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Nonequilibrium Chemical and Radiation Coupling,
Part I: Theory and Models

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

A flowfield model for the stagnation region of high-altitude entry vehicles which includes nonequilibrium
chemistry, multitemperature, viscous, conduction, and diffusion effects is presented. The model contains coupled
nongray nonequilibrium radiative transfer and accounts for local thermodynamic nonequilibrium phenomena
for both atoms and molecules. Several approaches for modeling electron-electronic energy are presented ranging
from a quasiequilibrium free electron model to a full electron-electronic equation. Comparison with Fire 2 flight
data verifies that the model is reasonably accurate. Based on these results for Fire 2 radiation cooling/coupling
is measurable and important, the wavelength character of the radiative heat transfer varies with time, and local
thermodynamic nonequilibrium is important and should be included.
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Nomenclature
black body function
diffusive energy flux, Eq. (10)
mean thermal velocity of electrons
frozen specific heat at constant pressure,
Eq.(7)
specific heat at constant pressure of species r
binary diffusion coefficient
ionization potential
exponential integrals
enthalpy
geometric factors
absorption coefficient
Boltzmann constant

p
T

= mass
= number density
= coordinate axis
= pressure
= partition function
= radiative heat flux
— wall reflectivity
= source function
= temperature
= diffusional velocity
= mass averaged velocity components

chemical production rate
shock standoff distance
shock standoff distance
Reynolds number parameter
wall emissivity
magnitude of electron charge
heat conduction coefficient
rate of elastic electron energy exchange
density
optical thickness
wall sheath electric potential
rate of inelastic electron energy exchange
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Subscripts
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s
v
Superscripts
e
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tr

electron
electron impact reaction
species
value behind shock
frequency

electronic
iteration step
translational

Introduction

I N the future, space programs will be conducted which will
require the efficient return of large payloads from missions

to the moon or to the planets. To accomplish this task, the
return vehicles will either utilize direct entry at very high
velocities or aerocapture techniques. In either case, a signif-
icant portion of the entry will involve high velocities at high
altitudes; and, during this part of the trajectory, the vehicle
flowfields will be dominated by chemical, thermal, and ra-'
diative nonequilibrium phenomena. To design and operate
such vehicles, it is essential to develop engineering flowfield
models which appropriately and accurately describe these
chemical, thermal, and radiative nonequilibrium processes
and the coupling between them.

Previously,1 the importance of properly predicting electron
temperature and modeling electron impact ionization was in-
vestigated and a quasiequilibrium free electron energy model
and a two-step ionization model formulated. In addition, an
approximate method of handling nonequilibrium atomic ra-
diation, which assumed that the excited states of atoms are
in equilibrium with the local free electrons and ions, was
developed1"3 and applied to an eight-step nongray emission-
absorption radiation model. While the results obtained with
these models were informative, the lack of detail in the ra-
diation model, particularly with respect to atomic lines and
the molecular ion bands, indicated a need for improvement,
and the approximate nature of the nonequilibrium molecular
radiation portion of the model appeared to underestimate the
molecular band radiation. Further, the quasiequilibrium free
electron energy model assumed that the electronic tempera-
ture was determined solely by the free electron temperature.
While this approximation should be good for many conditions
of interest in aerocapture and entry, it was felt that additional
models should be developed to improve the modeling of elec-
tron energy and temperature due to their importance in de-
termining nonequiiibrium ionization chemistry and radiative
transfer.
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386 CARLSON AND GALLY: CHEMICAL AND RADIATION COUPLING

Thus, the objective of this paper is to present an improved
engineering flowfield model for high-altitude AOTV flowfields
having extensive chemical, thermal, and radiative non-
equilibrium. In a companion paper,4 this model is applied over
a wide range of conditions to investigate the magnitude and
extent of nonequilibrium chemical and radiation coupling phe-
nomena in high altitude entry vehicle flowfields.

