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Zonally Decoupled Direct Simulation Monte Carlo Solutions of
Hypersonic Blunt-Body Wake Flows
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Direct simulation Monte Carlo (DSMC) solutions are presented for the hypersonic flow behind a blunt body in
which the wake region is solved in a zonally decoupled manner. The forebody flow is solved separately using either
a DSMC or a Navier-Stokes method, and the forebody exit-plane solution is specified as the inflow condition to the
decoupled DSMC solution of the wake region. Results are presented for a 70-deg, blunted cone at flow conditions
that can be accommodated in existing low-density wind tunnels with the Knudsen number (based on the base
diameter) ranging from 0.03 to 0.001. The zonally decoupled solutions show good agreement with fully coupled
DSMC solutions of the wake flow densities and velocities. The wake closure predicted by the zonally decoupled
solutions is in better agreement with fully coupled results than that predicted by a fully coupled Navier-Stokes
method, indicating the need to account for rarefaction in the wake for the cases considered. The combined use
of Navier-Stokes for the forebody with a decoupled DSMC solution for the wake provides an efficient method for
solving transitional blunt-body flows where the forebody flow is continuum and the wake is rarefied.

Nomenclature
Kn = Knudsen number
M = Mach number
Rb = base radius, m
Rc = corner radius, m
Rn - nose radius, m
Re = Reynolds number
S = distance along body, m
T = temperature, K
u = axial velocity, m/s
VQO = freestream velocity, m/s
x = axial distance from nose, m
y = radial distance from axis, m
y = ratio of specific heats
A. = mean free path, m
p = density, kg/m3

Subscripts
= internal
= overall

i
ov
slip
t
00

= wall slip
= translational
= freestream condition

Introduction

THE prediction of near-wake flow structure behind blunt bod-
ies is an important element in the design of aerobrakes be-

cause of the need to impose payload constraints based on wake
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closure.1'2 Recent studies using the direct simulation Monte Carlo
(DSMC) method have demonstrated the ability to make predictions
at densities where the forebody flow could be mostly regarded as
continuum flow.2"4 In fact, at the higher densities of these studies,
good agreement was shown with continuum predictions based on the
Navier-Stokes equations. In these studies, the DSMC simulations
were conducted such that the full forebody and wake zones were
computed simultaneously, that is, in a fully coupled manner. How-
ever, because of the extremely large density variations between the
forebody and wake zones, this approach places severe constraints
on the simulation time steps and practical cell resolution that could
be used in obtaining the wake solution. Also, large computational
resources are required to obtain DSMC forebody solutions for such
low Knudsen numbers. On the other hand, continuum solutions can
be obtained much more efficiently, and, at sufficiently low Knudsen
numbers, the Navier-Stokes solutions provide an accurate descrip-
tion of the flowfield in the forebody region. Therefore, a study was
conducted to investigate the importance of coupling the forebody
and wake zones and to investigate the adequacy of using a combined
Navier-Stokes-DSMC method to solve the problem.

In rarefied and transitional flows, the need to maintain strong
coupling between different flow regions is mainly caused by the
lack of thermal equilibrium between the translational and internal
modes. For blunt bodies, thermal nonequilibrium occurs mainly in
the bow shock and in the wake region, where the local mean free
path becomes large, as illustrated in Fig. 1. When the complete
problem is solved using a fully coupled DSMC approach, these
regions of nonequilibrium will be "captured" by the simulation.
However, in order to decouple the forebody and wake solutions,
an artificial boundary must be placed between the two regions,
and flow properties from the forebody solution must be specified
along this boundary in order to generate a solution for the wake.
The difficulty is that, since the flow may not be in thermal equilib-
rium everywhere along this boundary, the velocity distribution may
not be adequately defined by a Maxwell-Boltzmann distribution. In
the DSMC method, the usual method of imposing a flow bound-
ary condition is to introduce simulation particles sampled from an
equilibrium distribution based on specified macroscopic mean-flow
properties (temperature, density, and mean velocity).5 Therefore, in
regions of thermal nonequilibrium, the particles introduced will not
have the proper distributions of velocity and internal energy. How-
ever, in practice, it may not be necessary to reproduce these dis-
tributions exactly in order to generate wake solutions of sufficient
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= 0.03 Table 1 Test conditions3

Fig. 1 Typical regions of rarefaction in low-density blunt-body flow-
field.

