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Comparisons Between Monte Carlo Methods
and Navier-Stokes Equations for Re-Entry Flows
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A detailed comparison is made between Navier-Stokes and direct stimulation Monte Carlo calculations for
flows near the continuum limit to assess the accuracy of the continuum equations in this regime. Meaningful
comparisons require the use of similar physical models. This necessitates the inclusion of a separate rotational
energy equation and use of slip boundary conditions. Inclusion of slip boundary conditions resulted in improved
agreement between surface properties. Moreover, good agreement was obtained for the various temperatures
in the nonequilibrium portion of the flowfield that does not contain the shock region. Departures are noted in
the shock region and in regions where thermal diffusion effects are important.

Introduction

I N recent years, there has been an interest in solving re-
entry problems geared toward aerobraking applications.

Aerobraking maneuvers have been proposed for a manned
mission to Mars and various orbital transfer vehicles. These
vehicles operate in both continuum and noncontinuum re-
gimes. Thus, flow calculations have been performed using
both particle and continuum methods.

The direct simulation Monte Carlo method (DSMC) of Bird
is one particle method that has been used extensively to solve
re-entry flow problems. The method is valid for both non-
continuum and continuum flow conditions. However, because
the computational cost of the method increases as density
increases, its application is normally limited to flow conditions
near the upper limits of what can be considered a continuum.
The Navier-Stokes equations have also been employed to
solve problems for these conditions. However, as the contin-
uum limit is approached, the accuracy of the Navier-Stokes
equations becomes questionable. Thus, the major objective
of this work is to determine the limits of validity of the Navier-
Stokes equations by comparing their predictions with the DSMC
method.

To make direct comparisons between the DSMC method
and Navier-Stokes equations, two issues must be addressed.
First, continuum equations must be employed that allow for
the separate calculation of the translational, rotational, and
vibrational energy modes. In past comparisons of continuum
and DSMC solutions,1"3 it was assumed that the translational
and rotational temperatures were equal for the continuum
calculations. Moreover, the relaxation rates for the internal
modes should match those employed in the DSMC method.
Second, slip effects must be included in the Navier-Stokes
calculations. Including slip effects requires a detailed treat-
ment of the Knudsen layer at the surface of the vehicle. In
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the following sections, the continuum equation set employed
in this study is described, and predictions are compared with
the DSMC method. Moreover, the modeling of the Knudsen
layer is discussed.

Physical Modeling
In this section, a set of continuum equations is described

that is appropriate for re-entry flows near the continuum limit.
To eliminate uncertainties in comparing flow solutions, an
effort is made to match as closely as possible the physics
employed in the computational fluid dynamics (CFD) and
DSMC methods. The model equations for aerobraking flow-
fields have been presented in a number of sources.3"5 For this
study, the following equations will be solved: global mass,
momentum and energy, species, rotational and vibrational
energy. In axisymmetric coordinates, the above set of equa-
tions can be written as follows:
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In the above equations, V(s^y)s is the diffusion velocity of spe-
cies 5 in the x or y direction. E(r^ is the total rotational or
vibrational energy per unit volume. e(rv}s is the rotational or
vibrational energy per unit mass of species 5. ws is the pro-
duction rate of species s. The various Q terms are the result
of coupling between the various energy modes and the chem-
istry. The modeling of the source terms in the above equations
will be discussed in the following paragraphs.

The rotational modes are assumed to be fully excited.
Therefore, the rotational energy is given by

- ^iv T RT

where /?univ is the universal gas constant, and Ms is the mo-
lecular weight of species s. For this study, only translation al-
rotational coupling, Q r_ r, was considered. Q r_ r is modeled
by a Landau-Teller type expression as follows:

where

Qr-r =

T,. = Z,TC,

(T -

Zr = 5

(2)

(3)

In the above equation, rc is the mean collision time, ^ is the
mixture viscosity, and Zr is the ratio (rr/rc). Zr represents the
number of collisions it takes a molecule to reach rotational
equilibrium. The value of Zr was set equal to five to agree
with the DSMC calculation.