Problem Formulation
Flowfield Model

The flowfield model used in this investigation is a viscous
shock layer analysis which includes the effects of chemical
nonequilibrium, multitemperature thermal nonequilibrium
(heavy particle and electron or electron-electronic tempera-
ture), viscosity, heat conduction, diffusion, and radiative gas-
dynamic coupling. The basic method, which is a significantly
modified version of the NASA Langley code VSL3DNQ5 is
similar to the version used in Ref. 1, but a number of addi-
tional modifications have been incorporated since the earlier
study. First, the viscous shock layer (VSL) code has been
coupled with modified versions of the radiation routines of
the NASA Langley program, RADICAL,6 which is described
below, giving the ability to calculate flowfield solutions with
the effects of radiative cooling present. This coupling is achieved
by adding to the global energy equation the divergence of the
radiative flux, V-qr. Second, the chemical reaction rate input
data has been changed to allow the use of a single reaction
rate, kfoi kb, and the equilibrium constant, £eq, rather than
using both forward and backward rates. With this modifica-
tion, species concentrations in the equilibrium regions of a
flowfield are now in agreement with results from equilibrium
analysis. Third, the effects of multitemperatures on the shock
jump conditions and thermodynamic state variables have been
improved.

One of the advantages of a VSL method is the ability to
distribute many flowfield points in regions of large gradients,
such as in the region immediately behind the shock front and
in the highly nonequilibrium thermal layer near the wall.
However, this approach requires proper shock front jump
conditions since diffusion and thermal conduction phenomena
can be significant in the region immediately behind the shock
front. Thus, the present method includes multitemperature
shock slip boundary conditions, and the importance of in-
cluding and utilizing these conditions is shown in Ref. 4. In
addition, the present method permits various wall catalytic
properties and includes appropriate spectral variations in the
treatment of the wall boundary conditions.

Radiative Transfer Model
The radiation analysis in RADICAL is a detailed method

which includes atomic continuum radiation, molecular band
radiation, and atomic line radiation for the standard CHON
(carbon, hydrogen, oxygen, nitrogen) gas system. While the
original method used individual species number densities and
assumed a Boltzmann distribution to calculate the excited
state number densities for each species, and, from this data,
the individual radiative absorption coefficients associated with
each radiative process, such an approach is not suitable for
nonequilibrium conditions. Thus, the original model has been
extensively expanded and modified to include nonequilibrium
chemical and thermal effects and to account for excited state
population distributions different from those predicted by a
Boltzman distribution. Under the assumption of a radiating
tangent slab, the radiative heat flux at a surface located at
point jc can be calculated as, assuming a nonemitting precursor

where rv is the optical thickness determined by

-qrv(x) = 27T

-2E3(rv)ir

- Tv)SvE2(\tv - TV\

= I K»Jo (2)

v.w - 2rw E2(tv)Sv (1)

The absorption and source functions used in these expres-
sions are the sum of all radiative contributions at the fre-
quency v. In the present engineering approach, this none-
quilibrium radiation flux, its divergence, the absorption
coefficients, and the source functions are computed by the
modified RADICAL radiative analysis code using actual spe-
cies concentrations, the appropriate electron-electronic tem-
perature, and correction factors on the effective source func-
tion Sv and absorption coefficients Kv. This correction factor
approach accounts for the existence of non-Boltzmann dis-
tribution state populations (i.e., local thermodynamic none-
quilibrium, LTNE) and effectively determines the correct state
populations. It should be noted that in solving the global
energy equation, the V-qr term is coupled to the flowfield
solution by updating it about every 10 iterative cycles.

Nonequilibrium Molecular Radiation Model
Previously, an approximate LTNE model for molecular ra-

diation had been developed,3 but it is now believed that this
model overcorrected and underestimated the actual molecular
radiation. This belief is reenforced by experimental measure-
ments made in molecular radiation dominated shock flows
which exhibit a radiation intensity peak behind the shock front
in conjunction with the predicted electron temperature peak.
Thus, significant depletion of all of the excited molecular
states, as predicted by the theory of Ref. 3, is not expected.
Consequently, an improved model for molecular nonequi-
librium radiation has been developed.

