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Direct Simulation Monte Carlo and Navier-Stokes
Simulations of Blunt Body Wake Flows
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Numerical results obtained with direct simulation Monte Carlo and Navier-Stokes methods are presented for
a Mach-20 nitrogen flow about a 70-deg blunted cone. The flow conditions simulated are those that can be
obtained in existing low-density hypersonic wind tunnels. Three sets of flow conditions are considered with
freestream Knudsen numbers ranging from 0.03 to 0.001. The focus is on the wake structure: how the wake
structure changes as a function of rarefaction, what the afterbody levels of heating are, and to what limits the
continuum models are realistic as rarefaction in the wake is progressively increased. Calculations are made with
and without an afterbody sting. Results for the afterbody sting are emphasized in anticipation of an experimen-
tal study for the current flow conditions and model configuration. The Navier-Stokes calculations were made
with and without slip boundary conditions. Comparisons of the results obtained with the two simulation
methodologies are made for both flowfield structure and surface quantities.

Nomenclature

= base area of cone, 7d%/4
= drag coefficient, 2D /p., V2 A
= heat transfer coefficient, 2q/p. V>
= drag
= base diameter
= Knudsen number, N/d
= Mach number
= molecular weight of N,, 28.02 g/mole
= gas constant for N,, 296.7 J/kg-K
= cone base radius
R, = corner radius
Re = Reynolds number, poVd/u
Re, = total Reynolds number, Re., (ito/ o)
= nose radius
= speed ratio, VWM/2RT
= distance along the body surface measured from the
stagnation point
= temperature exponent of the coefficient of viscosity
= thermodynamic temperature
= internal kinetic temperature
v = overall kinetic temperature
= surface temperature
= axial velocity
= velocity
= radial velocity
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x = axial distance from stagnation point measured along
symmetry axis

X, = location of model base plane

x; = location of wake stagnation point
y = radial distance from symmetry axis
r = gamma function

¥ = ratio of specific heats, y = 1.4

A =size of vortex, (X; — xp)

A = mean free path

W = dynamic viscosity

0 = density

a = collision cross section

Subscripts

ref = reference value

w = surface values

o = freestream values

Introduction

ETERMINATION of wake closure is a critical issue for

aerobrakes because the low lift-to-drag ratio aeroshell
designs impose constraints on payload configuration/space-
craft design. The issue is that the payload should fit into the
wake in such a manner as to avoid the shear layer impinge-
ment to minimize heating. A perception exists! that the aero-
thermodynamics of wake flows cannot be accurately pre-
dicted. This perception occurs because two complicating
phenomena can coexist for aerobraking application. One phe-
nomena is caused by rarefaction effects that occur as the
relatively high-density forebody flow expands into the wake.
At typical perigees,? local Knudsen numbers of the order of
0.1 occur in the near wake. Consequently, continuum analyses
become inadequate for describing near wake conditions en-
countered at substantially higher altitudes. The second phe-
nomena, due to high aerobrake velocities, is the influence of
thermochemical nonequilibrium on the wake structure as
highly dissociated flow expands into the wake. The combina-
tion of these two phenomena brings into question the appli-
cability of several aspects of physical models implemented in
current computational tools, aspects that have limited testing
against experimental data. .
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Two different approaches are readily available for simulat-
ing wake flows under low-density conditions. One is the con-
tinuum approach in which a set of model equations is solved
numerically. Normally, this set of equations is the Navier-
Stokes equations. These equations can be extracted from the
Boltzmann equation by retaining terms up to first order using
the Chapman-Enskog expansion. Because the expansion pa-
rameter is essentially a local Knudsen number, the Navier-
Stokes modeling becomes deficient for flows exhibiting large
local Knudsen numbers. The second approach is a molecular
approach where in a direct physical simulation is achieved by
following the motion and interaction of modeled molecules.
In the present study, computational codes representative of
both approaches are used to simulate hypersonic wake flows
about a 70-deg blunted cone. The continuum simulations are
achieved with the Langley aerothermodynamics upwind relax-
ation algorithm (LAURA) of Gnoffo et al.%? and Gnoffo*
whereas the molecular simulations are achieved with Bird’s>’
direct simulation Monte Carlo (DSMC) method. Both
LAURAZ? and DSMC3-!0 have been used to examine the wake
structure behind aerobrakes. References 10-14 are examples
of recent applications of the DSMC method to blunt body
wake studies. In these studies, the same flow conditions have
not been calculated with both methods. Consequently, the
present study focuses on applications of LAURA and DSMC
for identical flow conditions. The conditions selected for sim-
ulation are attainable in low-density wind tunnels.!* Conse-
quently, the importance of chemical reactions on wake struc-
ture is not addressed in the present study.