The vibrational energy for each species is obtained using a
harmonic oscillator model. Thus, the total vibrational energy
is given by

= I
R,0W (4)

where 6VS is the characteristic vibrational temperature of each
species. The translational-vibrational coupling, Q r_v is mod-
eled using a Landau-Teller expression as

Qr-,= 2 PS'
evs(T) -

+

(5)

(6)

In the above equation, rSL_T is a molar-averaged relaxation
time for each species based on the Millikan-White formula,6

and rcs is the high temperature correction to the Millikan-
White formula suggested by Park.5

In the DSMC method, energy exchange during an inelastic
collision is treated using the Larsen-Borgnakke phenome-
nological model.7 The relaxation rate for the translational-
rotational coupling is proportional to the rotational collision
number and the average collision frequency in the cell. A
similar procedure is used to calculate the translational-vibra-
tional coupling. The vibrational collision numbers are cal-
culated to produce a relaxation rate8 that agrees with the
Millikan and White formulation described in the previous
paragraph. Therefore, using the above formulations, the ro-
tational and vibrational relaxation rates are similar for both
methods.

The shear stresses, heat conduction, and diffusion terms
are modeled using formulations standard to the Navier-Stokes
equations. The shear stresses are assumed to be proportional
to the first derivatives of the velocities. Therefore, using the
Stokes assumption, the shear stresses are given by

- A «,„dxk ' (7)

The heat conduction vectors are assumed to be given by the
Fourier heat law

dT qrj = qvj = (8)

The diffusion velocity of species s is assumed to be governed
by Pick's law

(9)

where Ds and cs are the diffusion coefficient and mass fraction
of species s. The transport coefficients for the above equa-
tions, JJL, ktrv, and Ds, are obtained from the cross section
data of Yos as defined in Ref. 9. In the DSMC method, a
variable hard sphere (VHS) collision model10 is employed. At
the high temperatures of interest here, viscosity coefficients
calculated from the VHS model approximate closely those
employed in the continuum equations. The DSMC calcula-
tions do assume that all collisions are governed by the same
interaction law.

For this study, the first 19 reactions from the chemistry
model given by Bird11 are employed in both the CFD and
DSMC calculations. The model is valid for a five-species air
model consisting of N2, O2, NO, N, and O. The reactions
considered are as follows:

(1) N2 + M O N + N + M
(2) O2 + M O O + O + M
(3) NO + M O N + O + M
(4) N2 + O <^> NO + N
(5) NO + O O O2 + N

For reactions 1-3, the recombination reaction is not consid-
ered for both methods. For the continuum method, the re-
action rates are assumed to be only a function of the trans-
lational temperature.

The probabilities or cross sections needed in DSMC to
determine whether or not a certain collision will result in a
chemical reaction are energy dependent. The relation be-
tween the cross section or probability and the rate can be
written as10

kf(Ta) = kT(l



OLYNICK, TAYLOR, AND HASSAN: COMPARISONS FOR RE-ENTRY FLOWS 253

In the above equation kf is the forward rate, aT is the total
cross section, cr is the relative velocity, Pr is the cross section
or probability, and / is the distribution function. Ta is some
temperature which can be the translational temperature or
some other combination of temperatures. The cross sections
used in the DSMC method are such that when/is Maxwellian
at some Ta, then the measured rate is recovered. The choice
of Ta is model-dependent. Thus, in the Park model, Ta is
written as V7TV. As a result, comparisons that are reasonable
for one choice of Ta may not be acceptable if another choice
of Ta is employed. Moreover, if one choice gives a good
agreement with DSMC in a given problem, results should not
be interpreted as an endorsement of the model. This is be-
cause the distribution function for flows in thermal and chem-
ical nonequilibrium may not be Maxwellian.

Boundary Conditions
In this section, the no-slip and slip boundary conditions

used in the continuum calculations are described and com-
pared with the DSMC boundary conditions. The no-slip con-
ditions typically employed in Navier-Stokes calculations are
as follows. The average velocity at the surface boundary is
assumed to be zero and the wall temperature is assumed to
be constant. Thus

= 0 T = Tw (10)

where the subscripts s and w denote properties at the surface
boundary and wall.