After examining various approaches, a quasisteady ap-
proach similar to that of Ref. 7 has been developed which
computes the electronic state populations associated with the
radiating molecular bands. Specifically, for N2, the popula-
tions of the A^SJ, A32;, B3IIg, alllg, and C3IIM states are
computed; while for NJ the X2I*+

g, A2IIU, B2^+
u, and D2llg

are included. This approach has been incorporated into the
flowfield and radiative transport code, and there is no as-
sumption concerning the existence of equilibrium between
excited molecular states and atoms as there was in Ref. 3.
Thus, in this new molecular model, both source functions and
absorption coefficients associated with molecular band radia-
tion are corrected for nonequilibrium effects. However, in
this quasisteady approach there is the inherent assumption
that the rates used to determine the state populations are
compatible with the overall rate chemistry. For the molecules,
it is believed that the various rates are reasonably well known
and that this inherent assumption is satisfied.

The upper state of the Birge-Hopfield band, blllu, is a
highly excited state and its population is not one of those
calculated in the quasi-steady solution from above. This state
is similar to the C3IIM state in that it lies entirely above the
dissociation limit and, as shown in Ref. 8, is in close equilib-
rium with the atomic number density for collisionally domi-
nated conditions. As a result, the state population correction
calculated for the C3IIU state is also used to calculate the
LTNE blllu population. In general, results indicate that for
the N2 Birge-Hopfield band, blllu to AT'SJ transition, the
correction factor for the absorption coefficient is frequently
near unity but that for the corresponding source function it
is quite small in the nonequilibrium portion of the shock layer
immediately behind the shock front. Since the absorption
coefficient depends upon the number density of the absorbing
state and the effective source function is proportional to the
ratio of the populations of the emitting and the absorbing
states, this behavior is what would "normally" be expected.
For the N2(BH) band, emission is from high excited states,
which should be depleted by nonequilibrium effects, and ab-
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sorption is to the ground electronic state, whose population
density should be closely predicted by a Boltzmann distri-
bution. Likewise the N2(l + ), B3llg to A3^ transition, typ-
ically displays only a slight nonequilibrium correction for the
source function, but its nonequilibrium absorption coefficient
is significantly decreased from that predicted using Boltzmann
distributions. This trend is also "expected" since N2(l +) in-
volves two excited states, B3llg and A3I,+ . On the other
hand, while the absorption coefficient factor for N2(2 + ), C3IIM
to B3llg transition, is similar to that for N2(l + ), the source
function for N2(2 + ) is typically significantly reduced in the
chemical and thermal nonequilibrium region behind the shock
front, indicating that predissociation is significantly depleting
the population of the C3IIM electronic state.

The most interesting result, however, is that the NJ(l-)
radiation, B22+ to X22+ transition, is usually only slightly
affected by nonequilibrium phenomena. This result is in
agreement with experiments which, at least at lower veloci-
ties, have indicated a strong N2 (1 -) contribution. However,
since the number density of N2 *s often only significant in
the region immediately behind the shock front, any NJ(1 -)
radiation should originate from that region. This feature is
discussed further in the results section and in Ref. 4.

Another phenomenon associated with the molecular non-
equilibrium radiation is that often in the thermal boundary layer
near the wall, several of the factors accounting for LTNE exceed
unity and become large. This behavior indicates an overpopu-
lation of excited states above values which would be predicted
by a Boltzmann distribution, when intuitively an equilibrium
distribution might be expected due to the increased density near
the wall. However, the thermal boundary layer is often in sig-
nificant nonequilibrium since the chemical reaction rates are
finite and cannot keep up with the true local equilibrium; and
these finite rates lead to atom and sometimes ion concentrations
above local equilibrium. In addition, diffusion tends to perturb
the species population densities and causes atom and ion den-
sities above equilibrium values, which in turn creates enhanced
molecular excited state populations. This enhancement, how-
ever, does not lead to increased radiative emission from the gas
near the wall, and, probably due to the lower electron-electronic
temperature in that region, it does not for the cases examined
appear to affect the radiative heat transfer. Thus, in the present
studies limitations on the molecular nonequilibrium correction
factors have not been imposed.

