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Comparison of Vibration-Dissociation Coupling
and Radiative Transfer Models for AOTV/AFE Flowfields

Leland A. Carlson,* Glenn J. Bobskill,t and Robert B. Greendyket
Texas A&M University, College Station, Texas

A series of detailed studies comparing various vibration-dissociation coupling models, reaction systems and
rates, and radiative heating models has been conducted for the nonequilibrium stagnation region of an
Acroassisted Flight Experiment/aeroassisted orbital transfer vehicle. Atomic and molecular nonequilibrium
radiation correction factors have been developed and applied to various absorption coefficient step models, and
a modified vibration-dissociation coupling model has been shown to yield good vibration/electronic temperature
and concentration profiles. Although the results indicate sensitivity to the choice of vibration-dissociation
coupling model and to the nitrogen electron-impact ionization rate, accurate flowfield and radiative heating
results can be obtained by careful modeling. The results indicate that nonequilibrium effects significantly affect
the flowfield and the radiative heat transfer, and that additional work is needed in ionization chemistry and

absorption coefficient modeling.

Nomenclature

A = vibrational diffusive coefficient, Eq. (4)

A,B,E = reaction rate coefficients, Eq. (1)

B, = probability for a transition from state p
to state g

B, = black-body function

E, = exponential integral of type 2

& = degeneracy for state p

h = Planck’s constant

1 = intensity [Eq. (8)] or ionization energy
[Eq. (11)]

IR = infrared region

k = Boltzmann constant

kep = forward or backward reaction rate

K; K, = absorption coefficient for band i or
frequency »

N = number density

N() = number of atoms in state p

g-, QR = radiative transfer to the wall, W/cm?

RR1, RR2, RR3 = reaction chemistry sets, see Table 1

Ky = superscript in Eq. (4), also distance
coordinate in Eq. (8)

Si, S, = radiation source function for band i or

frequency »

T, TH = heavy particle or translational temperature

T., TE = electron temperature

T2, TVN2 = N, vibrational temperature

X,y = coordinates parallel and perpendicular to
shock front

o = degree of ionization, N;/(N; + N,)

8 = degree of dissociation,
(N4 + N/ (N4 + Np+2Nyy)

By (») = line shape function

€ = vibrational energy

I = energy of state p

v = frequency

Presented as Paper 88-2673 at the AIAA Thermodynamics, Plasma-
dynamics, and Lasers Conference, San Antonio, TX, June 27-29,
1988; received July 18, 1988; revision received Dec. 22, 1988.

*Professor of Aerospace Engineering. Associate Fellow AIAA.

tGraduate Research Assistant.

g = radiative cross sections
T = vibrational relaxation time [Eq. (3)] or
optical thickness [Eq. (7)]

Subscripts
A = atoms
e = electron
eq = equilibrium
E = equilibrium conditions for local pressure
and electron temperature
gc = continuum to ground
i = wavelength region
I = ion
J = species j
Joo = species j at equilibrium conditions
M = molecule
MW = Millikan-White
pc = continuum to state p
pq = state g to state p
s = conditions at shock front
v = frequency
Introduction

N the future, aeroassisted orbital transfer vehicles

L (AOTV’s) will be used to return from geosynchronous or-
bit, lunar, and Mars missions. Vehicles descending from
geosynchronous to high or low Earth orbit will operate in the
aerocapture mode at velocities of 7-11 km/s at altitudes of
70-100 km, with a nominal entry velocity of 10 km/s. To
efficiently design such vehicles, the important factors affecting
the vehicle flowfields must be understood and methods for
rapidly predicting them must be available. For many designs,
the forebody flow will be dominated by nonequilibrium chem-
istry and radiation, and these phenomena will greatly affect
the heat transfer and perhaps the aerodynamics of the vehicle.
Detailed three-dimensional nonequilibrium viscous compu-
tations of AOTV flowfields will be required to obtain a com-
plete understanding of the various phenomena. These compu-
tations, typically using the Navier-Stokes equations,! are
extremely difficult and computationaily intensive, and only a
few? have included the effects of such nonequilibrium phe-
nomena as vibration-dissociation coupling, electron thermal
nonequilibrium, and radiative heat transfer. Because of their
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computational intensity, these detailed methods are often un-
suitable for evaluating or developing models and ‘approxima-
tions representing these nonequilibrium phenomena.

This paper discusses one portion of an effort to evaluate and
develop models and approximations for noneq_uilibrium react-
ing and radiating flows associated with AOTV?s and is applica-
ble to entry velocities ranging from 7 to 10 km/s. The objec-
tives of this effort have been to investigate and compare
various vibration-dissociation chemistry coupling models and
radiative heat-transfer approximations and to determine the
similarities, differences, and consequences of using these mod-
els in the AOTV flight regime. '

Flow Pm_perty Models

Flowfield Solution Method

In order to investigate various vibration-dissociation cou-
pling and radiative heat-transfer models efficiently, the use of
a rapid flewfield solver is essential. After considering various
possibilities, it was decided to use an inviscid nonequilibrium
chemistry axisymmetric inverse method® as the basic Euler
equation flow solver. As part of the present study, this method
has been modified and extended to include as options various
vibration-dissociation coupling, shock jump, radiative heat
transfer, and electron temperature models. This method is
computationally efficient, permits the study of user-selected
streamlines when the entire flowfield is not needed, and has
been used in the present study to model the forward face of the
Acroassisted Flight Experiment (AFE) vehicle as a 60-deg
axisymmetric blunt cone having a nose radius of 230 cm.*