The wall is assumed to have a finite catalytic coefficient.
Therefore, the species mass flux at the wall is related to the
rate of diffusion towards the surface as follows5:

the edge of the Knudsen layer. The temperature at the edge
of the Knudsen layer is given as

Ik
T,

2kTs ms

m, m,

2 \p di7/v 4 / \nrnj s

where kt is the translational conductivity and n is the total
number density. The quantities Miv and m are defined as
follows:

^ = -p"AKw

NxV = -MNv

A = O, N
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-1

(15)

(16)

Finally, the species mass fractions at the edge of the Knudsen
layer are given as

(17)

where

i = N, 0

PD = (p,*,-) (11)
= 0 i - NO

~</>N 00, = ~<f>0

(18)

where 17 denotes the direction normal to the surface. The
reaction rate at the wall is given by

wi = yi\/(kTJ27rmi) (12)

where y, is the fraction of species / consumed at the surface,
k is the Boltzmann constant, and mt is the mass of species /.
A more accurate representation of the surface conditions for
flows near the continuum limit requires a detailed treatment
of the Knudsen layer. The representation of the Knudsen
layer is described in the following paragraphs.

The Knudsen layer is defined as the region of the flow
within one mean free path of the surface. Within the layer,
the flow is no longer a continuum and the Navier-Stokes
equations are invalid. However, it is possible to relate the
conditions at the surface boundary to properties at the edge
of the Knudsen layer. The edge properties provide the bound-
ary conditions for the Navier-Stokes equations. The relation-
ships between the edge and wall properties are known as slip
boundary conditions. The slip boundary conditions used in
this study are derived from Ref. 12. The equations were ob-
tained by neglecting higher-order terms and employing a "thin-
layer" assumption.

The tangential velocity at the edge of the Knudsen layer is
given as

u, = 2 \P
(13)

The above formulation was derived to be compatible with
Pick's diffusion law.

In the DSMC method, it assumed that the surface is diffuse,
fully accommodating, and at a fixed temperature. When a
particle strikes a diffuse surface, the reflected velocity of the
particle is independent of its incident velocity. Because the
surface is fully accommodating, the reflected velocities are
distributed according to a half-range equilibrium Maxwellian
velocity distribution at the wall temperature.13 Also, the in-
ternal modes of the particle take on an energy characteristic
of the wall temperature. The wall temperature used in the
DSMC method corresponds to the wall temperature utilized
in Eq. (10). Wall catalytic condition is implemented by al-
lowing a certain percentage of the atoms that hit the surface
to recombine. This percentage corresponds to the y parameter
defined in Eqs. (12) and (18).

Results
The major objective of this study is to determine the range

of validity of the Navier-Stokes equations near the continuum
limit. To meet this objective, the 1631- and 1634-s flight con-
ditions from the Project Fire II experiment14-15 are calculated.
Data for these conditions are given in Table 1. The velocity,
wall temperature, and altitude were obtained from the ex-
perimental data. Data for the density and mole fractions were
obtained from the 1962 standard atmosphere. The values of
y were chosen to be consistent with the materials used in the
Project Fire II experiment.16

The criterion for determining whether or not the Navier-
Stokes equations should be used to describe the above flow
is determined from consideration of the local Knudsen num-
ber. The Knudsen number Kn is defined as

where K is the surface curvature and s denotes properties at Kn = A/L (19)



254 OLYNICK, TAYLOR, AND HASSAN: COMPARISONS FOR RE-ENTRY FLOWS

Table 1 Fire II flow conditions

Time
Altitude
V,
P,
T-s.
ny.
Yo^-s
Yu~y
TW~M
Kny
yN2
yCK
yNO

1631 s
84.6 km
11.37 km/s
8.569 x 10-6 kg/m3

180.65 K
1.782 x 102()part/m3

0.2372
0.7682
460 K
0.01
0.02
0.02
0

1634s
76.42 km
11. 36 km/s
3.50836 x 10~5 kg/m3

194.602 K
7.29422 x 1020 part/m3

0.2372
0.7628
615 K
0.0025
0.02
0.02
0

Discrete
Particle

Model

Continuum
Model

Direct Simulation Monte Carlo
Method

Boltzmann Equation

Euler Navier-Stokes Burnett

Collisionless
Boltzmann

Conservation Equations

Do not Form a Closed Set

' F .0 "FO ' F .01 i i o 1 0
I Continuum I Transition I Free-Molecular

Fig. 1 Range of validity for the particle and continuum methods vs
local Knudsen number.

where A is the mean free path and L is a characteristic length
in the flow. In this study, a local L is defined from the local
density gradient as

p dx
(20)