The objectives of the current study are twofold: provide an
improved understanding of the effects of rarefaction on blunt
body wake structure and clarify the boundaries for realistic
application of the Navier-Stokes algorithms with respect to
rarefaction effects. Calculations are made using both DSMC
and Navier-Stokes for the blunted cone both with and without
a sting. In addition, the Navier-Stokes calculations were made
with and without slip boundary conditions. Computations for
three flow conditions are presented (Kn., = 0.032, 0.011, and
0.001) with emphasis on results for the blunted cone-sting/af-
terbody configuration.

Computational Methods and Boundary Conditions

Both the molecular and continuum methods used are briefly
described for the present application. The methods and re-

70° BLUNTED CONE WITH STING
Ry, = 2.50 cm, R /Ry, = 0.50, R/Ry, = 0.05, Ry/R), = 0.25

Location s/Fin
1 0.349
2 2.043
3 2.166
4 2.323
5 3.557
6 3.817
7 4.223

12.818

. Q___“_

Fig.1 Model configuration (base-sting fillet radius =0.083 Rj).

Table 1 Conditions used in simulations?

po,,x105, Vao, Tony
Case kg/m® m/s K Mo Knoe Rew Re;

1 1.73 1502 13.3 202 0.032 768 28
2 5.19 1502 14.0 19.7  0.011 2,221 84
3 46.67 1633 15.0 20.6 0.001 20,610 726

*Uniform freestream conditions with nitrogen gas in thermal equilibrium at the
freestream temperature. Model temperature equals 300 K. Diffuse surface with
full thermal accommodation. The characteristic length is taken as the base
diamter (0.05m).

quirements for application have been presented in previous
publications in detail. Freestream conditions for the three
cases examined are included in Table 1. The model configura-
tion is shown in Fig. 1.

Molecular Method

The direct simulation Monte Carlo (DSMC) method®-7 pro-
vides a numerical capability that acknowledges the discrete
nature of a gas and thereby provides a capability of simulating
flows across the complete flow spectrum of continuum to free
molecular flows. However, the DSMC method is normally
applied to the transitional and free molecular flow regimes
because the computing requirements can become excessive for
continuum applications.

The computational domain is large enough so that the up-
stream and side boundaries can be specified as freestream
conditions. The flow at the downstream outflow boundary is
supersonic and vacuum conditions are specified. The outflow
boundary was located 2.5 body diameters (0.125 m) down-
stream of the forebody stagnation point. Figure 1 presents
information concerning model configuration. The computa-
tional domain is subdivided into several (either 13 or 14)
unstructured regions with each region subdivided into compu-
tational cells (6-30,000). The number of simulated molecules
is of the order of 20 per cell. Within a given region, each
simulated molecule represents a fixed number of physical or
real molecules ( a large number of the order of 1.0 X 10'%), The
unstructured regions allow one to substantially reduce the
number of simulated molecules in the flow domain and still
meet the basic numerical requirements of steady flow problems.