Nonequilibrium Atomic Radiation Model
Local thermodynamic nonequilibrium effects on atomic ra-

diation are also computed by applying modification or cor-
rection factors, which account for the deviations in state
populations from Boltzmann distributions, to the absorption
coefficient and source function values utilized in the radiative
analysis. Such atomic LTNE definitely exists in the chemi-
cal nonequilibrium region immediately behind the shock
front1'3'7-9 where, due to ionization from excited states, the
populations of the higher electronic states will be lower than
predicted by a local thermodynamic equilibrium (LTE) as-
sumption using the ground state. Likewise, in regions of re-
combination the reverse processes can lead to state popula-
tions above those obtained using LTE.

The current model, which should probably be termed a first
order approximation, has been presented previously in Refs.
1-3 and similar models have been used for monatomic
gases.10~13 This model assumes that atomic ionization pro-
ceeds by excitation from the three low ground states (for
nitrogen) to the high excited states, followed by rapid ioni-
zation. Further, the model assumes that excitation from the
ground states to the higher states is a rate limiting step for
the ionization process and that the excited states, because of
their energy proximity to the ionized state, are in equilibrium
with the free electrons and ions. With this approach,1-3 the
atomic nitrogen LTNE correction factor, which represents the

ratio of the actual population in an excited state to that which
would exist for a Boltzmann distribution, can be written as

(3)

This factor is usually less than one in ionization regions and
can be greater than one in zones involving extensive deioni-
zation.

In contrast, Park8 and Kunc et al.14 handle atomic LTNE
by using a quasisteady analysis in which, while rate processes
between all the bound states and between the bound states
and the ionized state are assumed finite, they are assumed to
be fast relative to changes induced by the flowfield (quasi-
steady hypothesis). Thus, at any point in a flowfield an equi-
librium between the states will exist which is perturbed from
a Boltzmann distribution due to large radiative absorption/
emission or chemical non-equilibrium. Kunc et al. have per-
formed calculations in which they specify the electron tem-
perature and the total number of charged particles (defined
as two times the number of atoms plus the number of ions
plus the number of electrons), leaving the actual number of
ions and free electrons to be determined as part of the un-
known populations.

Park, on the other hand, in the application of his method7

assumes the number of ions and electrons to be given by a
flowfield solution. Under this approach, a non-Boltzmann
distribution can be achieved even in the absence of radiation,
if the number of ions and electrons differs from equilibrium.
To be totally correct, however, the excitation and ionization
rates associated with each level must overall be consistent
with the ionization rates used in the flowfield solution.

Obviously, the present first-order approach and those of
Park and Kunc et al. represent the extremes of modeling
LTNE atomic phenomena. While the present first order ap-
proach is simplified in its assumption that the rates between
the excited states and the free ions and electrons are infinitely
fast (i.e., local equilibrium), it does directly couple the pre-
dicted excited state populations to the flowfield and, unlike
the detailed quasisteady approaches, it is not computationally
intensive. In addition, the latter are sensitive to the choice of
the individual rates; and it is difficult to know which rate to
adjust when comparing with experimental results and at-
tempting to improve the correlation. Finally, the present model
when coupled with a compatible electron impact ionization
rate has been shown to yield good agreement with experi-
mental ionization distances.1

Electron-Electronic Energy Models
For the present studies, three different electron-electronic

energy models have been developed and investigated. The
first, termed the quasiequilibrium electron energy model
(QEE), is essentially a free electron energy model in which
all derivative terms in the electron energy equation are ne-
glected; and it can be expressed as

- we = (4)

where the ger terms account for elastic collisional effects and
fle represents inelastic effects due to chemical reactions in
which electrons contribute or receive energy (electron impact
reactions). It should be noted that the term weu2/2 is usually
very small and can be neglected. This model was previously
presented in Ref. 1, which contains additional details. The
second is termed the quasiequilibrium electron-electronic en-
ergy model (QEEE) and is similar to the first model in that
it computes the electron temperature assuming quasiequi-
librium. However, it explicitly accounts for the effect of elastic
and inelastic collisions on the energy contained in electronic
states of each species as well as the free electron energy; and,
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thus, the resulting temperature is truly representative of elec-
tron-electronic energy. The resulting equation is

(5) ' J ^er ' e '\T( ' J ^er

where the term 2,M>/z* accounts for the production and de-
pletion of electronic energy due to chemical reactions.

