibrium with the
free electrons and ions. In the shock- and arc-tunnel experi-
ments, the chemistry is dominated by recombination, and, as
mentioned earlier, there is experimental evidence19 that during
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recombination the excited states may not be in equilibrium
with the free electrons.

Electron Temperature Model
Besides chemical nonequilibrium, it is possible for a par-

tially ionized gas to have regions of thermal nonequilibrium
between electrons and the other heavier species. Such thermal
nonequilibrium occurs because the rate of energy exchange
between electrons and heavy particles is very slow due to the
large mass differences in the species, and it is characterized by
different free electron and heavy particle temperatures. Since
atomic ionization and radiative transfer are dependent on and
strongly coupled to the electron temperature, accurate models
for computing it are essential.

Over the years a variety of models for determining the
electron temperature have been presented4'6'20'23'26'28-33 that
differ in detail, level of complexity, and ease of solution. All
of these start from the equation representing conservation of
electron energy, which can be written as

D(pe/*e) D(w) a

Dfa)
Dt : j-;ii -AfcXe-tfeIdr J

(22)

If Bremmstrahlung and viscous stress effects are ignored,
this equation becomes, showing only one dimension for sim-
plicity,

dhepe«e — ̂
dx

£ '
j- 1

dp, a / x dTe\ a-^ +— ( - xe — ̂  ) +—
dx dx \ dx/ dx

a
——

dpe
——

(23)

where the first term on the right side represents the effect of
external forces and is obtained from the electron momentum
equation; the second term accounts for the rate of energy gain
by electrons due to elastic encounters because of thermal
motion of the particles; the third term represents the energy
gain resulting from elastic encounters because of the relative
fluid motion of the electrons; and the last term represents
energy change due to inelastic encounters. The velocity Ue is
the electron diffusion velocity.

In the past, several investigators,20'23'26 using the full elec-
tron energy equation, have obtained results which indicate
that when significant ionization is present in the postshock
nonequilibrium zone the electron temperature is essentially
constant at a value 10-15% above the theoretical equilibrium
temperature until the heavy particle temperature falls to that
value. After that, the two temperatures are essentially the
same. Obviously, the use of such a constant temperature
would simplify the electron temperature calculations, and this
approach has been used in approximate flowfield solutions31'34

and was considered for the present study. However, prelimi-
nary calculations demonstrated the difficulty of selecting a
priori an appropriate effective constant electron temperature,
and this approach was abandoned.

Another approach successfully used in the past for AFE
flowfields4'6 is to assume that the nitrogen vibrational temper-
ature and the electron temperature are equal and to combine
the electron and vibrational energy equations. This method is
based on experimental data35 and theoretical calculations4'5
which show that, near 7000 K, vibrational processes strongly
influence the electron temperature. However, for the condi-
tions of the present study, temperatures are normally above

10,000 K, dissociation occurs rapidly behind the shock front,
and the concentration of N2 is very low over most of the
nonequilibrium zone. Thus, vibration electronic coupling
should not be significant, and this approach was not utilized in
the present study.

Another model that has been used in the past32'33 is the
"quasiequilibrium approximation," in which all derivative
terms are neglected in the electron energy equation. If it is
further assumed that the charge exchange cross section be-
tween atoms and ions is sufficient to ensure that they have the
same diffusion velocity and, due to rapid dissociation, that the
concentration of diatomic molecules is low over most of the
shock layer, then diffusion terms can also be neglected. Thus,
Eq. (23) becomes

!L.
2 (24)

Since vibration electronic coupling has been neglected, the
inelastic term Qe is composed of effects due to chemical reac-
tions involving electrons. When an electron is created by an
electron-atom reaction, the electron that caused the ionization
will lose energy equivalent to the ionization potential Ej plus
the energy of the created electron, which on the average is,
say, eav. The original electrons will rapidly equilibrate by
elastic collisions and will have collectively lost energy Ej + eav.
The equilibration between the original electrons and the newly
created one will not affect the energy per unit volume since it
only involves a transfer of energy from one particle to an-
other. Thus, the net energy loss from an electron atom ioniza-
tion process is El9 and the total is ^^AEI/mQ.