The molecular collisions are simulated using the variable
hard sphere (VHS) molecular model. This model employs the
simple hard sphere angular scattering law so that all directions
are equally possible for postcollision velocity in the center-of-
mass frame of reference. However, the collision cross section
is a function of the relative energy in the collision. The
freestream viscosity and mean free path are evaluated using
the VHS collision model with Tyr = 300 K, dper = 4.07 X 10~ 10
m and 5= 0.75 (d.s is the molecular diameter at reference
temperature T.; and § is the temperature exponent of the
coefficient for viscosity). The freestream mean free path is
calculated from the relation (see Ref. 5).

)\ _ (Too/Tref)w 1
T V2002 — @) T2 — )] o
w=5—-1% 2)

Energy exchange between kinetic and internal modes is con-
trolled by the Larsen-Borgnakke!® statistical model. For the
present study, simulations are performed using a nonreacting
gas model with one chemical species (N,) while considering
energy exchange between translational, rotational, and vibra-
tional modes (rotational relaxation collision number of 5 and
vibrational relaxation collision number of 50).

The effect of grid resolution on computed results is of
particular interest for the present study. The results of such a
study are included in Appendix A of Ref. 17 and results of
futher grid refinement are included herein for Case 3.
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Continuum Model

The Langley aerothermodynamic upwind relaxation al-
gorithm (LAURA) of Gnoffo et al.? and Gnoffo* is used to
provide the continuum flowfield solution. LAURA is an up-
wind-biased, point-implicit relaxation algorithm for obtaining
the numerical solution to the governing equations for three-di-
mensional, viscous, hypersonic flows in thermochemical states
ranging from perfect gas to both thermal and chemical
nonequilibrium. For the results presented herein, however,
only perfect gas solutions about axisymmetric geometries are
included. A constant vy of 1.4 and a molecular weight of 28.0
is used to simulate the nonreacting nitrogen flow.

The LAURA tool has the capability to simulate the flow-
field in the near wake region behind blunt bodies? in either a
strongly coupled manner in which the forebody and the wake
are computed simultaneously, or in an uncoupled manner in
which the exit plane of the forebody solution is fixed as the
inflow boundary condition for the wake calculation. The un-
coupled approach requires less computational effort. The re-
sults presented in this paper are computed in the fully coupled
manner. Viscosities are computed by Sutherland’s Law!® for
nitrogen.

a T3/2

@+ T) @
For TinK and p in Pa-s, ¢; = 1.399 X 10-% and ¢, = 106.7.
Thermal conductivities are defined by assuming a constant
Prandtl number of 0.71.

A single-block volume grid with 120 cells along the solid
surface and 84 cells normal to the surface is utilized for each
of the cases. For all computations, the outflow boundary was
located 0.115 m downstream of the forebody stagnation point.
Orthogonality is true at the surface and cell Reynolds numbers
at the wall are at most 3.0 (0.1 or less along the forebody). The
grid is aligned to the bow shock for each case by first comput-
ing a preliminary solution on a three-block grid, then using
that solution to assist the construction of the single-block grid.
A 120 x 84 grid is judged as adequate based on past experi-
ences with similar geometries.? The sensitivity of the calcu-
lated results to grid resolution is discussed in Ref. 17.

As the flow becomes more rarefied, the assumption of a
continuum flow becomes tenuous and the conventional vis-
cous flow no-slip conditions begin to fail. That is, the flow
velocity at the surface takes a finite value (velocity slip) and
the gas temperature at the surface differs from the surface
temperature (temperature slip or jump). At the onset of slip,
the continuum methodology often utilized to simply modify
the surface boundary conditions. For the present Navier-
Stokes calculations with slip boundary conditions, the follow-
ing relations!®? are used:

= @

CEEYBE, o
e )G 2 (D), o
oo () 1B, 0

T,
Ps = Pw 7‘: ®)

Equations (4-8) provide a relationship between the surface
quantities and those at the edge of the Knudsen layer (a layer
which is on the order of one mean free path in thickness from
the surface). The subscript w denotes conditions at the wall
and s refers to the edge of the Knudsen layer. Here, v is the

velocity normal to the wall in the direction of %, u is the
tangential velocity, and 6 is the accommodation coefficient.