The third model utilizes a full combined electron-electronic
energy conservation equation which includes the effects of
convection, conduction, and diffusion, in addition to the pro-
duction and loss of electron energy through elastic and ine-
lastic collisions. This full electron-electronic (FEE) energy
equation for the stagnation line is

8T,

(6)

(7)

f.r + n.
where

In this equation, the viscous work terms have not been
included due to the fact that they are of lower order. In
addition, radiation effects on electron-electronic energy have
been neglected as have diffusion effects1* on the form of the
collisional energy exchange factor, £er. The latter are expected
to be small in most cases due to the rapid dissociation of
molecules and the existence of ambipolar diffusion. However,
it might be important at some of the lower AFE velocities.
It should be noted that Eq. (6) is equivalent to that presented
in Refs. 16 and 17. However, it differs slightly from that
presented in Refs. 1 and 15 in that these contain the additional
terms

which arise as a result of the differences in the derivation of
the species energy and momentum equations. It is believed
that these additional terms occur as a result of using the more
detailed approach of Chapman and Cowling.18 In any event,
based upon order of magnitude estimates these two terms are
expected to be small, and their neglect in the present studies
should not affect the results.

When Eqs. (6) and (7) are expressed in three dimensions
and transformed into the viscous shock-layer coordinate sys-
tem they become

(8)

A -*2 J!k aTk , Jh h , Jle d i
1 ys

2 [dn h3 dn h, dn

PP* Lf, _ (>u*un dy* _ p^^l _ ^_
ys [PV h, ds h3 dfj ^

usupedps | psusundysdpe psv dpe
3 /*! ds h{ys ds dn ys dn

A, = (9)

where

e = C,rOfi Aft + V rVG)) JL £_'
sum Cp, J>. dn p+ 2, <~P,Jr &n p

•(wh)e = *Ji« + 2 wM + we,Ee, (10)

and /ij and h3 are geometric factors for the axisymmetric co-
ordinate system.

This full electron energy equation is integrated into the VSL
code by setting up the terms in the same form as those for
the global energy equation and then solving the equations
using the existing routine for solving the global energy equa-
tion. In the cascade order of solving the governing conser-
vation equations typical of VSL methods, the electron energy
equation is included following the global energy equation,
which is where the QEE or QEEE equation is normally in-
cluded. Initially, the electron energy equation was not well
behaved when solved in this manner primarily due to the large
order of magnitude of the elastic exchange and chemical pro-
duction terms, which, since they are nonlinear, were originally
included explicitly in the calculations. Consequently, to pro-
vide iterative stability, these terms have been linearized as
follows:

(11)

Another item which should be considered in modeling elec-
tron-electronic energy is the proper boundary condition on
electron temperature at the wall. In most past analyses,1-8 it
has been assumed that at the wall the electron temperature
is equal to the wall temperature. Since the heavy particle
temperature is also assumed equal to the wall temperature at
the wall, this approach effectively assumes that the electron
temperature is equal to the heavy particle temperature. At
first this approach seems reasonable and follows the philos-
ophy that in the thermal boundary layer near the wall the
flow should be near equilibrium and collision dominated.
However, in the thermal boundary layer the chemical reaction
rates are finite and often cannot keep up with local equilib-
rium. This lag combined with diffusion leads to atom, ion,
and electron densities above equilibrium values and in turn
enhanced excited state populations. In addition, in the elec-
tron-electronic energy equation ionic recombination yields an
increase in electron energy and tends to force the electron
temperature above the heavy particle temperature.