Similarly, every time an atom-atom ionization occurs, an
electron of average energy QAA is created, and the total energy
gain for these processes is ue,AA QAA /me- This is also the case
for atom-ion ionization. Thus,

For the present conditions, however, the electron-atom pro-
cess should be the dominant ionization mechanism and the last
two terms should be negligible.21'26 For the parts of the flow-
field where the other reactions are important, the concentra-
tion of electrons should be low enough that any error resulting
from neglecting them in Eq. (25) should be small. Thus, only
the first term of Eq. (25) need be retained.

General forms for the elastic interaction terms have been
derived using collision integral theory in Ref . 36. Since diffu-
sion effects are ignored in the quasiequilibrium model, these
interaction terms can be reduced to

l .03478 x 10 - 23)(r - (26)

where centimeter-gram-second units are assumed; terms in-
volving me have been dropped relative to heavy particle
masses; and SQJ- is the collision cross section between electrons
and species j.

By substituting Eqs. (25) and (26) into Eq. (24), dropping
the small term involving u2 and rearranging, an approximate
equation for the free electron temperature is

1.23357 x 10 ~10

where

SX = NNSeN

5
**2'

eN +

(27)

NeO +
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Note that this equation is nonlinear since the cross sections are
functions of translational and electron temperature as well as
concentrations and that the various production rates also de-
pend on both temperatures. In the present study an iterative
method for solving this equation has been developed and
included in both the inviscid and viscous flowfield solvers.

Chemistry Models
Since the primary objective of the present effort is to use

multitemperature flowfield models to investigate the effect of
different impact ionization models, the reaction chemistry
schemes have been kept as simple as possible. For air, the 10
species, 11 reaction model shown in Table 1 has been used.
Although this scheme is not as complete as some others (Ref.
11, for example), it should be adequate for the present study.
In addition, numerical experiments were conducted using for
the nitrogen dissociation reaction a series of reaction rates that
varied by several orders of magnitude. For the conditions
investigated, no significant effects on the ionization processes
were observed.

However, since the air model did not contain all possibili-
ties, particularly with respect to dissociation and oxygen ion-
ization, results have also been obtained assuming a pure nitro-
gen freestream. At the conditions of interest, nitrogen is a
reasonable representation of nonequilibrium radiating air,
and more details can be included using a smaller number of
species and reactions. The nitrogen reaction chemistry set
consisting of five species and eight reactions is shown in Table
2. Notice that charge exchange is included.

In general, with the exception of the atomic ionization
reactions, the rates shown in Tables 1 and 2 are similar to
those used by other investigators3'6'26'33'35 and are in the form

kftb = ATB exp(-E/T)

As noted in the tables, computations involving the one-step
ionization models and the rates in Eqs. (2-5) will be termed
case 1, and those using the two-step ionization model and the
rates in Eqs. (19) and (20) are case 2.

Vibration Dissociation Coupling
It is well established that, in general, vibration dissociation

coupling strongly influences the dissociation of diatomic
molecules.4"6 However, at the temperatures and velocities as-
sociated with the present study, dissociation occurs rapidly,
and the influence of vibration dissociation coupling on the
ionization processes is small. To confirm this, numerical ex-
periments were conducted with the inviscid flowfield model
using vibrational equilibrium, coupled vibration-dissociation-
vibration (CVDV) coupling, and modified CVDV (MCVDV)
coupling, and no significant differences between the results
regarding the ionization processes were observed. Conse-
quently, in the inviscid flow solver, the MCVDV model devel-
oped in Ref. 6 has been used. This coupling model includes
corrections to the Landau-Teller relaxation time correlation to
prevent unrealistically short relaxation times at high tempera-
tures and accounts for the diffusive nature of vibrational
relaxation at high temperatures.4

In its original form the viscous shock-layer code,
VSL3DNQ, did not contain any vibration dissociation cou-
pling model. Since the inviscid studies indicated that, for
conditions associated with Earth entry return from Mars,
vibrational coupling effects were small, the VSL code has not
been modified, and all viscous calculations have assumed vi-
brational equilibrium.