Results and Discussions

The flow conditions considered are particularly interesting
because the forebody flow ranges from continuum to transi-
tional as the overall Knudsen number increases from 0.001 to
0.03. However, the near wake produced by the 70-deg blunted
cone shows evidence of rarefaction for all three flow condi-
tions. With the presence of an afterbody sting, a wake vortex
is calculated for each of the three flow conditions (Table 1)
with the size of the vortex increasing with decreasing
freestream Knudsen number. Calculations have been made
with and without (See Ref. 14) a sting afterbody, however
attention is focused on data obtained with an afterbody sting
as wind tunnel tests!s are planned for the model configuration
and flow conditions considered herein. For the proposed ex-
periments, measurements will include aerodynamics, surface
heating rates, and near wake density mappings (electron beam
fluorescence technique for cases 1 and 2). The sting length for
the proposed experiments is 0.075 m. For the calculations, the
sting is longer in that it extends to the end of the computa-
tional domain (lengths of 0.115 m and 0.105 m for the DSMC
and Navier-Stokes calculations, respectively).

The DSMC method provides a capability of simulating
flows across the spectrum of continuum to free molecular;
being the benchmark method for simulating flows where tran-
sitional effects are important. This capability has been demon-

‘ strated by comparison with numerous experimental data sets.

Two comparisons relevant to the current study are those of
Refs. 10 and 21. In Ref. 10, comparisons are made with
experimental data concerning the flow structure along the
wake centerline produced by a sphere for Mach 5.6 flow at a
Kn. = 0.005. The comparisons made in Ref. 21 are for fore-
body and afterbody heating rates obtained in a vacuum cham-
ber facility (Mach 7 for Kn,, of 0.057-0.178) for a candidate
Venus aerobraking spacecraft. The vacuum chamber tests
were for conditions where the flow was more rarefied and the
heating rates lower (more than an order of magnitude lower)
than that for the current study. Comparisons of the DSMC
results with measured flow structure!® and afterbody heating?!
are shown to be favorable. Consequently, the effects of rar-
efaction on surface quantities and flowfield structure are first
demonstrated using the DSMC calculations as shown in Figs.
2-7. This is then followed by comparison of the DSMC and
Navier-Stokes results.

Effects of Rarefaction as Calculated with
Discrete Simulation Monte Carlo
The effects of rarefaction on the forebody flow structure
are clearly evident from Fig. 2 where the density profiles along
the stagnation streamline are presented for three flow condi-
tions. For cases 1 and 2 (Kn. = 0.03 and 0.01, respectively),
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X, m
Fig. 2 Effect of rarefaction on stagnation streamline density profiles.
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the density profiles show that the shock is very diffuse. How-
ever, for case 3 where Kn, = 0.001, the density profile shows
a distinct yet thick shock. Near the stagnation point, a sub-
stantial density increase occurs. This is characteristic of hyper-
sonic flows about cold blunt surfaces.

Within the near wake, a stable vortex is calculated for each
of the three flow conditions provided there is a sting after-
body. Without the sting, a distinct vortex is evident only for
cases 2 and 3. The size of the vortex, A/d, is shown (Fig. 3) to
increase exponentially with decreasing Kn,,. The magnitude of
A is the distance measured from the base plane to the wake
stagnation point (the point in the wake where the separated
flow reattaches and the velocity is zero).

For the present flow conditions, the calculated locations of
reattachment (wake stagnation point) and peak heating on the
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Fig.3 Vortex size as a function of Knudsen number.
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Fig. 5 Effect of rarefaction on sting heating.
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Fig. 6 DSMC and Navier-Stokes heating rate distributions (case 1).
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Fig.7 DSMC and Navier-Stokes heating rate distributions (case 2).

sting differ substantially. Note that the maximum heating
(Figs. 4 and 5) values along the sting do not occur as a sudden
spike, but exist over an appreciable spatial extent that devel-
ops asymptotically. In the present results, there is a substantial
difference between the wake stagnation and peak heating loca-
tions (Fig. 5), and this difference increases with increasing
Kne.

