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Novel Approach for Calculating Equilibrium Radiating Flows

Frank J. Brauns* and H. A. Hassan†
North Carolina State University, Raleigh, North Carolina 27695

A two-dimensional/axisymmetric Navier– Stokes � ow solver capable of handling hypersonic equilib-
rium radiating � ows over aerobrake geometries of current interest is developed. Traditional computations
of equilibrium � ows use iterative schemes to enforce equilibrium at each time step. The present approach
employs rate equations in lieu of expensive iterative procedures, with the result that equilibrium is
achieved at convergence. Cases are presented, assuming both 5- and 11-species air models, highlighting
important aspects of the method development. Results are shown for a proposed 15.2-m-diam lunar
transfer vehicle with a velocity of 9797 m/s at 72 km altitude. The results are compared with those
generated by the LAURA code.

Nomenclature
B = Planck function
b = shape factor
C = concentration
Cv = constant volume speci� c heat
Ĉv = effective constant volume speci� c heat
c = speed of light
e = internal energy or electron charge
F = vector of � uxes in the x direction
f = oscillator strength of a line
G = vector of � uxes in the y direction
H = total enthalpy
I = radiative intensity
J = emission coef� cient
KC = concentration equilibrium constant
M = molecular weight
m = electron mass
N = number density
q = heat � ux
S = arc length
T = temperature
t = time or dummy variable of integration
U = vector of conserved variables
u = axial velocity
v = vertical velocity
W = vector of source terms
x = axial distance
Y = mass fraction
y = radial or vertical distance

h f = heat of formation at Tref

= body-normal coordinate
= spherical coordinate
= relaxation factor
= absorption coef� cient
= photon frequency
= density
= cross section
= stress tensor
= spherical coordinate
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Subscripts
i = species i
j = absorbing level j
k = line k
r = radiative value
ref = reference value
s = species index
w = wall value

= spectral quantity
= freestream values

Superscripts
C = continuum quantity
L = line property
r = 0 for two dimensional, 1 for axisymmetric

= downward directed intensity
= upward directed intensity

Introduction

I NTEREST in pursuing a mission to Mars and lunar mis-
sions has spurred research into aerobraking as an ef� cient

means of slowing down re-entry vehicles. Because of the harsh
� ow environment associated with re-entry � ows, an aerobrake
not only serves as a lifting and braking body, but also as a
thermal protection system. A strong bow shock results in tem-
peratures high enough to cause dissociation and ionization of
the chemical species present. High convective heating rates
and radiative emissions are also characteristic of these high-
temperature � ows. The radiative emissions may contribute sig-
ni� cantly to the total heat � ux incident on the vehicle surface.
Thus, ef� cient design of an aerobraking system requires codes
that are able to accurately predict both convective and radiative
heat transfer.

Convenience has dictated the use of nonequilibrium Na-
vier– Stokes solvers to calculate equilibrium � ows. There are
at least two conceptual dif� culties associated with such an ap-
proach. The � rst pertains to the speed of sound; the equilib-
rium speed of sound is quite different from the frozen speed
of sound appropriate for nonequilibrium � ows. The difference
between the equilibrium and frozen speeds of sound in air can
be as high as 20%.1 Second, standard practice is to arti� cially
increase reaction rates to simulate equilibrium conditions. The
net effect of increasing rate coef� cients is to approach a con-
dition corresponding to the steady-state approximation rather
than to an equilibrium condition. In addition to the conceptual
problems, there is the additional cost of integrating equations
that describe thermal nonequilibrium. When radiation is con-
sidered, uncertainty in the proper modeling of the nonequilib-
rium excitation rates introduces questions about the accuracy
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of the results. Formulation of a proper model for nonequilib-
rium radiation calculations is still a state-of-the-art research
problem. Therefore, there is a need to develop an equilibrium
� ow solver that removes much of the uncertainties and need-
less work.

At present, the HYVIS2 code is an ef� cient method for the
calculation of radiative equilibrium � ows, however, it uses the
viscous shock layer (VSL) approximation and has dif� culty
with the very blunt body geometries under present considera-
tion. This dif� culty arises because the subsonic region for
these vehicles is not constrained to the nose region, but can
cover the whole forebody. A Navier– Stokes solver is not lim-
ited by such geometric constraints.