Radiation Model
At the lower velocities associated with the Earth return from

Mars of an aeroassisted orbital transfer vehicle (AOTV), i.e.,
12 km/s, radiative heat transfer and associated self-absorption
effects should be important, but the total radiative losses from
the flowfield should be sufficiently small so that there is not

Table 1 Air reaction system

Reaction
O2 + M = 2O

NO + M = N
N2 + M = 2N
N -f- O2

 = NO
N2 + O = NO
N+0=NO+

N + N = N2+
N + N = N

N + N + = 2 N +
N + e ~ = N +

0 + e-=0 +

+ M
+ 0 + M
+ M
+ 0
+ N
+ e~
+ e~
+ N + + e -
+ e~
+ 2e~
+ 2e-

A B E Direction
1.19X1021 -1.5 59,380 Forward
5. 18 XlO21 -1.5 75,490 Forward
2.27 XlO21 -1.5 0 Backward
l.OOxlO12 0.5 3,120 Forward
7.00 XlO13 0.0 38,016 Forward
l.SOxlO21 -1.5 0 Backward
1.40 XlO13 0.0 67,800 Forward
2.34 XlO11 0.5 120,000 Forward
2.34X1011 0.5 120,000 Forward
Eqs. (2) and (3) for case 1, (19) for case 2
Eqs. (4) and (5) for case 1, (20) for case 2

Table 2 Nitrogen reaction system

Reaction
N2 + N2 = 2N
N2 -f N = 2N
N2 + M = 2N

N2 + N+ = N2
 +

N + N = N2+
N + N = N

N + N + = 2 N +
N-i-e~ =N+

+ N2
+ N
+ M
+ N
+ e~
+ N + + e -
+ e~
+ 2e-

A B
4.70X1017 -0.5

4.085 XlO22 -1.5
1.90X1017 -0.5
2.02 XlO1 1 0.8
1.40 XlO13 0.0
2.34X1011 0.5
2.34X1011 0.5

E Direction
113,000 Forward
113,000 Forward
113,000 Forward
13,000 Forward
67,800 Forward

120,000 Forward
120,000 Forward

Eqs. (2) and (3) for case 1, (19) for case 2

any significant radiative gasdynamic coupling. Thus, once a
flowfield solution has been obtained for a given reaction
chemistry system, the flowfield solution can be used to com-
pute the body radiative heat transfer. In the present study, the
tangent slab approximation has been used, the wall surface is
assumed to be nonemitting and nonablating, and precursor
effects are assumed negligible. Also, an eight-step nongray
absorption coefficient model based on the work of Olstad37

and similar to that used in Ref. 6 has been used. However, it
has been modified to yield, under equilibrium conditions,
results with respect to both magnitude and spectral distribu-
tion that in general agree with RADICAL, the NASA Langley
version of a detailed radiation program documented in Ref.
38. Based on a series of calculations, these modifications
consisted of a reduction in the effective absorption cross sec-
tions in the frequency range of 6.89-10.98 eV, which is com-
posed not only of continuum radiation but also several impor-
tant lines. This step model has yielded reasonable engineering
results for AFE flowfields6 and, in conjunction with an ap-
proximate flow solver, has correlated well with the Fire 2
flight experiment.34

A spectral comparison between stagnation-point radiative
heating predictions obtained using the present eight-step
model and RADICAL is shown in Fig. 2. These results were
obtained using the viscous flow solver with 99 points between
the shock and the wall, case 1 rates, and assuming an adiabatic
wall, and almost the entire shock layer for this case was in
chemical and thermal equilibrium. The presence of line contri-
butions is evident in the RADICAL results by the tall narrow
peaks on top of the continuum curves in the infrared (0-3.1
eV) and ultraviolet (8-12 eV). Since the radiative heating to
the wall is the area under these curves, it can be seen that, in
general, the two models agree quite well, and, in fact, the
results are within 15% overall. [Note that the vacuum ultravi-
olet (VUV) band in the eight-step model that starts at 14.56 eV
actually extends to 31 eV.] However, the eight-step model still
does appear to slightly overpredict the heating in the range of
6.89-10.98 eV, and further improvements can probably still be
made. Nevertheless, particularly when computational effi-
ciency is considered, the modified eight-step absorption coef-
ficient model should be adequate for engineering and compar-
ison studies.