Reaction Systems and Rates

In this investigation, two different chemical reaction sys-
tems have been considered. The first uses 7 species and 6
reactions, and the second is composed of 10 species and 11
reactions. Since computational effort is directly related to the
number of species and reactions, it was hoped that by compar-
ing results obtained with these two schemes that flight regimes
where simple schemes would be adequate could be determined.
For the second system, the effects of three different electron-
impact nitrogen-ionization rates have also been investigated
since previous studies™® have indicated that this reaction dom-
inates air ionization. These four reaction schemes are based on
experimental and analytical data from Refs. 5-10, and their
reactions and rates are listed in Table 1. In all cases, the rate
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constants are of the form
i
kpp = ATBe BT )

The value of E in reactions (9-11) in set RR2 is based on the
assumption that nitrogen ionizatjon is limited by initial excita-
tion to the 3s*P state.’ It should be noted that, for sets RR2A,
RR2, and RR3, the predicted rates for reaction (11) for a given
temperature each differ by an order of magnitude, with that
for RR3 being the fastest. '

Vibration-Dissociation Coupling Models

For vibration-dissociation coupling, it has been assumed
that the vibrational energy of the jth diatomic species, ¢;, can
be described schematically by

99 _ 979 4 _ term 2 + term 3 Q@

dr " T
where the first term describes the rate of change of vibrational
energy due to collisions, the second term represents the average
energy lost from vibration due to a single dissociation, and the
third term accounts for the average energy gained by vibration
in a single recombination. In addition, the effect of vibration
on dissociation is accounted for via a vibrational coupling
factor, V = kyacrual/Kyeq, Which relates the actual forward disso-
ciation rate to that which would occur if the flow were in
vibrational equilibrium. Complete details concerning the ac-
tual forms of the terms in Eq. (2) and of the vibrational cou-
pling factor are given in Refs. 7 and 11.

In the present study, five vibration-dissociation coupling
models have been used. The first four are listed next.

1) Vibrational Equilibrium (VEQ) Model—In this case,
complete vibrational equilibrium is assumed, all vibrational
temperatures are equal to the translational temperature, Eq.
(2) is not used, and the coupling factor is 1.

2) Coupled Vibration-Dissociation (CVD) Model'2—Here
all diatomic species are permitted to be in vibrational nonequi-
librium; but only the first term of Eq. (2) with A =1 and the
vibrational coupling factor are used, and an equal probability
of dissociation from each vibrational level in a sufficiently
energetic collision is assumed. Thus, this model includes only
the effects of vibration on dissociation. '

3) Coupled - Vibration-Dissociation-Vibration (CVDYV)
Model”!!'—In this model, all of the terms in Eq. (2) are in-

Table1 Reaction system models

Ref. Effective
~Reaction A B E No. temperature
Reaction rate set 1 (RR1)
1.2N+M—-N2+M S.00E'19 ~1.5 0 7 T
2. 02+M-20+M 1.19E21 —1.5 59,380 7 T
3. NO+M—~N+O+M 5.18E21 —-1.5 75,490 7 T
4. N+02—NO+0O 1.00E12 0.5 3,120 7 T
5.0+N2~NO+N 5.00E13 0.0 38,016 7 T
6. NO++§——N+O 1.80E21 -1.5 0 7 T
Reaction rate set 2 (RR2)
All of RR1 plus ' ,
7.N+N—-N>* +e 1.40E13 0 67,800 9 T
8. O+M~Ot+e+M 2.771E12 0.5 157,500 10 T
9. N+N*—2N™* +e 2.34FE11 0.5 120,000 6 T
10. N+ N—=N* +e+N 2.34E11 0.5 120,000 6 T
11. N+e—~N* +2e 4.16E13 0.5 120,000 5,6 T,
Reaction rate set 2A (RR2A)
All of RR2 except last reaction replaced by
11. N+e~N"* +2e 2.70E13 0.5 168,800 10 T,

Reaction rate set 3 (RR3)

All of RR2 except last reaction replaced by
11. N+e—~NT* +2e 1.10E32 —3.14

169,000 9 T,
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cluded along with the vibrational coupling factor, and A =1.
However, the assumption of equal probability of dissociation
from each vibrational level is retained. Since this model in-
cludes the physically important effects of dissociation on vi-
bration as well as the reverse, it should be significantly better
than CVD.

4) Preferential (CVDV-P) Model’—In this case, dissocia-
tion is assumed to occur with a greater probability or, prefer-
entially, from the higher vibrational levels; the terms in Eq. (2)
and the vibrational coupling factor are appropriately reformu-
lated using partition functions and an anharmonic oscillator
energy representation. Since this model delays dissociation un-
til the upper molecular vibrational levels are populated, its use
should yield more extensive nonequilibrium than the previous
models. Again, 4 =1.