Kiu = 0.001

Fig. 2 Typical subsonic regions in hypersonic blunt-body flowfield.

accuracy for engineering studies if the mean-flow properties are
preserved.

In the near-continuum regime, strong coupling is needed only
in large regions of subsonic flow and possibly in regions where
the local Knudsen number is relatively high. For blunt-body flows,
subsonic regions occur behind the bow shock, in the wake, and in
the boundary layer (Fig. 2). Thus, for continuum flows, a decoupled
approach is justified if the boundary used to divide the forebody and
wake zones is chosen so that the flow normal to the boundary is
supersonic. It is usually adequate to ignore the subsonic portion.of
the boundary layer if it is thin in the direction along the decoupling
boundary. It may be necessary to provide special treatment in the
boundary layer to account for the significant velocity slip that can
occur in the rapid expansion of the flow around the shoulder.

The purpose of the present study is to investigate the adequacy of
a zonally decoupled approach for a range of hypersonic blunt-body
flow conditions. In the context of this paper, "zonally decoupled"
means that the forebody and wake regions are solved separately with
no iterative feedback from the wake to the forebody. The motivation
for using such an approach is to provide a more efficient method for
performing parametric studies of different afterbody flows based on
a single forebody solution. Results are presented for nitrogen flow
about a 70-deg-half-angle, blunted cone with a base diameter of
5 cm (a wind-tunnel model of the Viking lander aeroshell6). Fully
coupled DSMC solutions for this model are presented in Ref. 2.
Fully coupled DSMC and Navier-Stokes forebody solutions from a
similar study4 are used to provide starting conditions for the zonally
decoupled DSMC wake solutions. The zonally decoupled DSMC
solutions are then compared with the fully coupled DSMC and the
fully coupled Navier-Stokes solutions. The results presented focus
on the overall wake flowfield structure, wake closure, and thermal
nonequilibrium effects,

Computational Test Cases
Computational results are presented for a model size (Fig. 3) and

flow conditions that can be accommodated in existing low-density
hypersonic wind tunnels. The specific flow conditions are those that
can be attained in the SR3 tunnel at Centre National de la Recherche
Scientifique (CNRS)7 and are listed in Table 1. Three cases were
computed where the Knudsen number based on the model base
diameter varied from about 0.03 to 0.001. Based on the results of
Refs. 2 and 4, these conditions produce a large vortex in the wake at

Case

1
2
3

Poo,
10~5 kg/m

1.7
5.2

46.6

VOO,
3 m/s

1502
1502
1633

Too,
K

13.3
14.0
15.0

Moo

20.2
19.7
20.6

*<&>
768

2,220
20,600

Kn^

0.032
0.011
0.001

aSR3 facility; nitrogen flow from conical nozzles; model temperature
300 K.
bBased on model diameter of 5 cm.

Location S/R
b

1 0.175
2 1.022
3 1.083
4 1.161
5 2.111

Fig. 3 Geometry of test model; Rb = 0.025 m.

the two lower Knudsen numbers (cases 2 and 3), whereas no vortex
is evident at the higher Knudsen number (case 1) when no sting or
afterbody is present.

Computational Approach
DSMC computations of the wake region were performed using

initial mean-flow profiles from forebody solutions obtained using
both DSMC and Navier-Stokes methods. The DSMC and Navier-
Stokes methods and the approach used to generate the zonally de-
coupled solutions are described below.

DSMC Method
The DSMC method5'8 models the discrete particle nature of the

flow and is applicable across the range from continuum to free-
molecular flows. However, the method is normally applied only in
the transitional and free-molecular regimes, because the computing
requirements can become prohibitive for continuum applications.

Molecular collisions were modeled using the variable hard
sphere (VHS) molecular model while considering energy exchange
between translational and rotational modes. All calculations were
performed for a nonreacting gas with one chemical species (N2).
Because of the low total temperature, the simulations model the
nitrogen flow as a nonreacting gas with energy exchange between
rotational and translational modes. The surface temperature is as-
sumed to be constant at 300 K, and the gas-surface interaction model
is assumed to be diffuse with full thermal accommodation.

Continuum Method
The Langley aerothermodynamic upwind relaxation algorithm

(LAURA) of Gnoffo9'10 was used to generate the Navier-Stokes
solutions. LAURA is an upwind-biased, point-implicit relaxation
algorithm for obtaining the numerical solution to the governing
equations for three-dimensional viscous hypersonic flows in ther-
mochemical states ranging from perfect gas to both thermal and
chemical nonequilibrium. For the results presented in this paper,
only perfect-gas solutions about axisymmetric geometries were con-
sidered. A constant y of 1.4 and a molecular weight of 28.0 were
used to simulate the nonreacting flow of N2.