In addition, the present radiation model contains a method
for computing approximate correction factors that account
for the effects of local thermodynamic nonequilibrium
(LTNE). Such LTNE can exist in the chemical nonequilibrium
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Fig. 2 Stagnation-point radiative heat transfer from RADICAL and
eight-step model.

region immediately behind the shock front where, due to
ionization via excited states, the populations of the electronic
states may not be that predicted by an LTE assumption using
the ground state. The rationale behind these factors and their
derivation has been presented in Refs. 6 and 34, and similar
factors have been used for monoatomic gases.20"23 The inclu-
sion of radiation nonequilibrium effects is essential for accu-
rately predicting radiative heat transfer at high-altitude condi-
tions.4-6'34

Originally, these LTNE factors were expressed in terms of
the degree of dissociation and ionization,6'34 which were often
difficult to compute accurately. However, Greendyke39 has
pointed out that they can be more simply expressed in terms of
the partition functions. Thus, the atomic nitrogen LTNE cor-
rection factor can be written as

NcQgexp(169>000/re) (28)

For radiation processes involving the ground state, this factor
is multiplied by the blackbody function for that region to yield
the effective source function, and the absorption coefficient is
unchanged. On the other hand, for processes involving excited
states, the factor is multiplied by the absorption cross section
to yield the effective absorption coefficient, and the source
function for that spectral region is unchanged. Additional
details are presented in Ref. 6, and similar forms can be
obtained for molecular radiation.

For cases where the reaction chemistry set is such that an
opposite rate is obtained from a forward or reverse rate in
conjunction with an equilibrium coefficient computed from
partition functions, the correction factor form given in Eq.
(28) is appropriate. This situation is the case with the two-step
ionization model, whose rates have been designated case 2. In
other words, in that case the factor predicted by Eq. (28) will
go to one as the flow approaches ionization equilibrium.

However, when the one-step ionization rates of Kang et al.11

are used, case 1, the ionization equilibrium coefficient is deter-
mined by the ratio of the forward-to-reverse rates [Eqs. (2-5)]
and not by partition functions. In that case the atomic nitro-
gen LTNE correction factor should be computed using

(NN + Ne)/NN,4F*eq (29)

and the equilibrium coefficient is given by

Keq = kf/'kb = 5x10- 9Te
L36 exp( - 169,0007Te) (30)

If this approach is not taken, the factors will not approach one
as chemical equilibrium is approached, and ridiculous answers
may result.

For viscous cases in which a cool wall is considered, recom-
bination processes will dominate in the wall thermal layer,
and, as mentioned earlier, there is evidence that during recom-
bination the excited states may not be in equilibrium with the
free electrons and ions and the electronic states may all be
populated according to a Boltzmann distribution, i.e., in LTE
with the ground state. Consequently, in the wall thermal layer,
the radiation should be computed using the local electron
temperature and nonequilibrium species concentrations, and
the LTNE factors should not be used (or set to unity).

Discussion of Results
Inviscid and viscous results have been obtained for the

stagnation region of a 2.3-m nose radius axisymmetric blunt
body for a freestream velocity of 12 km/s at an altitude of 80
km. This condition was selected because it is within the range
of possible Martian return trajectories, and yet the velocity is
low enough that radiation losses should be minor, at the most
a few percent, compared to the total flow energy. Thus, radi-
ation cooling and gasdynamic coupling effects should be
small. Each in viscid solution covers the region between the
shock and the body and from the center line up to 10 cm above
the axis and is typically composed of over 10,000 computa-
tional points. Inviscid solutions using both air and nitrogen
freestreams have been obtained. Viscous solutions have been
obtained along the stagnation streamline for nitrogen
freestreams for adiabatic and cool wall situations. In both
cases the wall was assumed to be nonemitting and noncata-
lytic, and in the cool wall case the wall temperature was
assumed to be 1650 K, which is representative of nonablating
heat shield materials.

Inviscid Results
Although flowfield properties along 21 different streamlines

in the stagnation region were actually computed, details will
only be presented for streamline C, which crossed the shock
front 1.5 cm above the axis. This streamline is shown in Fig.
3 as a solid line, along with several other streamlines, the
shock front, and the body. Depending on the reaction chemis-
try system, streamline C was typically composed of 700-2000
spatial grid points.

Figure 4 shows air results obtained using the one-step ion-
ization model with case 1 rates, the quasiequilibrium electron
temperature model, and MCVDV vibration dissociation cou-
pling. Although individual vibrational temperatures were
computed for N2, O2, NO, NO + , and N2

+ , for clarity they are
not included on the plots. Immediately behind the shock
front, the heavy particle temperature T is almost 70,000 K,
whereas the electron temperature Te is at the freestream value,
180.65 K. Initially, Te rapidly rises to about 10,000 K, whereas
the heavy particle temperature falls sharply due to the rapid
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Fig. 5 Electron mass production rate along streamline C, inviscid
case 1.

dissociation of N2 and O2. Subsequently, the electron temper-
ature gradually increases until it equilibrates with the heavy
particle temperature.