Further, since almost all walls are catalytic to ions and
electrons, there exists a thin plasma sheath adjacent to the
wall across which a potential develops in order to maintain
zero charge flux at the sheath edge. Since the thickness of
the plasma sheath is negligible in comparison to that of the
wall thermal layer, the edge of the sheath can be construed
as being physically at the wall. Thus, the proper wall boundary
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conditions on the continuum equations should be obtained
by matching the particle description in the plasma sheath to
the corresponding continuum description at the wall. Ex-
amination of appropriate sheath models shows that continuity
of electron energy flux requires19-21

(*S-*"•*•).-
(13)

where the sheath potential is determined by enforcing charge
neutrality at the sheath edge. If the wall is catalytic to ions
and electrons, this free electron boundary condition can be
approximated as dTJdn = 0. While this condition is not strictly
applicable to the electronic temperature at the wall, its usage
for the electronic temperature as well as the free electron
temperature should not induce any significant error.21 Thus,
this approximate boundary condition has been incorporated
as an option into the present full electron-electronic equation
model. Finally, analysis indicates that the heavy particle spe-
cies, being in good contact with the wall, should be at the
wall temperature.

Since the present flowfield formulation does not include
vibrational nonequilibrium, the above electron-electronic en-
ergy models do not include vibrational-electronic coupling.
While this phenomena should not be important at higher entry
velocities due to the rapid dissociation of diatomic species in
and near the shock front, it could be important at lower ve-
locities. Thus, efforts are in progress to include vibrational
nonequilibrium and vibrational electronic coupling; and these
have been reported in Ref. 22.

Discussion of Results
In order to ensure that the present method and models are

reasonably correct and appropriate, results have been ob-
tained for five trajectory points along the Fire 2 entry profile
covering the time period from 1634 through 1637.5 s. These
points were selected because they encompass a period of the
flight involving extensive chemical and thermal nonequi-
librium and changing radiative behavior. In all cases, the re-
sults are for the stagnation streamline, utilize 99 points be-
tween the shock front and the wall, and, for simplicity, assume
a nitrogen freestream. The nonequilibrium chemistry model
is similar to the case II set of Ref. 1 and is shown in Table
1, and it should be representative of high temperature ra-
diating air. For diffusion, the approximate multicomponent
model of Ref. 23 has been used. Since in a high-temperature
ionized diatomic gas, charge exchange and ambipolar effects
cause atoms, ions, and electrons to all have to a first ap-
proximation similar diffusion velocities, such a gas should be
dominated by only two diffusion velocities, that of the mol-
ecules and that of the atoms, ions, and electrons. For such
cases, previous studies24-25 have shown that the differences
between using a constant Lewis number of 1.0 or 1.4 or a
variable Lewis number are small, and thus the commonly used
value of 1.4 has been used.26 Hence, the present model should

Table 1 Reaction rate system

Reaction
N,
N2
N2
N
N

+ N =
+ N2 =
+ N+ =

+ N = 1
+ e~ =

3N
2N H

= N^
^2 +
N+ +

- N2
+ N
e~

- 2e-

4
4

A
.085 x
.70

2.02
1.40
4.16

N + N = N + N + + e ~ 2.34
N
N2

+ N+ =
+ e~ =

2N +
2N +

+ e~ 2.34
+ e~ 3.00

x
x
x
X
X
X
X

1022

1017

1011

1013

1013

1011

1011

1024

B
-1.5
-0.5

0.8
0.0
0.5
0.5
0.5

-1.6

E
113100
113100
13000
67800

120000
120000
120000
113100

adequately represent the diffusion phenomena present, in-
cluding multi-component effects.

These Fire 2 results have been computed assuming a fully
catalytic wall at the wall temperature measured in flight, and
the full electron-electronic energy model has been used in
conjunction with the approximate wall sheath boundary con-
dition on the electron temperature. Slip conditions have been
enforced at the shock, and the correct wall absorptivity and
reflection properties of the wall, as described in Refs. 27 and
28, have been included. Finally, coupled nongray radiative
transfer has been included, and local thermodynamic none-
quilibrium effects have been accounted for using the molec-
ular and first-order atomic models described above.