The current findings are consistent with those reported by
Brewer!'® where DSMC simulations were made for a 1.0-m-
diam hemisphere with a 0.5-m cylindrical payload/afterbody.
These calculations were for reacting air at the following con-
ditions: freestream velocity of 10 km/s and altitudes of 86-110
km where the corresponding freestream Knudsen numbers
ranged from 0.01 to 0.65. Results of these calculations show
that the wake stagnation point on the payload was quite close
to the aerobrake base plane, and the location of peak payload
heating was further downstream of the aerobrake. Conse-
quently, the DSMC results for both wind tunnel and flight
conditions show that the heating rate along a sting/payload
can be quite benign at the wake stagnation point provided
the wake flow is in the transitional/rarefied regime. As the
Knudsen number decreases, the heating rate at the wake stag-
nation point location approaches the peak heating value along
the sting.

The maximum sting heating rates (Table 2) nondimensional-
ized by the forebody stagnation point value increase with
decreasing Knudsen number. For case 1, the ratio is 0.036
while that for case 3 is 0.057. This trend is even more apparent
along the base plane where (approximate values at y /R, =0.5)
the nondimensional heating rate is 0.0003 for case 1 and 0.008
for case 3.

The surface heat transfer coefficients are presented in Fig. 4
for the three flow conditions. The heat transfer coefficients
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Table 2 Direct simulation Monte Carlo results for
blunted cone/sting configuration

Drag Heating Rate
Percent Forc?body . Max. to
Force, due _ Stagnation point sting,
Case N Cp  tofriction g, W/ecm? Cy g, W/cm?
1 0.064 1.68 8.4 1.0 0.349 0.036
2 0.183 1.59 5.9 1.8. 0.202 0.095
3 1.905 1.56 2.0 8.4 0.083 0.476
10
5 ——DSMC
- --- N.S,, No Slip
B N.S., Slip
10° —3
g, 10 TE
W/cm®
107 1
-3 I I I I ) I 1
10 0 2 4 6 8 10 12 14

Fig. 8 DSMC and Navier-Stokes heating rate distributions (case 3).
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Fig. 9 DSMC and Navier-Stokes heating rate distributions (case 1).

are very sensitive to rarefaction effects. For the pressure coef-
ficient, the data show (Ref, 17) a significant sensitivity only
along the base plane and sting. These data show that the heat
transfer coefficient along the forebody and sting, in general,
experiences the same trend in that the fraction of freestream
energy Cy = 2q/p. V2 transferred to the surface increases
with increasing rarefaction. The reverse situation occurs along
the base plane. In terms of aerodynamics, the drag coefficient
(Cp = 1.68, 1.59, and 1.56 for cases 1-3, respectively) in-
creases with rarefaction. Most of this increase is due to skin
friction. The results show that the drag contribution due to
friction increases from 2% for case 3 to 8.4% for case 1.

Comparison of Direct Simulation Monte Carlo and
Navier-Stokes Results

Figures 6-9 present surface heating rate distributions (see
Ref. 17 for surface pressure results) obtained with DSMC and
LAURA calculations. LAURA results with and without slip
are included. Figures 10-14 present flowfield data contrasting
the DSMC and LAURA results.

Surface Results

The surface heating rates (Figs. 6-9) are presented as a
function of nondimensional distance (s/R,) along the surface
measured from the stagnation point. The flow expansion
about the base corner produces orders of magnitude reduc-
tions in surface quantities with respect to their forebody val-
ues. The semilog plots (Figs. 6-8) give a better perspective of
the magnitude of heating along the base plane and sting. The
DSMC results show a significant amount of scatter for part of
the corner and base plane surface areas because of the very
small sample size in these areas (see Ref. 22 for a more detailed
discussion of this issue, which was most acute for case 1).
Consequently, the DSMC surface data along the base plane
are of use in establishing trends but not specific quantitative
numbers. For case 1, the agreement for heating (Fig. 6) and
pressure (Ref. 17) is poor along the base plane and sting. The