As can be seen on the concentration profiles, in the region
immediately behind the shock front the concentration of
atomic nitrogen and oxygen rises extremely rapidly, indicating
that dissociation essentially occurs in the shock "front" as has
been assumed in some approximate solutions.25'34 Also N2

+,
NO, and NO+ peak rapidly and essentially "disappear," and
from 3 practical standpoint the entire nonequilibrium portion
of the flowfield is dominated by atomic ionization. Interest-
ingly, at the end of the equilibrium zone, the concentrations of
N+ and O+ are similar. Furthermore, the heavy particle
temperature and [e~] profiles exhibit a change in curvature
around 2.5 cm, which is associated with the onset of electron
avalanche from the electron impact ionization reactions.

'o

O q
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Fig. 6 Species and temperature profiles for air along streamline C,
inviscid flow, case 2.
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Fig. 7
case 2.

Electron mass production rate along streamline C, inviscid

The magnitude of this phenomena is shown in Fig. 5, which
portrays the total electron production rate [in g/(cm3-s)] for
this case. Although the plot is somewhat lacking in detail since
only approximately every twentieth point is plotted, it can be
seen that avalanche starts at about 1 cm along the streamline.
Apparently, by this point other ionization reactions have pro-
duced sufficient electrons, and the electron temperature has
risen sufficiently to permit electron impact ionization to dom-
inate. Both Figs. 4 and 5 indicate that for the case 1 rates the
flow equilibrates in about 4.5 cm. It should be noted that the
high electron production rate associated with the case 1 impact
ionization rates prevents the free electron temperature from
peaking and instead leads to its gradual rise until equilibrium
is attained.

Inviscid results obtained using the two-step approximate
ionization model with case 2 rates are shown for air in Figs. 6
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and 7. The [N] and [O] profiles indicate rapid dissociation and
are similar to those with the one-step model shown in Fig. 4.
Likewise, the peak values for [N2

+ ] and [NO + ] are similar but
occur slightly later. The electron temperature initially rises to
about 14,000 K, after which it remains relatively constant until
it equilibrates with the heavy particle temperature. As can be
seen by comparing the values in Figs. 7 and 5, the electron
production rate for this case is significantly lower than that for
the case 1 situation, and as a result the electron temperature is
higher over most of the nonequilibrium region.

The biggest difference, however, between the case 1 and
case 2 air results is in the behavior and length of the atomic
ionization region. After the initial dissociation, the decrease in
heavy particle temperature and increase in electron concentra-
tion is, by comparison, slow, and equilibrium is not achieved
until 11 cm along the streamline. In addition, the [N + ] con-
centration is significantly higher than the [O + ] value. This
latter difference is due to the fact that in this case the equi-
librium composition is determined from the equilibrium coef-
ficient computed by partition functions, whereas for the one-
step case 1 rates it is specified by the ratio of the forward and
reverse rates in Eqs. (2-5). At the present equilibrium temper-
atures, these two approaches yield equilibrium constants that
differ by an order of magnitude, with resultant differences in
final composition and temperatures.

In addition, Fig. 7 shows that the electron production rate
for the two-step ionization model is different from that for the
one-step case. Initially, electrons are created due to NO+ ,
N2

+ , atom-atom, and atom-ion reactions, and the production
from these reactions rapidly peaks and then decreases. How-
ever, once [e~] becomes sufficiently high, electron-atom pro-
cesses become important, the electron production rate in-
creases, and electron avalanche occurs. However, since the
two-step electron-atom ionization rate is less, the process is
slower than in the one-step model and the time and distance to
equilibrium is longer.

It is believed that these inviscid results demonstrate that
predictions of ionization relaxation are strongly dependent on
the atomic ionization model and the electron impact ioniza-
tion rate.