Recently, Park®!® developed a new vibrational coupling
model involving a combination of the electron, electronic, and
vibrational energy equations assuming that the temperatures
characteristic of all three energy modes are equivalent. This
latter assumption is based on the existence of strong coupling
between vibration and electrons!* and has been observed ex-
perimentally.? In addition, Park modified the first term of Eq.
(2) to account for two important effects. First, since the vibra-
tional relaxation time correlations typically used'® do not fol-
low the Landau-Teller form, at high temperatures they predict
unrealistically short relaxation times and imply unreasonably
large cross sections. Consequently, Park modified the relax-
ation time to be the sum of two terms; the first is the usual
form,!’ and the second is a limiting value based on a limiting
cross section. The second Park modification accounts for the
diffusive nature of vibrational relaxation at high temperatures
and is incorporated via a coefficient on the collisional term in
Eq. (2). This coefficient causes the vibration relaxation rate to
vary nonlinearly with the difference in vibrational ener-
gies.>!3.14 Finally, instead of using a vibrational coupling coef-
ficient to reduce the forward dissociation rates, Park used an
‘‘average’’ temperature V7T T, in the forward rate equations.

In the present study, a modified form of the CVDV coupling
model, which includes the Park modifications for relaxation

" time cutoff and the effective diffusive coefficient, has been
developed. However, this model uses only the vibrational en-
ergy equation, Eq. (2); and instead of the ‘“average’’ tempera-
ture developed by Park, the model retains the use of the equiv-
alent CVDYV vibrational coupling factor to couple dissociation
to vibration and to reduce the forward dissociation rates. In
addition, the modifications are applied only to nitrogen vibra-
tional relaxation. Thus, the fifth vibration-dissociation cou-
pling model is listed next.

5) Modifed Coupled Vibration-Dissociation-Vibration
(MCVDV) Model—In this pseudo-Park model, the nitrogen
vibrational relaxation time in Eq. (2) is

T=7Tvmw + NCo, €)]
where C = vV8kT/nm and o, = (1.E —17)(50,000/T)?, and the

coefficient A for nitrogen relaxation is

T-T, |t
A= |— 4
Ts - Tvs ( )
where the exponent is>!
s = 3.5 exp(—5000/Ty) )

For O,, the usual CVDV equation is utilized since oxygen
dissociation will occur extremely rapidly at the present condi-
tions of interest. Also, the standard CVDV vibrational cou-
pling factor is used to reduce the forward dissociation rates.

Radiative Heat-Transfer Models

For the 7-10-km/s AOTV/AFE flight regime, radiative heat
transfer and self-absorption effects should be important, but
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the total radiative losses from the flowfield should be too small
to induce any significant gasdynamic coupling. Thus, once a
flowfield solution has been obtained for a given reaction rate
system and vibration-dissociation coupling model, the flow-
field solution can be used to compute the body radiative heat
transfer for several radiative heat-transfer models. In the
present study, the tangent slab approximation has been used
for all of the radiative heat-transfer calculations. According to
this approximation, the radiative flux to the surface is deter-
mined by the flow properties along a line perpendicular to the
surface of the vehicle and, assuming that the surface is non-
emitting and that no precursor effects are present, is given by

shock

q,(0) = 27"2 jo

where the integration over the nongray spectrum has been
approximated by a summation over a series of gray gas steps.
Also, the optical thickness in terms of the absorption coeffi-
cient is

SIOE[ 1) | Ki) dy ©)

y
() = §0Ki0) dy Q)

Since the present solution method isinviscid, all of the radia-
tive heat-transfer results obtained in this study should be
viewed as the radiative flux-to the body boundary layer.

In evaluating Eq. (6), it would be convenient to determine
the radiative cross sections and the absorption coefficients
using previously determined gray gas step models.!6"# How-
ever, these models were developed assuming chemical and
thermal equilibrium, and must be modified or corrected before
they can be applied to nonequilibrium flows. If excited elec-
tronic states were populated according to a Boltzmann distri-
bution at the local electron temperature, i.e., local thermody-
namic equilibrium (LTE), such models could be corrected by
simply using the local electron temperature and nonequi-
librium species concentrations to evaluate the cross sections
and absorption coefficients. However, nitrogen and oxygen
ionization is a two-step process involving excitation to an ex-
cited state followed by rapid ionization,? in which it can be
assumed that the excited states are in local equilibrium with the
electrons and ions. Consequently, in the nonequilibrium por-
tions of the flow, the populations of the electronic states will
not be those predicted by an LTE assumption, and additional
corrections are needed. Park®!31? has developed detailed mod-
els to predict these populations, and his results indicate that
nonequilibrium effects are important for both atoms and
molecules.

Now, in general, the equation of radiative transfer is

a7, _
a = KV(SV Iv) (8)

where, for atomic continuum processes,2%2!