The present method is therefore designed to � ll the com-
putational void left by the aforementioned codes. The method
involves the solution of the Navier– Stokes equations under
the assumptions of thermochemical and radiative equilibrium.
Equilibrium thermochemistry is well understood, thus elimi-
nating many of the uncertainties involved with multiple tem-
perature nonequilibrium formulations.

Physical Modeling and Computational Method
Solution of the equations governing radiating � ows in ther-

mochemical equilibrium involves separate determination of
how to model the equilibrium chemistry, the � ow, and the
radiation. The approach used in this work was to develop a
novel method for the solution of the equilibrium chemistry and
to couple the method to standard � ow and radiation solvers.
As such, discussion of the physical modeling of the method
starts with the chemical equilibrium formulation. A description
of the important aspects of the � ow and radiation solvers fol-
lows.

The present formulation is developed for entry � ows in air.
A standard 11-species air model is assumed to be valid. This
involves the species, N2, O2, NO, N, O, NO , , , N ,N O2 2

O , and e . With the elemental concentrations of N and O
� xed, the equilibrium state is de� ned by any two independent
thermodynamic variables. Generally, this is done by obtaining
the pressure and temperature, and then applying a Gibbs free
energy minimization technique3,4 or an equilibrium constant
method.5 Since � ow solvers generally return values for the
conserved variables, and E, applying these methods results
in a computationally costly iterative procedure to couple the
chemistry with the � ow. One of the objectives of the new
approach is to remove this costly iteration. The previous ap-
proaches incur additional expense by requiring equilibrium
conditions to be maintained during the transient phase of the
solution. Since the solver is integrated to a steady state, this is
both physically and computationally unnecessary. Thus, the
present method also focuses on removing this iteration.

The current approach builds on the use of an equilibrium
constant method. A brief example can best describe the ap-
proach. Consider the formation of NO in an equilibrium situ-
ation. A reaction producing NO can be written as

1 1– –N O NO (1)2 2 2 2

The concentration, in moles per volume, at equilibrium is de-
termined from

1/2 1/2K = C /C C (2)C NO O N2 2

The equilibrium constants are known functions of temperature.
In traditional calculations, Eq. (2) would be solved at each grid
point and each time step by an iterative procedure. Rather than
follow this approach, the same result can be attained by re-
placing Eq. (2) by

dCNO 1/2 1/2 1= (C C K C ) (3)N O C NO2 2d t

and integrating in time to a steady state. For convenience, the
rate equation is actually integrated in terms of mass fractions,
such that when

dY MNO NO 1/2 1/2 1= (C C K C ) (4)N O C NO2 2dt

reaches steady-state conditions, Eq. (2), which must hold for
equilibrium concentrations, is satis� ed. In this form, the pre-
vious equation can be integrated in time along with the � ow
equations. This eliminates the unnecessary iteration enforcing
the equilibrium condition at each time step.

The previous method is applied to the 11 species currently
under consideration. Since there are 11 unknown species con-
centrations, there must be 11 equations to solve for those un-
knowns. In this case, eight independent reactions can be writ-
ten as

1 1 1 1– – – –N O NO, N N, O O2 2 2 2 2 2 2 2

1 1– –N O NO e , N N e2 2 2 2 2 2

1 1– –O O e , N N e , O O e2 2 2 2 2 2

from which eight rate equations of the form of Eq. (4) are
found. The three remaining equations are two equations con-
serving elemental nitrogen and elemental oxygen and a con-
servation of charge equation forcing the number of electrons
to equal the number of ions. The conservation statements are
algebraic expressions that can be directly substituted into the
rate expressions. Thus, for the 11-species model, it is necessary
to carry out the integration on only eight species equations.

The next objective is to remove the iterative procedure nec-
essary for the coupling of the � ow equations to the chemistry.
Recall that � ow solvers return values for and the internal
energy E, and that the equilibrium composition is found
through knowledge of the temperature and pressure in a sys-
tem. However, with the previous formulation, the composition
at each time step is known along with and E. Therefore, it
is only necessary to now � nd the temperature and pressure.
This is accomplished without iteration in the following man-
ner. First, consider the de� nition for the internal energy of a
species mixture:

Tnsp

e = Y C dT h (5)s v,s f,s
s=1 Tref

An effective speci� c heat is de� ned so that

T

ˆC dT = C T (6)v,s v,s

Tref

The integral of the speci� c heat can be evaluated through the
polynomial curve � ts of Gupta et al.,6 with the temperature
lagged from the previous iteration. Since e can be found read-
ily from E, the temperature can just be evaluated by the ex-
pression

nsp nsp

ˆT = e Y h Y C (7)s f,s s v,s
s=1 s=1

Dalton’s law is used to obtain the pressure of the system.
With the chemistry thus determined, integration of the � ow

equations is examined. The two-dimensional/axisymmetric Na-
vier– Stokes equations are written in conservation law vector
form as

U 1 rF(U ) y G(U ) = W (8)rt x y y
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The convective � uxes, F and G, can be considered as the sum
of inviscid � uxes and viscous � uxes. The inviscid � ux calcu-
lations are carried out using Roe’s scheme because of its ability
to capture shock waves and resolve the boundary-layer gra-
dients with a minimum number of points.7 Roe’s scheme is
extended to second order using the MUSCL approach.8 The
viscous � uxes are treated by standard central differencing in
each direction. The equilibrium chemistry computation is cou-
pled into the � ow solution through the implicit time integra-
tion. The � ow is integrated in time with the Gauss– Seidel line
integration technique with implicit boundary conditions as de-
scribed by Candler.9 Additionally, a correction to the inviscid
time linearization was added to take into account the viscous
effects and improve propagation of viscous information.10 The
resulting matrix from the previous procedure is block tridi-
agonal. However, if the form of Eq. (4) is examined, it is seen
that the time derivative term can be considered as part of U,
and the right-hand side as part of W. Linearizing the equations
again as done for the Gauss– Seidel technique now results in
a block tridiagonal matrix for the � ow equations coupled to a
block diagonal matrix for the chemical equations.

The last modeling concern is the inclusion of equilibrium
radiation into the solver. The radiation term appears in Eq. (8)
in the evaluation of � ux terms, F and G, in the energy equation

F = uH u v q qxx xy x rx
(9)

G = vH u v q qxy yy y ry

Notice that Eq. (8) actually involves the spatial derivatives of
the � ux terms. Thus, the information necessary from the ra-
diation calculation is the radiative � ux divergence term, qR.
The radiation transport code, RADICAL,11,12 is used in the
present work for the calculation of this term. RADICAL ap-
plies the tangent slab approximation to simplify the calcula-
tion. This approximation assumes that the gas properties only
change in the direction normal to the surface of the body. This
is a good approximation for the stagnation region of the blunt
bodies currently under consideration as aerobrakes. The effect
of making this assumption is that the � ux divergence term is
reduced to qR = dqR/d . Details of the derivation of the
tangent slab model can be found in Anderson.1

For equilibrium applications, the absorption coef� cients pro-
vide all of the necessary information to carry out the radiation
computation. This is because the emission coef� cients can be
directly related to the absorption coef� cients through the
Planck function, i.e., J = B . The radiative intensity is gen-
erally integrated in terms of the optical thickness, =

, producing the following result for a downward di-L d S0

rected ray:

( )2
I = I ( )exp2

cos
2 (t ) d t

B (t)exp (10)
cos cos

is then just a function of the optical depth, which is only aI
function of the absorption coef� cient. With this known, the
radiative heat � ux in that direction, q is

2 /2

q = I cos sin d d d (11)
0 0 0

where the integrals cover the full range of possible frequencies
and radiative intensity directions in the downward direction.
With a similar formula for the upward-directed � ux, the total
radiative � ux at a given location is given as q = q q . An
important point to emphasize is that when the absorption co-
ef� cients are determined, all of the information necessary for

coupling to the � ow equations is known. The radiation cal-
culation is computationally expensive. Therefore, when cou-
pled to the � ow solver, the radiative heat � ux divergence is
only updated every 250– 1000 � ow iterations.

Since the evaluation of the absorption coef� cients is the
driving mechanism for determining the radiative heat � ux, it
is important to describe the methods applied to obtain the ra-
diative absorption coef� cients. The absorption coef� cients are
functions of temperature, density, and frequency, i.e., a non-
gray gas. The absorption coef� cient at a given frequency can
be written as the sum of the contributions from all continuum
transitions and from all line transitions. In other words

N NC L

C L= ( ) ( ) (12)i k
i=1 k=1

RADICAL takes into account atomic continuum and molecular
band transitions for the continuum contribution, and ionic and
atomic line transitions for the contributions from the lines. The
continuum transitions are discussed � rst.