Figures 1 and 2 show temperature and concentration pro-

0.4 0.6
Y/YSHOCK

Fig. 1 Stagnation profiles for Fire 2 at 1634 s, YSHOCK = 4.12 cm.

0.4 0.6

Y/YSHOCK

Rates in the form kf = ATB exp(-E/r).
T = Te'm electron impact reactions.

Fig. 2 Stagnation profiles for Fire 2 at 1637.5 s, YSHOCK = 3.72
cm.
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files for two of these trajectory points. At 1634 s (Fig. 1), as
evidenced by comparing the "Coupled" and "Uncoupled"
temperature profiles, radiation cooling/coupling is insignifi-
cant, and the temperature and species profiles show that the
flow never approaches a chemical equilibrium situation with
extensive thermal nonequilibrium existing in the region be-
hind the shock front and in the thermal boundary layer. The
latter results from the sheath boundary condition on electron
temperature and three body ion recombination which adds
energy to both the free electrons and the excited electronic
states. Interestingly, results obtained by forcing Te to equal
Tw at the wall yielded only slight differences in heating and
the flowfield structure.

By 1637.5 s (Fig. 2), the temperature profile indicates that
the postshock nonequilibrium region comprises only about
20% of the layer and that much of the flowfield is in equilib-
rium. However, while thermal equilibrium is achieved near
y/y SHOCK of 0.75, careful examination reveals that ioniza-
tion equilibrium is not reached until about y/y SHOCK of 0.55.
Further, as indicated by the temperature decrease and changes
in species concentrations, radiation coupling/cooling is evi-
dent throughout much of the shock layer. These phenomena
can be seen more easily on Fig. 3 which portrays the enthalpy
behavior along the stagnation streamline. The profiles show
that in the coupled case the enthalpy decreases significantly
due to radiative energy losses in the shock layer. While not
shown, the degree of ionization in this region also decreases
due to the loss of energy by radiation.

In Fig. 4, the present predictions for various heating rates
are compared to the flight data. In flight, a total calorimeter
measured the sum of the convective heating plus that portion
of the radiative heating absorbed by the gauge, which is in-
dicated by the QC + ALPHA*QR line on the figure. The
present predictions, indicated by the open squares, are in
reasonable agreement with the flight data; and, while not
shown, the current predictions for convective heating are in
excellent agreement with corresponding values of Refs. 29-
31. The high value at 1634 s is typical of theoretical predic-

0.4 0.6 0.8
Y/YSHOCK

Fig. 3 Enthalpy profiles for Fire 2 at 1637.5 s.

COMPARISON WITH FIRE2 DATA

Sioo,

QC

QR (0.02 - 6.2 EV

QR ( 2 - 4 EV)

LINES ARE FLIGHT DATA (AIR)
OPEN SYMBOLS ARE THEORY FOR NITROGEN
CLOSED SYMBOLS ARE THEORY MATCHED TO AIR

1635
TIME IN SEC

tions, and, since this condition is dominated by convective
heating, the difference may indicate that at this point the wall
(or gauge) was not fully catalytic. This possibility is suggested
by the results of Ref. 32 which obtained good correlation with
Fire 2 data by not assuming fully catalytic walls.

Also shown on Fig. 4 are comparisons for radiative heating
to the wall for two wavelength regions, 0.02-6.2 eV which is
in the visible and infrared, and 2-4 eV which primarily should
be due to NJ(l-) emission. For the latter case, the flight
data27-28 exhibited extensive scatter, and this is indicated on
the figure by the cross-hatching. The present predictions in
the 2-4 eV range are within the data scatter at early times
and slightly low at the later times, while the predictions for
the visible and infrared regions are low throughout the times
considered. However, the data do appear to have the correct
trends.