For the zonally decoupled computations, LAURA is used to com-
pute the forebody flow and DSMC is used to compute the wake flow.
Fully coupled solutions of the complete forebody-wake regions are
also given for comparison with the fully coupled and zonally decou-
pled DSMC solutions. Further details of the LAURA calculations
are given in Ref. 4.
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Overlapping Cells—-
Used for Coupling

Fully Coupled
DSMC

Fig. 4 Overlapping grid used in zonally decoupled solution.

For the LAURA forebody calculations used in the zonally decou-
pled DSMC simulations, no-slip surface boundary conditions are
used. For the fully coupled LAURA calculations of the complete
forebody-wake problem, slip boundary conditions are imposed us-
ing the method described in Ref. 11. This is necessary because of
the high degree of velocity slip encountered at the shoulder of the
body. However, since the zonally decoupled solutions are started
upstream of this high-slip region, the no-slip LAURA solutions are
considered to be adequate for providing the inflow conditions at the
coupling boundary. Further discussion of the effects of slip is given
later.

Zonally Decoupled Approach
For the zonally decoupled computations, DSMC and Navier-

Stokes solutions of the forebody region were taken from the study
of Ref. 4, and profiles were extracted for generating separate, de-
coupled DSMC wake solutions. These profiles were extracted at a
vertical plane just upstream of the expansion corner of the base. The
results from Ref. 4 indicate that the mean flow profiles along this
plane are independent of the downstream conditions as indicated
by comparison of the profiles for forebody-only and fully coupled
forebody-wake solutions.

The decoupled wake solutions are generated using the same grid
and computational parameters as those in the fully coupled solution.
Therefore, any differences between the two DSMC solutions should
only be the result of the decoupling. The last column of cells from the
forebody grid is included, so that the wake grid effectively overlaps
the forebody grid as shown in Fig. 4. The density, velocity, and tem-
perature from the forebody solution are specified as the inflow con-
dition at these overlapping cells. Simulation particles are introduced
at each of these cells by sampling from a "streaming" Maxwellian
distribution function. For the DSMC forebody solution, the transla-
tional and internal modes are not in equilibrium everywhere along
this coupling boundary. Therefore, the specified temperature for the
entering particle velocity and internal-energy distribution is based
on an overall temperature that allows for both translational and in-
ternal degrees of freedom |TOV = (3Tt + /]f 7})/(3 + /), where ff is
the number of internal degrees of freedom]. Use of a single temper-
ature introduces errors in the velocity and energy distributions of
entering particles when the translational and internal temperatures
are different. To determine the sensitivity of the wake calculation to
this approximation, simulation results are presented where separate
translational and internal temperatures are used as inflow conditions.
For the decoupled DSMC wake calculations that used the Navier-
Stokes forebody results, the specification of a single temperature is
consistent with the thermal-equilibrium gas model used in LAURA
for these calculations. Although the LAURA code has a thermal-
nonequilibrium model available, the model does not treat rotational
nonequilibrium and was not considered to be appropriate for the
low temperatures of the present study.

Results
In the results that follow, the fully coupled DSMC solution of

the complete forebody-wake problem is used as the standard for

Fully Coupled
Navier-Stokes

a) Case 1, Kn^ = 0.03

Fully Coupled
DSMC

Fully Coupled
Navier-Stokes

b) Case 2, Kn^ = 0.01

Fully Coupled
DSMC

Fully Coupled
Navier-Stokes

c) Case 3, Kn^ = 0.001

Fig. 5 Comparison of axial-velocity contours for fully coupled DSMC
and Navier-Stokes (contour values nondimensionalized by freestream
velocity).

comparison, since, in principle, it should be applicable across the
entire range of test conditions computed. Comparisons with the
fully coupled Navier-Stokes results are first discussed in order to
demonstrate the need for DSMC in regions of the problem. Re-
sults are then presented that compare the zonally decoupled and
fully coupled DSMC solutions of the wake flowfield. Some lim-
ited results assessing the effects of wall slip, thermal nonequilib-
rium, grid resolution, and location of the coupling boundary are
then given.