Continuum transitions arise from photoionization, photode-
tachment, free– free transitions, and photodissociation. These
transitions, in general, are just functions of the number density
and cross section of the absorbing level. This is written as

C C( ) = N ( ) (13)i i,j ij
j

The number densities are readily found from the thermody-
namic data given by the � ow solver. The cross sections are
taken either from tabulated data13 or are modi� cations to the
hydrogen cross section. The other continuum mechanism con-
cerns molecular band transitions. This is radiation originating
from the closely spaced energy levels of molecules. The ra-
diation from these levels can be considered as a continuum
and are designated as band systems. To provide a continuous
variation of the absorption coef� cient, each band within the
band system is smeared into what is termed a bandless model.
The absorption coef� cients for the molecular band transitions
are found from curve � ts to experimental data. The bands con-
sidered for air are the 1 , 2 , and Birge Hop� eld systems for
N2, the Schumann– Runge system for O 2, the , , , and
systems for NO, and the 1 system for .N 2

The treatment of ionic and atomic line transitions is now
examined. Again, the absorption coef� cient is a function of the
population of the absorbing level, but is now also a function
of the line shape. Nicolet11 writes this as

L 2( ) = ( e /mc) f N b ( , T, P, x , x , . . .) (14)k( j ) k( j ) ij k( j) 1 2

The line shape is a function of the frequency and the equilib-
rium state of the gas and must be considered because of broad-
ening of the line via perturbations from electron impacts,
known as Stark broadening, or to impacts with other atoms,
known as resonance or collision broadening, or to the Doppler
effect resulting from the random thermal motion of the mol-
ecules. Because of this, the lines can no longer be considered
discrete values. Each line is thus resolved by about 15 spectral
points. The line center is always one of the points to make
sure the peak value is captured.

To reduce the computational effort of obtaining the radiative
heat � ux from all of the lines calculated, the line group ap-
proximation is employed. With this approximation, the range
of frequencies considered is broken down into about 20 fre-
quency increments, which are not necessarily contiguous. The
contribution to the absorption coef� cient is found by summing
all of the contributions of the lines within each frequency in-
crement. Thus, there remain only 20 absorption coef� cients to
work with as opposed to one for each individual line consid-
ered. Since the optical depth, as shown earlier, is an integral
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Fig. 4 Stagnation line mass fractions for Mach 16 � ow about an
LTV (� ve species).

Fig. 3 Temperature contours for a Mach 16 � ow about an LTV
(� ve species).

Fig. 2 Stagnation line mass fractions for Mach 6 � ow about a
sphere.

Fig. 1 Temperature contours for a Mach 6 � ow about a sphere
(� ve species).

function of the absorption coef� cient, the line grouping ap-
proximation represents a signi� cant reduction in the amount
of work required to obtain a solution.

Some of the lines are not treated with the previous line
grouping technique, but are treated as a continuum. The
method assumes the high series lines, those associated with
transitions with lower levels that have a high principal quan-
tum number ( 4), can be treated as a continuum contribution.
This is because the energy levels get more closely spaced as
the principal quantum number increases. The high lines are
also included with the continuum contributions. These are the
transitions that have their upper levels with large principal
quantum numbers. RADICAL accounts for these transitions by
treating them as if they were continuum photoionization pro-
cesses by lowering the photoionization limit.

Results and Discussion
Four cases will be presented to describe the behavior of the

new approach. The � rst three are developmental cases high-
lighting important aspects of the method behavior. The last is
a case of current practical interest; the re-entry of a lunar trans-
fer vehicle (LTV). Except for changes in the freestream Mach
number, the same freestream conditions were employed for
each case to be that of the LTV case. The case conditions are
taken from Gnoffo14 for an altitude of 72 km, which results in
T = 213.7 K, = 5.987 10 5 kg/m3. Three cases are run
at increasing velocities to test the behavior of the method, V
= 1758.4, 4689.0, and 9797.0 m/s corresponding to Mach num-
bers of 6.0, 16.0, and 33.4, with the highest velocity case being
the one run by Gnoffo et al.14 To validate that the proper equi-
librium mass fractions are found by the present method, com-
parisons are made by taking the temperature and pressure from
the converged solution and applying the Gibbs energy mini-
mization technique.