012 .
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Fig. 10 DSMC and Navier-Stokes flowfield values for case 1.
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heating rates calculated with LAURA are more than an order
of magnitude greater than the DSMC results. Along the sting,
the LAURA results are high relative to the DSMC values [at
an s/R, value of 8 (x = 0.065 m), the LAURA results are a
factor of two greater than the DSMC results]. The same
general trends are evident for the surface pressure distribu-
tions (Ref. 17). With slip boundary conditions, the LAURA
results are in closer agreement with the DSMC results, partic-
ularly along the base plane.

For case 2 (Fig. 7), the agreement between DSMC and
LAURA are better, particularly along the sting where the
LAURA heating rate value at s/R,, = 8 is 13% lower than the
DSMC value. For case 3 (Fig. 8), the agreement along the base
plane is the best for the three cases. Along the sting, the
DSMC heating rates are substantially higher (at an s/R, loca-
tion of 8, the LAURA heating rate value is 45% lower than the
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Fig. 11 DSMC and Navier-Stokes flowfield values for case 2.
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Fig. 12 DSMC and Navier-Stokes flowfield values for case 3.

DSMC value) than the LAURA values. For case 3, the
LAURA results are essentially the same with or without slip.

A few overall comments are appropriate concerning the
base plane and sting surface results. Inclusion of slip
boundary conditions in the LAURA calculations had a very
noticeable impact on the results along the base plane. Along
the sting, the impact is confined to the near base region. Along
the base plane, the agreement between DSMC and LAURA
increased with decreasing Kn, as would be expected. The
same trend (agreement increasing with decreasing Kn.,) for the
sting was anticipated, but does not occur. The fact that the
heating predictions differ by almost a factor of two along the
sting for case 3 should be explored in more depth. Based on
the grid resolution study reported in Ref. 17 and a subsequent
DSMC grid refinement for case 3 (twice the number of cells
used in Ref. 17 with the heating results shown in Fig. 8), it is
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concluded that the difference in heating rates along the sting
cannot be explained in terms of grid resolution.

Along the forebody, the DSMC and LAURA results are in
much closer agreement with the DSMC results for both heat-
ing rate and pressure being equal to or greater than the
LAURA results. Figure 9 presents the heating rate distribu-
tions for case 1 in a format so that the forebody results are
more clearly discernible. The maximum difference in heating
is 13% (stagnation point) with slip. However, the no slip
results are 30% higher than the DSMC values near the begin-
ning of the corner expansion where the velocity and tempera-
ture jump are significant.

The forebody heating comparisons for case 2 (not shown)
are in closer agreement with maximum differences of about
6% for the LAURA calculations with slip boundary condi-
tions. For case 3, the agreement is 10% or better. The slip and
no-slip calculations yield essentially the same results for case
3. A general statement concerning the forebody heating is that
the heating predicted by DSMC is equal to or greater than the
LAURA results with slip boundary conditions, and the maxi-
mum difference is less than 13% for all cases.

Comparisons of sting pressure distributions (presented in
Ref. 17) show that the agreement between the two methods
increases with decreasing rarefaction. (At s/R, =8, the
LAURA results were a factor of two higher than the DSMC
results for case 1 and 20% lower for case 3.) The same trends
are evident for the pressure comparisons along the base. Also,
as the rarefaction decreases, the agreement between the two
methods improves for the minimum surface pressure location.
For the DSMC results, this location was approximately the
same for all cases, occurring just before the flow expands onto
the base plane (¥ = 0.024 m). The DSMC results show that
this location is where the flow separates as is evidenced by the
surface shear stress. The LAURA calculations with or without
slip boundary conditions show that the location of separation
is delayed with respect to the DSMC values. LAURA results
with slip show that the y locations for separation are 60 and
93% of the DSMC value for cases 2 and 3, respectively. The
inclusion of slip delays separation and produces an earlier
reattachment (smaller vortex).