Viscous Results
Using the nitrogen reaction chemistry set given in Table 2,

viscous results have been obtained for the stagnation stream-
line with the modified VSL3DNQ code. In all cases, 99 points
have been used between the shock front and the wall, and
binary diffusion between molecular and atomic species has
been included. Unlike the inviscid solver, which primarily used
the partition function approach, the thermodynamic proper-
ties in the viscous solutions were computed using the curve fits
presented by Gnoffo et al.40

Figure 8 shows temperature and concentration profiles for
the cool wall case (7^ = 1650 K) for the case 1 electron impact
ionization rate. Notice that computational points have been
clustered in the region immediately behind the shock front
where nonequilibrium effects should be important and in the
region near the wall where thermal and concentratio|i gradi-
ents could be large. In the outer portion of the shock layer,
these results are almost identical to the equivalent inviscid case
in that dissociation is rapid behind the shock front, the elec-
tron temperature "peaks" and then gradually rises to equili-
brate with the heavy particle temperature, and about two-
thirds of the shock layer is in chemical equilibrium. In
addition, the results show that the cool wall thermal layer
affects about 20% of the shock layer and that in this region
ion and molecular recombination processes are dominant. For
this case the shock standoff distance was 11.8 cm and the
computed convective heating rate to the noncatalytic wall was
46.7 W/cm2.

Stagnation profiles for the two-step ionization model and
the case 2 electron impact ionization are presented in Fig. 9.
For the nonequilibrium zone behind the shock front, the dis-
sociation is rapid and N2

+ rapidly peaks and disappears; two-
thirds or more of the shock layer is affected by ionization
nonequilibrium relaxation. In addition, the relaxing tempera-
ture profile never reaches a constant plateau but smoothly
merges into the wall thermal layer. For this case the shock
detachment length was 12.0 cm and the convective heating was
44.4 W/cm2.

The electron production rate for this cool wall case is pre-
sented in Fig. 10. Although there are some differences between
this profile and the inviscid curve shown in Fig. 7 due to
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ETA, Y/YSHOCK

0.4 0.6
ETA, Y/YSHOCK

0.0 02 0.4 0.6
ETA, Y/YSHOCK

Fig. 8 Stagnation streamline species and temperature profiles, vis-
cous case 1.

0.4 0.6
ETA, Y/YSHOCK

Fig. 9 Stagnation streamline species and temperature profiles, vis-
cous case 2.
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Fig. 10 Stagnation streamline electron mass production rate, viscous
flow, case 2.

differences in velocity along and location of the streamlines,
the overall pattern is similar. Initially, electron production is
high due to N2

+ ionization, atom-atom, and atom-ion reac-
tions, and then it decreases. Subsequently, electron-atom ion-
ization becomes important, as evidenced by the plateau
around y/yshock of 0.8, followed by an approach toward
equilibrium. Unlike Fig. 8, no second peak appears in the
viscous profile, possibly due to diffusion effects and to the
influence of the charge exchange reaction. Also, the electron
production rate indicates that an equilibrium region is never
achieved along the stagnation streamline, but that the flow
simply transitions from an ionizing flow to one involving
recombination (negative production rates) in the wall thermal
layer.

Obviously, the different species concentration and tempera-
ture profiles between the case 1 and case 2 models and rates
will greatly influence the predicted radiative heat transfer to
the vehicle surface, since radiative heating depends on both
electron temperature and species concentrations. However, it
also depends on the extent of radiative nonequilibrium or the
degree to which the excited state populations are depleted due
to ionization. This nonequilibrium has previously been re-
ferred to as local thermodynamic nonequilibrium (LTNE) in
the discussion concerning the radiation model, and it can be
approximately accounted for via LTNE correction factors
such as those in Eqs. (28) and (29).

Values for the correction factors for atomic nitrogen radia-
tion are shown in Fig. 11 for both the case 1 and case 2 rates
and models. For the one-step case 1 model, the correction
factor is small in the chemical nonequilibrium zone, but then
it rises rapidly and is essentially unity through the rest of the
stagnation layer. Thus, for the one-step impact ionization
model most of the shock layer is in local thermodynamic
equilibrium radiatively. Similarly, the two-step case 2 factors
are also very small in the chemical nonequilibrium zone, but
they subsequently increase only slowly, and only very near the
body in the wall thermal layer do they become one. Hence, for
the case 2 flowfield, radiative nonequilibrium or LTNE effects
are very important. Interestingly, when the approximate tech-
nique of Ref. 34 is applied to this case, it also predicts that
most of the stagnation region is in LTNE.