K,(p) = N()hvBye[1 - (N@)e/N®))e™*T|  (9)

S, = <N(p)E/N(p)) (2h v3/cz(e"”/"T—N(p)E/N(p)> -1 (10)

where subscript E indicates that state p is in equilibrium with

the ions and electrons at the local pressure and electron tem-

perature, i.e.,

NeNIgph3e(1-—e,,)/kTe
2QamkT.Y*Q.r

N@)e = an

In an equilibrium step model, the atomic absorption coeffi-
cient and cross sections are normally expressed as

K, =Ny, 12
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and at equilibrium temperature,

N(p) = N®)z = Nalg,/Qa)e ™" N@) g _ i 23)

N@) e
N() =N, (f ex/k > T,) (3) !
and
So for p an excited state in equilibrium
S, =B (24)

B h Vch(l —e —hv/kTe)

Pren ™ T (Qulg)e 0
and p a ground state in equilibrium
avg”q =h Vch [1 —e —hv/kTe] (15)

For atomic continuum processes involving the ground state,
N(p)=N() = N,, and the correction depends on the ratio of
N(1)z/N(1). By using Eq. (11) with p =1, expressing the num-
ber densities in terms of the degrees of dissociation and ioniza-
tion, and using the law of mass action to introduce oq and 8,
the ratio becomes

NM)e _ (Be?)(1—aeg)

NQ) — (-a)Begal)

Thus, for atomic continuum processes involving the ground
state

(16)

K(1)=Nyo,

geeq

an

assuming exp(—hv/kT) small in Egs. (9) and (15); i.é., for
such processes, equilibrium cross sections need not be modi-
fied.

However, the source function [Eq. (10)] becomes approx-
imately

Ba? 1—a,

S, =
11—« Beqagq

Vge

B, 13

if exp(hv/kT) > N(p)g/N(p).

Since it is assumed that excited states are in local equilibrium
with ions and electrons, then for atomic continuum processes
involving an excited state p, N(p)=N(@)g and

S

Ype

=B, a9

Furthermore, by introducing Eq. (11) into Eq. (9), expressing
N in terms of « and 8, multiplying and dividing by N, and
using the law of mass action to introduce o and B, the
absorption coefficient becomes

Bo? 1—cieq NahvByo(1—e~"/kTe)
| e Beqagq (QA/gp )em/kre

K.(p)

Bo? 1—oq

2
—a Beqaeq

N4 Oeqpe (20)

Thus, for atomic continuum processes involving excited states,
the source function is the black-body function and the equil-
brium absorption cross sections can be corrected for nonequi-
librium effects.

For atomic line radiation, it was shown in Ref. 20, where p
is the lower state, that

K., = N(P)quﬁpq(y)hy[l _% g—”} D
g
_ N@ g 2 [, N@ g™
SPq—N(p) gz o2 [I_N(p) g_ﬂ *

If the process does not involve the ground state, and since
excited states are assumed in equilibrium at the local electron

Vpq Vpq

Since for this case N(p)=N(p)g—following the same proce-
dure as before—Eq. (11) can be used in Eq. (21) to yield

= —Ceq
Kors = 1=a B2, V4 %paea @5)

where

Opgeq = [ngpqﬁp hv(l—e ~h/kTeyg —ek/kTe] /QA

Likewise, if the lower state is a ground state and the upper
state is an excited state, N(p)=N(1)=N_4, and if exp(—h»/
kT,) is small, then the cross section is uncorrected and

K,

pq

= N4 0pgeq (26)

However, N(g) will be in equilibrium with the ions and elec-
trons. Again, using Eq. (11), introducing « and 8, and remov-
ing terms via the law of mass action, Eq. (22) becomes

Bo? 11—y 2077 Bo? 1—qeq |t
S, = q h/KTe _ q 27
LCEE 6eqagq c? € l—«a ﬁeqagq @n
which can be approximated as
21—
S = Ba? 1—ay B, (28)

K l-a Beqagq

For molecules, a simlar local thermodynamic nonequi-
librium condition will exist if it is assumed that the electroni-
cally excited molecules are in equilibrium with their atom
counterparts at the local pressure and temperature. The latter
essentially assumes that dissociation is dominated by colli-
sional phenomena. Then, following a procedure similar to that
for atomic lines, correction factors for molecular bands can be
obtained. As for atomic lines, the source function is simply the
black-body function, and the absorption coefficient becomes

62(1 _0‘)2 1- Beq

1-8 ng( - aeq)z Ninolamoi,eq

Kmot = 29

It should be noted that Park?? used a similar approach for
molecular radiation called a ‘‘Z-distribution,’” which did not
yield good spectral agreement with experimental data. How-
ever, his later detailed results'® showed that during chemical
nonequilibrium the excited states of N, are not in local thermo-
dynamic equilibrium. In addition, the Fire2 data,?® while de-
tecting nonequilibrium molecular radiation, measured intensi-
ties much lower than expected. These facts, combined with the
results to be discussed, indicate that Eq. (29), although ap-
proximate, is better than no correction at all.