At first glance the radiation predictions appearing on Fig.
4 are disturbing due to their underprediction. However, the
Fire 2 data is a single experiment, and thus must be viewed
with care, and the present results are for a nitrogen freestream
and not air. While it is generally true that equilibrium nitrogen
and equilibrium air will yield almost identical wall radiative
heating rates if they are at the same temperature and pressure,
identical freestream conditions will yield for the Fire 2 cases
cooler equilibrium temperatures for nitrogen than for air. For
example, for the 1637.5 s case, the equilibrium temperature
for a nitrogen freestream would be 10555K, while for an air
freestream it would be 11021K. This small 4.5% difference
leads to a radiative heating rate for air 60% higher than that
for nitrogen. Since the present results were obtained matching
freestream conditions on velocity, temperature, and pressure
and not postshock conditions, the present radiative heating
predictions should be below the flight values, particularly at
the later times where the flow is approaching equilibrium. As
can be seen on Fig. 4, this situation is indeed the case.

To further test this conjecture, a case was run using a slightly
different freestream velocity and pressure that were designed
to match the 1637.5 case in air. While this test was not com-
pletely successful in that the resultant temperature was still
slightly low, the radiative heating results from this case, shown
as solid symbols on Fig. 4, are higher and closer to the flight
data.

To further identify the characteristics of the radiative heat-
ing of Fire 2, the stagnation point radiative flux is presented
on Fig. 5 as a function of energy (frequency) for two trajectory
points. On this plot, the line and continuum contributions are
plotted jointly. Also, for convenience, the line radiation is
presented for lines that are close together as an average value
over an appropriate width. It should be noted, however, that
in the actual calculations the lines are treated individually
using appropriate line shapes.

At 1634 s most of the radiative flux is in continuum radiation
between 2 and 4 eV and in infrared lines, with about 20% of
the total being from lines. In fact, for this condition 70% of

Fig. 4 Comparison of present Fire 2 predictions (nitrogen) with flight
data (air).

10 12 14 16
ENERGY (eV)

Fig. 5 Spectral variation of stagnation point radiative heat transfer
for Fire 2.
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the predicted stagnation point radiation is below 6.2 eV. In
contrast, by 1637.5 s there is extensive line and VUV flux,
and the character of the radiation has changed so that 53%
is from lines and only 43% of the total is below 6.2 eV.
However, at all trajectory points there is extensive radiation
in the 2-4 eV range.

Based upon these comparisons with the Fire 2 flight data,
it is believed that the present method and models are rea-
sonable and appropriate. Thus, they should be useful in study-
ing a wide variety of entry vehicle flowfield situations.

Conclusions
In this paper an engineering flowfield model suitable for

analyzing the stagnation region of high altitude entry vehicles
having extensive nonequilibriurn has been presented. This
model includes nonequilibrium chemistry, multitemperature,
viscous, conduction, and diffusion effects. It also includes
coupled nongray radiative transfer in a form that contains the
effect of local thermodynamic nonequilibrium on the emission
and absorption characteristics of atoms and molecules. The
boundary conditions permit multitemperature shock slip and
a partially or fully catalytic wall having frequency dependent
radiative properties. Comparison with Fire 2 flight data in-
dicates that the model has the correct behavior and is rea-
sonably accurate. Based on the comparisons, the following
conclusions can be stated:

1) Radiation cooling/coupling is important and is measur-
able even in the early portions of the Fire 2 trajectory.

2) Radiation heat transfer should be included and varies as
to source. In the early stages of the Fire 2 entry, the radiative
transfer is primarily molecular and infrared lines. Later, atomic
VUV continuum and line radiation become very important.

3) Local thermodynamic nonequilibrium phenomena are
important for many species, affects most radiative phenom-
ena, and should be included in all models. While NJ(l-)
radiation is relatively unaffected by LTNE, LTNE depopu-
lates the excited states of atoms and N2 molecules, affects the
radiation in the postshock nonequilibrium region, and can
lead to an overpopulation of excited states in regions of ra-
diative cooling and in the wall thermal layer.
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