Figure 1 shows the range of validity for the continuum and
discrete particle models, and the various flow regimes as a
function of the local Knudsen number. It can be seen in the
figure that a continuum approximation is valid for local Knud-
sen numbers of about 0.1 and below.17

For the 1634 and 1631 cases, the freestream Knudsen num-
bers based on the nose radius of the vehicle [Knx = (A^/jR,,)]
are equal to 0.0025 and 0.01, respectively. The magnitudes
of Kn^_ are much less than 0.1. Thus, it might be assumed for
these cases that the Navier-Stokes equations are an accurate
description of the flow. However, examination of the local
Knudsen numbers along the stagnation streamline shows that,
in the shock region and near the surface, they are one to two
orders of magnitude higher than in the freestream. Thus, it
is expected that the accuracy of the Navier-Stokes will suffer
in these regions of the flow.

The use of the continuity equation in place of one of the
species equations, conserves mass. However, when species
conservation equations are employed, there is no assurance
that elements will be conserved. This is especially true if spe-
cies-dependent diffusion coefficients are used for which the
requirement 2 pyV5 = 0 is not met. To insure that elements
are conserved, one of the species conservation equations was
replaced by an element conservation equation. Moreover, the
above requirement on diffusion velocities was met.18 There-
fore, in the present calculations, conservation of both mass
and element are met.

Table 2 gives a summary of grids employed. In the first set
of calculations a baseline is established for comparing the
DSMC and Navier-Stokes calculations. Thus, the typical
boundary conditions employed in most Navier-Stokes calcu-

lable 2 Computational
mesh sizes

Tangential
Time x normal

DSMC
1631 s
1634s

CFD
1631 s
1634s
Unadapted
Adapted
Doubled

16 x 231
31 x 601

33 x 126

33 x
33 x
33 x

99
99
197

Tmax=54,000 K

0.000 0.025 0.050 0.075 0.100 0.125
•n(m)

Fig. 2 Comparison of temperatures along the stagnation line for Fire
11-1634.

lations, i.e., no slip conditions, are utilized. These results are
compared with calculations employing slip boundary condi-
tions to determine the effect of the Knudsen layer on the flow
properties.

Figure 2 is a comparison of the translational, rotational,
and vibrational temperatures along the stagnation line for the
76-km case. The grid used in the CFD calculation is denoted
as "unadapted" in Table 2. Overall, qualitative agreement is
good. However, DSMC indicates a higher translational tem-
perature and a thicker shock region. Although not shown,
slip effects were only discernible next to the surface. The
figure illustrates one of the difficulties involved in comparing
DSMC and Navier-Stokes calculations. As is seen from the
figure, Tr and Tv results from DSMC calculations are not
shown in certain regions of the flow. In other regions, they
are characterized by large fluctuations or noise. This is caused
by the almost complete dissociation behind the shock. The
rotational and vibrational temperatures in the DSMC calcu-
lation are generated by sampling the internal energies of the
simulated molecules. Since dissociation was nearly complete
for this case, the sample size of the molecular species was
very small and the predicted temperatures were widely scat-
tered. The widely scattered data points were filtered from the
DSMC solution.

Discrepancies in the prediction of the shock structure orig-
inate from a number of sources. One source of error for the
continuum calculation is that the linear relations used to model
the shear stresses and heat conduction are inaccurate in the
shock region. Another possible source of error in the CFD
calculation could result from grid resolution effects. The DSMC
method employs a much finer grid. Thus, the strong gradients
within the shock are more resolved in the DSMC calculation.
To determine grid resolution effects, CFD solutions were cal-
culated on two additional grids at the 76-km conditions. First,
an adapted grid was generated from the previous continuum
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solution. The number of grid points normal to the body was
kept fixed, but points were clustered in the shock and near
the body. Second, the number of normal grid points on the
first grid were doubled by interpolating between points. The
new grids are denoted as adapted and doubled in Table 2.

The CFD slip and no-slip calculations were repeated on
each of the new grids and compared with the CFD results on
the unadapted grid. The calculations on all of the grids yielded
nearly identical results. Figure 3 shows a comparison of the
CFD no-slip solutions on the various grids with the DSMC
results in the shock region. The adapted and doubled calcu-
lations show a slightly higher peak translational temperature
and lower rotational temperature in the shock relative to the
unadapted results. The slightly changed temperatures in the
shock were the only differences obtained on the adapted and
doubled grids using both slip and no-slip conditions. There-
fore, in the following comparisons for the 76-km case, only
the CFD results employing the unadapted grid are presented.
Next, the effects of slip modeling are examined.