Since cross sections and source functions for gray gas mod-
els are obtained by integrating over wavelength regions, and
because these correction factors are wavelength independent,
they can be applied directly to the individual steps of such
models as long as the processes represented by a given step are
of the same type (i.e., continuum involving excited states,
lines, etc.). In addition, although the preceding corrections
apply strictly to a single type of gas (i.e., nitrogen or oxygen),
they can be applied approximately to air by defining separate
degrees of dissociation and ionization for nitrogen and oxygen
and by computing separate correction factors for the nitrogen
and oxygen.
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As indicated earlier, several different models have been in-
corporated into the present flowfield solution method to com-
pute the radiative heat transfer to the vehicle. The simplest of
these is an optically thin radiance model?* that accounts for 13
different phenomena, including molecular bands, nitrogen
and oxygen free-bound and bound-bound processes, and vari-
ous free-free phenomena. In addition, three different nongray
gas step models, which account for the effects of self-absorp-
tion in the computation of the heat transfer, have been in-
cluded. Two of these models, a two-step® and a five-step'®
model, are based on high-temperature atomic nitrogen and
should be representative of high-temperature air at tempera-
tures above 8000-10,000 K. The third model, however, uses
eight steps,!” was developed for high-temperature air, and in-
cludes both atomic and molecular emission-absorption. The
wavelength regions for these models are shown in Table 2. In
all cases, the nonequilibrium correction factors discussed ear-
lier have been included as appropriate. In addition, based on
simplicity and experimental and analytical results,>%!* the
electron temperature has been assumed equal to the N, vibra-
tional temperature. Since Eq. (2) includes only vibrational
energy, this approach assumes that vibrational processes
strongly influence the electron temperature but that the elec-
trons have only a small influence on the vibrational energy.

Cases Considered

In the present study, results have been obtained for the
230-cm nose radius, 60-deg sphere cone at the three trajectory
points listed in Table 3 for various combinations of reaction
chemistry systems and vibration-dissociation coupling models.
For the vibrational studies, 45 flowfield solutions, each involv-
ing 23 streamlines, were obtained; for the radiation compari-
sons, more than 20 cases, each using 43 streamlines, were
computed. In the latter, the finer grid was required in order to
resolve adequately the flowfield between the shock and the
body. In all, over 30 charts were created; obviously, not all of
these results can be discussed. Consequently, chemistry results
will be presented only for the streamline (denoted as streamline
1.5) that crossed the shock front 1.5 cm above the axis, and
radiation predictions will be shown for the body point 9 cm
above the axis and discussed in terms of the flow between the
shock and the body at that point. The trajectory for streamline
1.5, which typically contained 400-600 computational points
for the length shown, is portrayed in Fig. 1 along with the
shock and body locations. As can be seen, the present results
are in the stagnation region of the vehicle.

Table 2 Radiation step models

Wavelength
Band A eV Includes
Eight-step model
1 400-852 14.56-31.00 VUV continuum
2 852-911 13.62-14.56 VUV continuum
3 911-1020 12.16-13.62 VUV continuum
4 1020-1130 10.98-12.16 VUV continuum
5 1130-1801 6.89-10.98 Continuum + line wings
6 1130-1801 6.89-10.98 Line ‘‘centers”’
7 1801-4000 3.10-6.89 “Visible”’
8 4000-00 0-3.10 Visible + infrared
Five-step model
1 620-1100 11.27-20 VUV continuum
2 1100-1300 9.54-11.27 VUYV continuum
3 1300-1570 7.90-9.54 VUY lines
4 1570-7870 1.58-7.90 Visible
5 7870-9552 1.30-1.58 IR lines
) Two-step model
1 0-1100 11.27~c0 vuUv
2 1100-o 0-11.27 Visible
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Chemistry/Vibration Model Studies

7.71 km/s, 80 km

Typical results for streamline 1.5 for this trajectory point are
shown in Fig. 2 for the MCVDV model and the RR3 reaction
rate set. For a given vibration-dissociation coupling model, the
T,n; and nonionized species concentration profiles at this
point are independent of which reaction rate chemistry set is
used, and excellent results for these variables can be obtained
with one-third the computational effort by using the 7-species,
6-reaction RR1 set. However, for ions and electrons, the sim-
ple RR1 set is inadequate, and the expanded systems, RR2 and
RR3, are required. Interestingly, as portrayed in Fig. 3, the
electron concentation predicted using the MCVDV model is
relatively insensitive to the nitrogen-ionization electron-impact
rate differences between RR2 and RR3, primarily due to the
dependence of this rate on electron-vibrational temperature
and the lower values predicted for them by the MCVDYV model.

These temperatures are shown in Fig. 4, and the predicted
T2 values are dependent on the vibration-dissociation cou-
pling model used in the computations. Compared to the other
models, the MCDVD model predicts a cooler T, profile hav-
ing a significantly lower peak value that occurs further down-
stream. In addition, comparison of concentration profiles re-
veals—at least for the RR2 set—that they are very similar for
the MCVDYV and CVDV-P models; this trend is displayed in
Fig. 5 for N,. Interestingly, experimental results®26 indicate
that 7, only slightly overshoots its downstream value, that it
peaks later than the T,y, peak predicted using a CVDV-P
model,? and that concentrations computed using CVDV-P pre-
dict intensity profiles in agreement with the measurements.
Since MCVDYV predicts a reasonable T, profile via T,x;, and
concentrations very similar to those obtained using CVDV-P,
it appears that the MCVDYV model should be a good model for
predicting electron temperatures and concentrations at this
trajectory point.