Initial testing of the method was done on a sphere of radius
1 m in a Mach 6 freestream � ow considering only a � ve-
species air model, which includes N2, O2, NO, N, and O. The
code converged � ve orders of magnitude in 3000 iterations,
which took approximately 12 min of Cray Y-MP time. Figure
1 shows smooth temperature contours and Fig. 2 shows that
the mass fractions have converged to the values given by the
Gibbs energy minimization method. The � at region for the
composition of N is a result of setting a minimum value of
10 15 for the species mass fractions. Since the mass fractions
of NO, N, and O are still rather insigni� cant for this case, this
case only demonstrates the viability of the method.

Applying the method to higher Mach number cases results
in higher shock layer temperatures and, thus, changes in chem-
istry become signi� cant. The next case is applied at Mach 16
with the geometry of the LTV used instead of the sphere.
Again, only � ve species are considered. The code was con-
verged � ve orders of magnitude in 16,000 iterations. The extra
iterations are a re� ection on the time required to relax the
chemistry to the equilibrium values. In addition, extra expense

may be a result of the sensitivity of the shock shape to the
larger elliptic subsonic region for this geometry. Figures 3 and
4 show that it again produces smooth contours and that the
mass fractions have converged to the equilibrium values. Ad-
ditionally, some adjustment to was found to be necessary to
improve convergence. was initially set to 50, however, it
was seen that NO was converging to the equilibrium value at
a much slower rate than either N or O. Thus, an additional
factor of 50 was multiplied times the original for that reac-
tion. Since the rate equations at steady state produce the equi-
librium condition regardless of the value of , such adjust-
ments can be made without harm to the � nal solution.
However, to keep the model as simple as possible, only the
base value and one multiplier are ever used to speed up any
reactions.

The next case upgraded from 5 to the 11-species air model.
This was done because any practical case involving the re-
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Fig. 8 Comparison of stagnation line mass fractions of N2 and
O2 (LTV).

Fig. 7 Geometry of the LTV and � nal computational mesh (31
91).

Fig. 6 Stagnation line mass fractions for Mach 16 � ow about an
LTV (11 species).

Fig. 5 Temperature contours for Mach 16 � ow about an LTV
(11 species).

entry of an LTV would have to take into account the ionized
species. Testing was done again at Mach 16. The addition of
the extra species resulted in an increase in the number of it-
erations required for convergence from 16,000 to 24,000, and
an increase in computational time on a Cray Y-MP from 1 to
2 h 50 min. Much of this cost can be attributed to the solution
of the larger matrices associated with the extra species equa-
tions. Similar results are seen for the temperature contours in
Fig. 5 as the previous case, since the mass fractions of the
ionized species are still negligible (see Fig. 6). It was necessary
to multiply by 50 for both NO and NO . These values are
the same as those used for the � nal case.

The last case has been computed for comparison with the
Langley aerothermodynamic upwind relaxation algorithm
(LAURA). The case is for a proposed LTV at 72 km altitude
with a freestream velocity of 9797 m/s.14 The LTV is a 15.2-
m-diam vehicle composed of a 13.6-m-radius spherical seg-
ment and a 0.3048-m-radius shoulder. Figure 7 shows the ge-
ometry of the vehicle and a sample grid used for the
calculation. Only every other grid point in the surface normal
direction is shown for clarity. The grid adaption procedure of
Gnoffo14 was used to obtain the grid clustering. Gnoffo14 also
performed an extensive grid convergence study for this case.
It was deemed suf� cient to use only 64 surface normal points
when the grid adaption was applied. The current study uses
91 points in the surface normal direction with the same clus-
tering parameters described by Gnoffo et al.14 for the adaption
to ensure adequate grid resolution. This case was chosen for
comparison because the LAURA results show it is nearly in
full equilibrium.

This case is a good test of the abilities of the present method
to calculate equilibrium � ows. First, the high velocity will pro-
duce a strong shock, which will dissociate almost all of the N2

and O2 present in the system. A signi� cant amount of ioniza-
tion will also occur. We thus have a case in which the mass
fractions through the shock layer vary widely from the free-

stream mass fractions for all species present. The extremity of
the conditions had an adverse affect on the convergence of the
method, however. This case took over 250,000 iterations to
converge. Because of the changes in chemistry with shock
movement, it became dif� cult to use the density residual as a
marker for convergence. Instead, convergence was taken when
the heat transfer rate reached a steady state and the equilibrium
compositions were those satis� ed by the Gibbs energy mini-
mization method. Since these cases are initial tests of the new
method, the number of iterations required for computations is
expected to decrease after optimization of the parameters used
in the computation. These parameters include choosing an op-
timal to increase the speed of the reactions without affecting
the stability of the solver and applying the grid adaption rou-
tine in a more ef� cient manner.