Flow Structure

Comparisons of DSMC and LAURA results for flowfield
structure are presented in Figs. 10-12 using contour plots. The
contour comparisons are made for particle traces, density, and
temperature. For case 1, (Fig. 10), the DSMC and LAURA
comparisons exhibit a noticeable difference in flow structure:
a small vortex with the DSMC calculation and none with
LAURA, lower wake flowfield densities with DSMC, and a
lower wake temperature with DSMC. The temperature com-
parisons are based on an overall kinetic temperature 7, for
the DSMC results (defined for a nonequilibrium gas as the
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weighted mean of the translational and internal temperature)
and a thermodynamic temperature for the LAURA results.
This particular comparison is not meaningful because the ideal
gas equation of state does not apply’ to T,, in a nonequi-
librium situation as is the situation for case 1. The thermody-
namic temperature 7 is essentially an equilibrium gas property.

The particle traces in the near wake for case 1 (Fig. 13)
appear to originate at the base plane surface when the LAURA
calculation is made without slip boundary conditions. The
same behavior was observed in Ref. 13 where a different
Navier-Stokes program was applied to the problem of a
monatomic gas flowing about a 70-deg blunted wedge. With
slip boundary conditions, the particle traces have a more
realistic behavior near the base plane.

As the Knudsen number decreases, the agreement between
the two methodologies improves. For case 3, the general fea-
tures of the flowfield are in good agreement.

Figures 14 present comparisons of DSMC and LAURA
radial profiles at three axial locations in the wake for density.
Data are presented for case 1 (Fig. 14a) and case 3 (Fig. 14b).
LAURA solutions with and without slip are included. With
slip boundary conditions, the LAURA results for case 1 are in
better agreement with the DSMC results. For case 3, profiles
for the two methodologies are in much better agreement, and
the influence of slip boundary conditions on flowfield struc-
ture is negligible.

Concluding Remarks

Numerical solutions have been obtained for a blunt axisym-
metric configuration [generic aeroassist space transfer vehicles
(ASTV)] characterizing both the forebody and wake flows.
The configuration is one that has been considered for Mars
missions such as the Mars environmental survey (MESUR)
network mission and the MESUR Pathfinder mission. The
present study focused on specific wind tunnel conditions for



1406 MOSS ET AL.: SIMULATIONS OF BLUNT BODY WAKE FLOW

which an experiment is planned. Future opportunities will
exist for direct comparison with experimental data.

Three freestream flow conditions are investigated (Knudsen
numbers of 0.03, 0.01, and 0.001). The freestream was Nitro-
gen at Mach-20 conditions. The smaller Knudsen number case
would normally be considered as continuum flow along blunt
forebodies. The present results show that rarefaction effects
are very evident as the flow expands into the near wake even
for case 3 (Kn. =0.001). What is clear from the present
calculations and those of Ref. 10 is that for both wind tunnel
and flight conditions, the location of the wake stagnation and
the location of the maximum convective heating rate along a
sting/afterbody is not coincident. Furthermore, the separation
between the two locations is a function of rarefaction. For
wake flows, the convective heating rates near reattachment
can be quite benign—only a small fraction of the peak sting/
afterbody heating rate.

Both DSMC and Navier-Stokes methodologies have been
applied to the current problem. The Navier-Stokes solutions
were obtained with the LAURA code, both with and without
slip boundary conditions. In general, the inclusion of slip
boundary conditions provided improved agreement with the
DSMC results. The findings of the present study differ from
those of Ref. 13, where it is suggested that the Navier-Stokes
equations can be employed for Knudsen numbers up to 0.05.
The current study shows substantial differences in flowfield
structure and surface results at a Knudsen number of 0.03. As
the density of the freestream flow was increased (decreasing
Knudsen number), the agreement between the two methodolo-
gies improved. For the smallest Knudsen number case (0.001),
the overall agreement between the two methodologies is good
with the exception of the heating rate to the sting where
differences as large as a factor of two are observed.
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