10 km/s, 80 km

General results for streamline 1.5 for this case are shown in
Fig. 6. These have been obtained using the MCVDY vibration-
dissociation coupling model with the RR3 reaction set, and

-when compared to the 7.7-km/s results they indicate, as ex-

pected due to the higher freestream velocity, that this flow is
approaching equilibrium faster than the previous one. Also,

Table3 Trajectory points

P, Us, Approx. H,
Point dyne/cm? T, K km/s km
Entry 10.350 180.650 10.000 80
‘“Max-Q”’ 15.715 197.101 8.915 75
Exit 10.350 180.650 7.710 80

10.0

o

@ LEGEND

= O_SHOCK

z. O BODY
23 A STALNE

L o e

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0
(z)

Fig. 1 Typical trajectory of streamline 1.5 at 10 km/s and 80 km.
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Fig.3 Variation of electron concentration with reaction chemistry at
7.71 km/s using MCVDYV coupling.

the species profiles show that the concentrations of nitrogen
ions and electrons are significant; although not shown, com-
parison with the RR2 and RR3 results indicates that the simple
RR1 system at this speed underestimates the electron concen-
trations by one or two orders of magnitude. Since the number
of electrons and nitrogen ions strongly influences the number
of atoms in excited states and, hence, the radiation, the ex-
panded 10-species, 11-reaction chemistry system is needed at
this trajectory point.

As shown in Fig. 7 for N,, this case is similar to the previous
one in that, for many of the species, the concentration profiles
predicted by the CVDV-P and MCVDYV models using the RR2
reaction rates are virtually identical. However, as portrayed in
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Fig. 5 Effect of vibrational model on N; concentration at 7.71 km/s
using RR2 rates.

Fig. 8, although the T, results for the CVDV-type models are
similar, the profile from the MCVDYV model is significantly
cooler and, based on experiments at lower speeds and analyses
at higher velocities,58 perhaps a more realistic indicator of
electron temperature. Of course, since nitrogen ionization is
dominated by electron impact (reaction 11), which is con-
trolled by T, these different electron temperature values sig-
nificantly affect the N* concentrations. As depicted in Fig. 9
for RR2 rates, the N ion concentratons from MCVDYV are less
than one-half those predicted by CVDV and CVDV-P, al-
though the electron concentrations for all three models are
very similar.

In contrast to the RR2 results in Fig. 8, the T\, profiles
predicted using the RR3 reaction rate set are, as shown in Fig.
10, similar along much of the streamline and independent of
the vibration-dissociation coupling model. Only the CVD re-
sults—which actually overshoot the translational temperature
and are probably physically incorrect—and the peak values
are different. As mentioned previously, the peak value from
MCVDYV is probably more realistic if 7, is to be used for 7.

Studies concerning the effects of reaction rates have been
conducted for this condition and have concentrated on the
effect of the nitrogen electron-impact ionization rate (RR2 vs
RR3). Although not shown, comparison of the N* profiles
shows significant differences between the RR2 and RR3 re-
sults, with the RR3 values being higher. Recall that the RR3
system is based on a one-step ionization process, whereas the
RR2 set assumes a two-step sequence. Since the present solu-
tion scheme determines species production rates assuming that
the reactions are single step, the RR3 rate set may be more
compatible. Nevertheless, for the MCVDV model, Fig. 11
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shows that T\, is relatively insensitive to the reaction rate
scheme.

For the CVDV model, however, the high peak electron
temperature shown in Fig. 10 leads to significant reaction rate
sensitivity, as shown in Fig. 12 for the N atom concentration.
In this case, as soon as a significant number of electrons are
produced, the high electron-impact ionization rate in RR3
leads to electron avalanche and a rapid depletion in the N
atom concentration, with the consequence that the predicted
N concentration using RR3 is significantly lower than that
predicted by the other rates throughout much of the flowfield.
This sudden depletion in N also induces oscillations in the
NO* and N,* profiles when the CVDV model is used. It
should be noted that such oscillations are not present in the
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MCVDV/RR3 results, probably because of the lower Ty,
values used for T, in the electron-impact reaction.

Although firm conclusions may be presumptuous, it ap-
pears, based on results at this trajectory point, that the
MCVDYV model yields T,n; profiles that can be realistically
used for electron temperature. Also, the combination of
MCVDYV coupling and the RR3 reaction set yields reasonable
concentration profile variations.

8.915 km/s, 75 km

Complete results for streamline 1.5 at this trajectory point
are given in Fig. 13, and comparison with the 7.7-km/s results
indicates that the chemical relaxation distance for this case is
shorter, as would be expected considering the increase in both
freestream pressure and velocity. On the other hand, compar-
ison with the 10-km/s data in Fig. 6 shows that although the
flow at 8.915 km/s is slightly cooler, the extent of nonequi-
librium is about the same due to the competing effects of
decreasing velocity and increasing ambient pressure. In addi-
tion, it can be seen in Fig. 13 that this case has extensive
ionization, and the extended reaction chemistry sets involving
10 species and 11 reactions are needed to obtain accurate
nonequilibrium chemistry and radiation results.

Like the entry point, the results at the max-Q point are
sensitive to the reaction sets and the electron-impact ionization
rates. For the CVDV model, the species profiles for N,, N, O,,
NO, and O obtained using the RR3 values are significantly
different from those obtained using RR1 and RR2, which are
practically identical. On the other hand, the profiles for the
same species predicted by the MCVDYV model are insensitive
and the same for RR1, RR2, and RR3. The charged species

30.0

N2 VIBRATIONAL TEMPERATURE { Kdig*!