Figures 4-6 are plots of the various temperatures near the
surface along the stagnation line. It can be seen in the figures
that the inclusion of slip boundary conditions produces results
that agree better with the DSMC calculation. The best im-
provement is obtained for the translational and rotational
temperatures. Agreement between the vibrational tempera-
tures is poor. The poor agreement between the vibrational
temperatures may be the result of the high degree of disso-
ciation behind the shock. The comparison for the 84-km re-
sults in which the dissociation level is lower is improved. These
results are described later in this section.

CFD-Adapted and Doubled
CFD -Unadapted

11 (m)

Fig. 3 Grid resolution effects on the stagnation line temperatures for
Fire 11-1634.

Stagnation Line
A,=6.32x10-6

TI (m)
Fig. 4 Translational temperatures along the stagnation line near the
surface for Fire 11-1634.

"UK)

TI (m)
Fig. 5 Rotational temperatures along the stagnation line near the
surface for Fire 11-1634.

Tvto(K)

DSMC
• CFD, No Slip

CFD, Slip

Stagnation Line
^=6.32x1O'6

TI (m)
Fig. 6 Vibrational temperatures along the stagnation line near the
surface for Fire 11-1634.

It should be noted in Figs. 4-6 that the CFD slip results
are shifted relative to the surface. The slip boundary equations
give properties at the edge of the Knudsen layer, whereas the
no-slip equations give results at the surface of the vehicle.
Since both the no-slip and slip calculations were performed
on the same grid, the slip results were shifted by one mean
free path. A mean free path is the assumed width of the
Knudsen layer, and its magnitude is given in the figure. Next,
the mole fractions along the stagnation stream line are ex-
amined.

Figure 7 is a plot of the various mole fractions along the
stagnation streamline. It can be seen that the methods are in
good agreement except in the nonequilibrium portion of the
shock. Figure 8 indicates the manner in which the density
increases through the shock region. Since the dissociation rate
increases with density and temperature, and since the tem-
perature shock precedes the density shock, DSMC predicts a
higher dissociation rate initially. Later, the faster rise of den-
sity predicted by the continuum solution results in increased
dissociation. The resulting slower dissociation rate indicated
for the DSMC results is responsible for the peak translational
temperature indicated in Fig. 2. Since the reaction rates for
the continuum calculations were based on the translational
temperature, one can mimic delayed dissociation effects by
employing a two-temperature dissociation model such as those
developed by Park19 or Olynick and Hassan.18 Thus, em-
ploying one of these models would improve the agreement
between the methods.

Figure 9 is a comparison of the NO mole fraction along the
stagnation line, which is of interest for radiation signature
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N Stagnation Line _ Stagnation Line

0.000 0.025 0.050 0.075 0.100 0.125

TI (m)

Fig. 7 Various mole fractions along the stagnation line for Fire II-
1634.

— DSMC, Stagnation Line
- CFD, Stagnation Line

Stagnation Line
76km

0.0600 0.0650 0.0700 0.0750 0.0800 0.0850 0.0900
11 (m)

Fig. 8 Density along the stagnation line for Fire 11-1634.

Fig. 9 NO Mole fractions along the stagnation line for Fire 11-1634.

calculations.20 The DSMC calculation produced more NO in
the shock region, which is consistent with its higher transla-
tional temperature. Figure 10 is a plot of the mole fractions
near the surface along the stagnation line. The effects of con-
centration slip are minimal. However, the calculated values
of the O and N2 mole fractions for the methods differ signif-
icantly in this region. This result can be explained by exam-
ining the elemental mass fractions of N and O along the stag-
nation line for the DSMC solution. These plots are shown in
Fig. 11. It can be seen in the figure that the elemental mass

DSMC
• CFD, No Slip

CFD, Slip

0.00000 0.00025 0.00050 0.00075 0.00100

•n(m)
Fig. 10 Various mole fractions along the stagnation line near the
surface for Fire 11-1634.