Comparisons are shown for the chemical composition ob-
tained from the LAURA code versus those with the present
method. Figures 8– 10 show the mass fractions of the most
signi� cant species through the shock layer. N and O become
the most dominant species, with N and O being the most
signi� cant ionized species. Also of note is that N2 completely
recombines at the wall.

Comparisons of some of the convective � ow parameters are
now given. Figure 11 shows the relative shock positions cal-
culated by each method. The shock location shown is the � rst
point at which the temperature reaches 1000 K. The temper-
ature used from the LAURA calculation is the translational
temperature. Stagnation line results are shown for the LAURA
code vs the present method using the translational temperature
from LAURA and the present method equilibrium temperature
in Fig. 12. What this � gure demonstrates is the region of non-
equilibrium taken into account in the LAURA code at the
shock. The present method, which produces strictly equilib-
rium results, de� nes a much sharper shock and demonstrates
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Fig. 9 Comparison of stagnation line mass fractions of N and O
(LTV).

Fig. 10 Comparison of stagnation line mass fractions of N and
O (LTV).

Fig. 11 Shock location comparison (LTV).

Fig. 12 Stagnation line LAURA Ttrans vs present method Teq.

Fig. 13 Coupled and uncoupled convective heating.

Fig. 14 Coupled and uncoupled radiative heating.

no overshoot in temperature, as is typical for nonequilibrium
methods. LAURA indicates a short region of nonequilibrium
around the shock that relaxes into equilibrium just downstream
of the shock. Once past this zone of nonequilibrium, there is
good agreement between the two methods in predicting the
equilibrium � ow through the shock layer.

What is really of importance for these � ows, however, is
the prediction of the heating rates. Figure 13 shows the pre-
dictions of convective heating for this body. The present
method predicts higher convective heating along the surface
of the body. This is consistent with previous comparisons to
the LAURA code.15 The heating curve shows the same trend
along the whole surface. The larger spike in the shoulder heat-
ing is a result of the sensitivity of the solution to the grid
resolution in that area and the differences in chemical com-
position in the boundary layer at that point for the two meth-
ods. Figure 14 shows the radiative heating curves predicted by
the present method and LAURA. The two extra data points

are the stagnation point radiative heating values from the
HYVIS code and from Sutton’s RIFSP code,16 an inviscid stag-
nation line code with coupled radiation. Both of these codes
also apply the RADICAL code for the calculation of the ra-
diative heat � ux. It is readily seen that, as expected, the un-
coupled radiation cases provide higher heating rates to the
body than the coupled case. This is because of the radiative
cooling of the shock layer by the radiative emissions. In this
case, the LAURA results show that qRw is higher than that
predicted by the present method. This is, in part, because much
of the radiation being attributed to the higher temperatures
present in the nonequilibrium shock.14 The LAURA results for
coupled radiation appear close to that given by Sutton’s invis-
cid code. The present method results for coupled radiative
heating are close to that given by the HYVIS code. This is to
be expected since the inviscid results will be higher because
of the lack of an absorbing boundary layer.17

Some points to note are the differences between the radia-
tion solvers used for the previous comparisons. These may also
be a factor in the differences in the level of radiative heating
calculated by the � ow solvers. The LAURA code results
shown employ the LORAN.18 The prime difference is that
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LORAN deals with nonequilibrium radiation, which requires
various excitation rates that are not well known. Moreover, the
number densities of the various excited states are determined
by using a steady-state approximation. This may be contrasted
with the present approach where equilibrium conditions deter-
mine a unique relation between absorption and emission and
determine the number densities of the excited states.

Concluding Remarks
The results shown indicate that reasonable agreement exists

between the solutions of the present method and that provided
by the LAURA code. Also, good agreement exists in the stag-
nation radiative heating data of the present method compared
to the HYVIS results. It should be noted that the differences
in the heating curves between the present method and the
LAURA code can be attributed to the small nonequilibrium
region near the shock from the LAURA results. Comparisons
of the mass fractions through the shock layer show that equi-
librium results are obtained by the present method without
having to enforce an equilibrium state through the computa-
tionally expensive Gibbs energy minimization iteration. Some
concerns are brought on by the number of iterations required
for convergence of the method in extreme cases. This can be
greatly alleviated by incorporating a shock-� tting technique.
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