Q

S%
0.0

6.5 1|.0 1'.5 2|.0 2|.5 31.0 3).5 4:A0 4TA5 6.0
DISTANCE ALONG STREAMLINE { Cm )

Fig. 8 Effect of vibrational model on T,n> at 10 km/s using RR2
rates.
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Fig. 11 Effect of reaction rates on 7yn2 at 10 km/s using MCVDV
coupling.

concentrations, however, differ considerably from one reac-
tion set to anather; however, the results using MCVDYV show
smaller differences. Finally, the trends associated with the
various vibration-dissociation coupling models are the same as
those previously discussed for the 10-km/s case.

Radiative Heat-Transfer Model Studies

In these studies, radiative heat transfer has been computed
at 0.25-cm increments out to 10 cm above the axis; for simplic-
ity, details will be discussed only for the body point 9 cm above
the axis. Results have been obtained using both the CVDV and
MCVDYV vibration-dissociation coupling models with the 10-
species, 11-reaction chemistry models and three different elec-
tron-impact ionization rates. Table 4 presents a partial compi-
lation of some of the numerical results.

Based on the streamline concentration and temperature pro-
files, most of the flowfield in the stagnation region of the
model vehicle will be in chemical nonequilibrium, and the
nonequilibrium effects on radiation should be important. The
latter are accounted for by correction factors multiplying the
equilibrium source functions and absorption coefficients in
Eas. (18), (20), (25), (28), and (29). Figure 14 shows the effect
of these correction factors on the radiative heating predictions
obtained using CVDV coupling, RR3 rates, and the eight-step
absorption coefficients at the entry trajectory point. The pre-
diction without any correction factors is extremely high (2027
W/cm?), and similar unreasonable results have been observed
in all cases. As shown, the imposition of atomic corrections in
this case only slightly reduces the prediction, whereas the inclu-
sion of both atomic and molecular corrections significantly
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Fig. 12 Effect of reaction rates on N concentration at 10 km/s using
CVDYV coupling. :
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Table 4 Radiative heat transfer?®

 CVDV,W/ecm®>  MCVDV, W/cm?

Entry Max-Q Entry . Max-Q
vuv 11.3 6.38 1.46 0.19
UV and lines 11.2 7.87 2.12 0.35
Vis + IR 6.7 5.20 1.54 0.27
Total 29.2 19.45 5.12 0.81

2All at 9 cm above axis for RR3 reaction system with full nonequilibrium radia-
tion corrections.

lowers the predictions. Thus, nonequilibrium radiation effects
are very important at this condition, and corrections account-
ing for the nonexistence of local thermodynamic equilibrium
need to be included for both atoms and molecules.
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These studies have also shown that the electron-impact ion-
ization rates and the vibration-dissociation coupling models
strongly affect the radiation heat transfer. Figure 15 shows
radiative heating results obtained using the eight-step model
with full radiation correction factors and MCVDV coupling
for the three electron-impact ionization rates. The electron-im-
pact rates used in the RR2A (Sandia) and RR2 (Wilson) sets
lead to essentially the same prediction, but the Kang-Dunn rate
used in the RR3 set gives higher values. The latter occurs
because the RR3 electron-impact ionization rate is the fastest
and drives the flow toward equilibrium more rapidly, which
leads to larger radiation correction factors.

Figure 16 shows the electron temperature distribution be-
tween the shock and the wall for the two vibration-dissociation
coupling models. As is the case for the streamlines discussed
previously, reaction rates have very little effect on the
MCVDV T, profile but strongly affect the CVDV curve. In
either case, however, the CVDYV electron temperature has a
higher peak near the shock wave, which accelerates the ioniza-
tion rate, drives the flow more rapidly toward equilibrium,
and, consequently, as can be seen in Fig. 16, decreases the
shock standoff distance. This accelerated rate of ionization,
for the case of RR3 rates and CVDV coupling, causes the
overshoot shown in Fig. 17 of the N* concentration over most
of the shock layer. Also shown is the corresponding MCVDV
results, which, while having only a small overshoot, is still
significantly higher than the values predicted using either the
Sandia or Wilson ionization rate.

These enhanced ionization levels in the radiation models,
resulting from the RR3 rate set, lead to an increased number
of atoms in the excited states, since the latter are in local
equilibrium with the ions and electrons. This increase due to
nonequilibrium is manifested in the values of the radiation
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Fig. 14 Effect of radiation correction factors on radiative heating
using CVDV coupling and RR3 rates.
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Fig. 15 Effect of electron-impact nitrogen-ionization rate on radia-
tive heating.
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correction factors, which are plotted in Fig. 18 for the RR3
rates and MCVDV coupling. As can be seen, the molecular
correction factors are always small, but the atomic corrections
are quite large and actually exceed 1 over much of the shock
layer. These large values subtly affect the abserption coeffi-
cients, optical thicknesses, and the heat transfer via Eq. (6).
However, values greater than 1 usually mean that the radiative
heating will be greater than that predicted assuming an equi-
librium shock layer; thus, for this case, chemical nonequi-
librium has led to radiative enhancement.