In examining these results it should be realized that the
two-step ionization chemistry and LTNE radiation models are
approximate and are the most optimistic from the standpoint
of reducing radiation and the rate of ionization, since they
assume that the excited states are in equilibrium with the ions
and free electrons. In actuality, the rate of ionization from the
excited state, Eq. (11), may be finite, and the extent of LTNE
indicated by the case 2 results on Fig. 11 may be less. Thus, the
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Fig. 11 Nonequilibrium radiation correction factors along stagna-
tion streamline.
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Fig. 12 Stagnation-point radiative heat transfer for case 1.

two sets of results in Fig. 11 could be viewed as bracketing the
problem.

Stagnation-Point Radiative Heat Transfer
The viscous stagnation streamline nonequilibrium flow-

fields have been used to compute the radiative heat transfer to
the wall. In all cases the wall has been assumed to be nonemit-
ting and nonablating, and results have been obtained for both
an adiabatic and the cool wall case. Considering the many
factors involved in the current models, these radiative heating
results should not be construed as definitive and should be
used primarily for comparison purposes and model develop-
ment until they have been verfied by more detailed models
and/or experiments. Nevertheless, these results do include
both the ultraviolet and the visible-infrared spectrum, emis-
sion and absorption phenomena, the variation of absorption
coefficients with wavelength, chemical and thermal nonequi-
librium, and radiative nonequilibrium. Thus, the present re-
sults include many effects not accounted for in other studies,8
which assumed the gas cap to be in equilibrium and transpar-
ent and only included emission in the visible and infrared (IR)
spectrum.

Figures 12 and 13 present stagnation-point radiative heat
transfer for the present cases as a function of energy, and
several significant points are evident. First, there is an order of
magnitude difference in heat transfer both totally and in the
individual spectral regions between the one-step case 1 flow-
field and the two-step case 2 results. This difference is due to
the larger chemical nonequilibrium region predicted by the
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case 2 rates and the subsequent greater extent of the radiative
nonequilibrium zolne. Second, for both ionization models
most of the radiation reaching the wall for the region below
6.89 eV (above 1800 A), which is often referred to as the
visible region since it is optically visible through quartz and
sapphire windows, is in the region below 3.1 eV and is due to
IR continuum and lines.

Third, the absorption effects of the cool wall thermal layer
may not be as great as previously hoped.5'8'33 With the present
data, the effect of the wall thermal layer can be determined by
comparing the cool wall results with the adiabatic wall values.
For the case 1 situation in Fig. 12, lowering the wall tempera-
ture to 1650 K reduces the overall radiative heating 28%, and
in the separate spectral bands the reduction is 22-25%, except
for the VUY band from 14.56-31 eV. For that band the
reduction is 61%, indicating that the far vacuum ultraviolet is
extensively absorbed in the cool wall layer. Likewise, for the
case 2 rates, Fig. 13 shows a reduction due to wall cooling of
46% in the total radiative heating. In this case, since the total
input is considerably less than that for the one-step model, the
thermal boundary layer has more of an effect. In the individ-
ual bands the reduction ranges from 39 to 44%, but again in
the 14.56-31-eV VUV band the reduction is large (72%).
Obviously, for both cases, although a cool wall significantly
attenuates the far VUV and somewhat reduces the heating
from other regions of the spectrum, significant radiative heat
transfer still reaches the wall. This trend is consistent with
previous approximate calculations at similar conditions.34

Fourth, there is significant radiative heat input to the wall
from the spectral region above 6.89 eV (below 1801 A). In
fact, for both ionization models approximately 75% of the
total radiative heating is from this region. This result is consis-
tent with what has been observed and predicted for the Fire 2
experiment,1'33'41 and it is also consistent with the shock-tube
experiments of Wood et al.42 Wood and co-workers conducted
measurements with and without a quartz window and deter-
mined that 50-75% of the total radiant intensity was from the
ultraviolet region of the spectrum. Interestingly, they also
concluded from their experiments that a cool boundary layer
would not absorb appreciably.

Comparison with Experimental Data
Based on the temperature, species, and radiative heat trans-

fer profiles discussed earlier, it is apparent that the choice of
ionization model and electron impact ionization rate greatly
affects the resultant predictions, and it would be desirable to
determine which model is more appropriate for blunt-body
calculations. Although there is almost no radiation experimen-
tal data at the present velocity and pressure conditions,
Wilson25 did make measurements of the ionization rate of air
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behind shock waves having velocities between 9 and 12.5
km/s. By making IR measurements at around 6.1 pt, he was
able to determine variations in electron density and thus the
ionization relaxation distances.