Ps/P

Mass Fraction of Elemental Nitrogen

DSMC

Stagnation Line

Mass Fraction of Elemental Oxygen

Fig. 11 DSMC elemental mass fractions along the stagnation line for
Fire 11-1634.

fraction of N increases as the body is approached. This phe-
nomena is a result of thermal diffusion. Thermal diffusion
causes the heavier particles to be concentrated in the cooler
regions of the flow.21 Since the wall is cold, more N2 remains
close to the body, which increases the elemental mass fraction
of N. For the CFD solutions, the elemental mass fractions
are constant because thermal diffusion effects were neglected.
Thus, for the CFD calculation, the mole fractions of N2 are
lower, and O are higher near the surface. Differences in the
mole fractions were observed along the entire surface of the
vehicle.

In Fig. 12, the convective heating is compared along the
surface of the vehicle. The incorporation of the slip boundary
conditions improves the agreement between the DSMC and
CFD methods. However, the predicted heating for DSMC
calculation is lower than the CFD result. The maximum dif-
ference in the heating along the body between the CFD-slip
and DSMC cases is less than 10%. The lower heating for the
DSMC case could result from thermal diffusion. Since the
mass fraction of O is lower near the surface for the DSMC
as a result of thermal diffusion, less O is available to recom-
bine at the surface. Thus, the lower recombination rate re-
duces the heating for the DSMC case. Next, a few compar-
isons of the 84-km results are discussed.

Figure 13 shows a comparison of the various temperatures
along the stagnation line for the 84-km conditions. Although
DSMC predicts a thicker shock region, the various temper-
atures are in somewhat better agreement than that for the 76-
km case. Figure 14 compares the various mole fractions in



OLYNICK, TAYLOR, AND HASSAN: COMPARISONS FOR RE-ENTRY FLOWS 257

(W/cm2)
100

•DSMC
CFD -no slip
CFD -slip

0.000 0.050 0.100 0.150 0.200 0.250 0.300 0.350

y (m) -surface
Fig. 12 Convective heating rates along the surface for Fire II-1634.

J.
DSMC
CFD, No Slip
CFD, Slip

Stagnation Line

0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175
r\(m)

Fig. 13 Comparison of temperatures along the stagnation line for
Fire 11-1631.

•n (r f i )
Fig. 14 Number density along the stagnation line for Fire 11-1631.

the shock region. The thicker temperature shock predicted
by the DSMC results in increased dissociation initially as a
result of the increased temperature. This has the tendency to
reduce the peak temperature. Later, the higher density pre-
dicted by the continuum calculations results in increased dis-
sociation. Because the overall density is reduced when com-
pared to the 76-km case, dissociation is reduced. As a result,
we now have a meaningful sample of molecules which makes
it possible to calculate smooth vibrational and rotational tem-
peratures.

Tfr(K)
1500

DSMC
CFD, No Slip
CFD, Slip

Stagnation Line
X=2.74x10-5

7.5000E-5 1.0000E-4

n(m)
Fig. 15 Translational temperatures along the stagnation line near the
surface for Fire 11-1631.

10'1

DSMC
CFD, Slip

Stagnation Line
^=2.74x10-5

Ti(m)

Fig. 16 Comparison of NO mole fractions along the stagnation line
for Fire 11-1631.

Figure 15 is a comparison of the translational temperatures
near the stagnation point. The agreement between the CFD-
slip results and the DSMC are excellent in this region. Similar
results were obtained for both the rotational and vibrational
temperatures. Figure 16 is a comparison of the NO mass
fractions along the stagnation line. Because of the reduced
dissociation, a more meaningful comparison is possible. Fi-
nally, comparisons of the other flow variables are somewhat
similar to comparisons for the 76-km case.

Concluding Remarks
We have made a conscious effort in this investigation to

employ, to the extent possible, similar physical models in both
the Navier-Stokes and DSMC calculations. Inclusion of slip
boundary conditions improved the agreement between the
two methods. Moreover, good agreement was noted in the
regions where the local Knudsen number is less than 0.1 in
the presence of chemical and thermal nonequilibrium.

Problems may arise in the presence of both chemical and
thermal nonequilibrium if minor species are present. DSMC
may require an unacceptable number of simulated molecules
and samples in order to calculate meaningful averages. Thus,
meaningful comparisons of flow properties of these minor
species may not be possible. This issue becomes critical when
nonequilibrium radiation is considered.

Thermal diffusion effects are important for highly cooled
surfaces. As a result, future Navier-Stokes codes need to in-
corporate this important physical phenomena.
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