The choice of vibration-dissociation coupling model also
affects the radiative heating in individual wavelength regions.
Figure 19 shows by band the radiative heating 9 cm above the
axis predicted by the two coupling models. In both cases, the
fully corrected eight-step absorption coefficient model and the
RR3 reaction set have been used, and, as can be seen, the
heating from the MCVDV model is lower in all regions. This
lower heating is due to a combination of the lower peak
electron temperature and N*  concentrations predicted by
MCVDV. In both cases, the contribution from vacuum ultra-
violet (VUV) line centers, band 6, is negligible, indicating that
this radiation is intensely absorbed. For both models, about
70% of the total flux to the wall is from the VUV, which is in
reasonable agreement with the results of Ref. 4. In addition,
an analysis of the spatial origin of the wall flux has been
conducted. The analysis shows that, for the CVDV case, most
of the wall flux originates in the high electron temperature
zone near the shock front, whereas it is from the region next
to the body for the MCVDV model.

As stated previously, four absorption coefficient models
actually have been used in each case; Fig. 20 compares the fully
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corrected predictions obtained with the RR3 and MCVDV
models at the entry point. The ultraviolet prediction from the
radiance model, which is transparent, seems excessive, indicat-
ing that absorption effects are probably important at these
conditions. In addition, although the two-step results in Fig.
20 look reasonable, in general, they have been inconsistent
and often unreasonably high. Apparently both the radiance
and the two-step models are too simple to adequately represent
low-density high-temperature radiating air.

Consequently, Figs. 21 and 22 present comparisons involv-
inig the five-and eight-step models. The two models are in good
agreement in the visible and IR regions, but differ significantly
in the VUV. Examination of the detailed results indicates that
these differences result almost entirely from the predictions
associated with the VUV lines (band 3 in the five-step model;
band 5 and 6 in the eight-step model). As mentioned previ-
ously, the five-step model is for atomic nitrogen only; its band-
widths do not correspond physically to the nitrogen spectrum
but were selected to yield good agreement with experimental
and theoretical data at particular conditions of interest corre-
sponding to lower altitudes.!s Since the eight-step model has
natural bandwidths, is for air, and includes density effects in
its line cross sections, it is probably the better of the two
models for the present conditions. However, more refined
development of VUV line models is definitely needed.

Fig. 20 Comparison of radiative heating predictions by various ab-
sorption coefficient models, all with RR3 rates and MCVDY coupling.
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Since these results indicate a significant amount of wall
radiative flux in the VUV region, the influence of the vehicle’s
viscous and thermal boundary layer needs to be considered.
Examination of the eight-step model indicates that the cross
section for N, in the VUV is quite large; thus, significant VUV
radiation should be absorbed as molecules appear in the cooler
boundary layer. However, if the boundary layer does absorb
large amounts of VUV, it will become hotter, optically thin-
ner, and convective heating will increase. Thus, competing
effects may result in similar values for total heat transfer. In
any event; the effect of the body boundary layer needs further
investigation.

Finally, Fig. 22 compares radiative heating predictions at
the entry and ‘““max-Q”’ trajectory points. Although the five-
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step VUV results are somewhat suspect, it is interesting to note
that both models indicate that peak radiative heating will not
occur at the ‘““max-Q°’ point but will occur at a higher altitude.
As shown in Table 4, the CVDV model yields similar results.
In addition, an approximate calculation estimates that the
equilibrium radiative heating for the 80-km entry point is
about 4 W/cm?; thus, in this case, the present results indicate
that nonequilibrium effects lead to an enhancement in radia-
tive heating. ,

Based on these studies, it is believed that accurate radiative
heating results can be obtained by using the eight-step absorp-
tion coefficient model, molecular and atomic radiation correc-
tion factors, the Kang and Dunn electron-impact nitrogen-ion-
ization rate, and the MCVDYV vibration-dissociation coupling
model. However, for conservative estimates, the CVDV model
could be used in place of the MCVDV coupling scheme to
obtain possible ‘“worst-case’’ estimates.

Conclusions

A series of detailed studies comparing various vibration-dis-
sociation coupling models, reaction systems and rates, and
radiative heating models has been conducted for the nonequi-
librium stagnation region of an Aeroassisted Flight Experi-
ment/aeroassisted orbital transfer vehicle. Based on these
studies, the following conclusions can be made:

1) At the exit trajectory point, simplified reaction schemes
yield useful results at significant computational savings,
providing that ionized species are not of interest.

2) A modified coupled vibration-dissociation-vibration
(MCVDV) scheme has been shown to yield reasonable vibra-
tional and electron temperature profiles as well as species con-
centration variations.

3) At entry and max-Q trajectory points, detailed reaction
systems are required to predict properly the charged species
affecting the radiative heat transfer. In addition, the results are
sensitive to the nitrogen-ionization electron-impact rate. Fur-
ther study is needed to properly model ionization chemistry.

4) Nonequilibrium effects significantly affect the radiative
heat transfer, and both molecular and atomic nonequilibrium
radiation correction factors are essential for proper predic-
tions. However, radiative cross sections and absorption coeffi-
cient step models based on equilibrium results can be used
provided nonequilibrium corrections are included.

5) The treatment of line radiation at the low-density
Aeroassisted Flight Experiment conditions needs further study
and refined radiation step models need to be developed.

6) Accurate radiative heating predictions can probably be
obtained by combining an eight-step absorption coefficient
model, radiation correction factors, the Kang and Dunn elec-
tron-impact nitrogen-ionization rate, and the MCVDV cou-
pling model. However, conservative results can be obtained by
using the CVDV model instead of MCVDV.
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