Consequently, the concentration and temperature profiles
for the present inviscid air data along streamline C have been
used to compute theoretical IR emission profiles similar to
those measured by Wilson for both the case 1 and case 2
models. These profiles are shown in Fig. 14 and have the same
general shape as the signals measured by Wilson. Following
his procedure the intercept with the equilibrium value of a line
drawn through the maximum slope of the rising signal has
been used to determine an ionization distance, denoted by the
vertical dashed line on the figure, for each ionization model.
Then the shock-tube data of Wilson have been used, account-
ing for differences in freestream pressure and for particle
velocity differences behind a normal shock and along stream-
line G, to determine an experimental ionization distance for
the present case. These distances are shown by the square
symbols on Fig. 14. The center symbol is the nominal value,
whereas the endpoints correspond to the data scatter and error
band limits indicated in Ref. 25. As can be seen, the agreement
between the shock-tube data and the prediction obtained using
the two-step ionization model and the case 2 electron impact
ionization rates is very good. Thus, it appears that a two-step
ionization model in conjunction with ionization reaction rates
based on forward processes should be used for the computa-
tion of nonequilibrium blunt-body flowfields associated with
Earth aerocapture from Mars.

However, this conclusion does not mean that the ion recom-
bination rates used by Kang et al.11 or measured by Park17 are
in error. Unfortunately, there are many possible explanations
for the observed differences. First, there could be an error in
the experimental data25 or its interpretation to the present
problem. Second, at the current electron densities and temper-
atures, the results of Hinnov and Hirschberg19 and of Bates et
al.43 indicate that the effective recombination rate is not
strictly a function of electron temperature and that radiative
recombination is still significant. Thus, the flow may not be
totally collision-dominated. In such a situation, if a measured
or effective reverse rate were used via an equilibrium constant
to determine a forward rate, the resulting forward rate would
be too large. As pointed out by Park,18'44'45 the effective
forward and reverse rates are only related via the equilibrium
constant if the flow is collision-dominated. Third, there is the
possibility18 that, in the region immediately behind the shock
front and due to the time scales involved, the forward and
reverse rates are not related by the equilibrium constant and
reasonable chemistry can only be predicted using a proper
forward rate. Fourth, there exists the possibility that the elec-
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Fig. 13 Stagnation-point radiative heat transfer for case 2.
Fig. 14 Theoretical emission profiles and ionization distances for
streamline C.
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tronic temperatures are not in reality the same as the free
electron temperature, and this fact requires the use of a differ-
ent set of rates. A discussion of this situation and also of the
details of atomic ionization are presented in Refs. 45 and 46.
Finally, as mentioned previously, there exists the possibility
that ionic recombination in a nozzle or arc tunnel is not the
direct inverse of atomic ionization behind a shock wave. If
anything, the present results indicate the difficulty of creating
engineering models for these problems and the need for fur-
ther analytical and experimental investigation. Nevertheless,
based on the results presented here and the reaction rates
discussed in Ref. 47, it is believed that the present two-step
model with case 2 rates is appropriate for stagnation region
computations.

Future Efforts
In the near future there are plans to continue these studies

by developing a nonequilibrium radiation model based upon
RADICAL. This new model will be incorporated into the VSL
code along with radiation gasdynamic coupling. In addition,
there exists a need to improve the ionization chemistry model
and the LTNE correction factors by taking into account finite-
rate processes between excited state atoms and ions. Also,
there is a definite need for additional experimental data at
velocities and pressures appropriate for a Mars return AOTV.
This data should be for an ionizing, as opposed to a re-
combining, flow and probably could be obtained in a shock
tube, although flight data would be desirable. Finally, the
inclusion of preshock precursor, photoionization and recom-
bination, and shock and wall slip effects would be desirable.

Conclusion
Based on the results presented, it appears that an approxi-

mate two-step ionization model in conjunction with quasiequi-
librium electron temperature model is suitable for the compu-
tation of nonequilibrium blunt-body flowfields associated
with Earth aerocapture from Mars. Also, nonequilibrium
chemical and radiation effects are important at these condi-
tions throughout the entire stagnation zone, and, compared to
equilibrium predictions, these nonequilibrium phenomena can
lead to a reduction in radiative heating. Furthermore, com-
pared to an adiabatic wall, a cool wall results in a significant
reduction in radiative heating due to absorption near the wall.
However, the present results also indicate a need for further
analytical and experimental investigations.
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