Comparison of Fully Coupled DSMC and Navier-Stokes
Computational results are presented in Fig. 5 comparing con-

tours of the axial velocity (nondimensionalized by the freestream
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4.0

1.2 2.4

Fig. 6 Locations used to present wake profiles.

velocity). Axial-velocity contours are chosen because they exhibit
clearly the closure of the wake. (Wake closure in this paper is defined
to be the point at which the flow stagnates, i.e., has zero velocity
along the axis.) The results show differences in both forebody and
wake flowfields for the most rarefied condition (case 1), where the
bow shock is thicker and the wake velocities are higher for the
DSMC solution. However, for the most continuum-like condition
(case 3), the DSMC and Navier-Stokes solutions agree quite well in
the forebody region but still show differences in the wake. The re-
sults of Ref. 4 show that the two solutions give reasonable agreement
for surface quantities (pressure and heat transfer) on the forebody
for all three cases.

Density profiles at the three axial locations behind the body shown
in Fig. 6 are given in Fig. 7. These profiles show a weaker, more
diffuse bow shock predicted by DSMC for the more rarefied case
(case 1), but show very good agreement between DSMC and Navier-
Stokes predictions for the most continuum-like condition (case 3).
However, there are differences in density directly behind the body
for all three cases. The differences in predicted wake closure are
shown by comparisons of the axial velocities along the center-
line in Fig. 8. This figure shows that the DSMC calculations ex-
hibit more rapid wake closure than the Navier-Stokes results for
all three cases. These comparisons indicate the need to take ac-
count of rarefaction effects in the wake predictions for the present
model and flow conditions. It should also be pointed out that the
LAURA calculations exhibited marginal stability at the most rar-
efied condition (case 1). This is in contrast to the calculations of
Ref. 4, which exhibited no such stability problems for case 1 when
a sting was present. The nature of this stability problem is under
investigation.

Comparison of Fully Coupled and Zonally Decoupled DSMC
Results are presented in Fig. 9 comparing axial-velocity contours

for the fully coupled and zonally decoupled DSMC where the latter
used the Navier-Stokes forebody solution. The forebody solutions
are essentially the same as those shown in Fig. 5 except that the
Navier-Stokes solutions are obtained without any coupling to the
wake. The zonally decoupled DSMC solutions of the wake region
show better agreement with the fully coupled DSMC results for all
three cases than do the fully coupled Navier-Stokes results shown
previously.

A more detailed comparison of the flowfields is given in
Figs. 10 and 11, which show profiles of density and axial velocity.
In these figures, the zonally decoupled results obtained using both
the Navier-Stokes and the DSMC forebody solutions are shown.
Again, the best agreement with the fully coupled DSMC is ob-
tained for the lower Knudsen numbers. For the most rarefied case,
there is some outward shift of the bow shock as a result of the
decoupling. This shift is attributed to inaccuracies in preserving
thermal-nonequilibrium effects across the coupling boundary with
the decoupled approach. These effects are most evident in the den-
sity profiles for case 1, where use of the DSMC forebody results

3.0

y/Rb
2.0

1.0

0.0

DSMC
LAURA

0 1 2 0 1 2 0 1 2 3 4
P/Poo

a) Case 1, Kn^ = 0.03

X/FU2.4

y/R

0 1 2 0 1 2 0 1 2 3 4

DSMC
LAURA

DSMC
LAURA

0 1 2 3 0 1 2 3 0 1 2 3 4
P/Poo

c) Case 3, Kn^ = 0.001

Fig. 7 Density profiles for fully coupled DSMC and Navier-Stokes
solutions.

provides better agreement with the fully coupled results near the
coupling boundary, while the use of the Navier-Stokes results seems
to give better agreement farther downstream. These seemingly con-
flicting results simply point out the sensitivity of the bow shock to
the initial conditions. Overall, the wake solutions are relatively in-
sensitive to the forebody solution used. For all cases, there is very
good agreement in the region immediately behind the body and
excellent agreement in the velocity profiles.
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u/u

0.6

0.4

0.2

0.0

0.0

0.0

-0.2

-0.4

Case 1 - Kn -0.03 Fully Coupled
DSMC

Case2-Kn =0.01

Case3-Kn =0.001

DSMC
LAURA

Fig. 8 Centerline axial-velocity distributions predicted by fully cou-
pled DSMC and Navier-Stokes.

Figure 12 shows a comparison of the centerline velocities. The
zonally decoupled solution gives very good agreement with the
fully coupled results and is insensitive to whether DSMC or Navier-
Stokes forebody solutions are used. Therefore, either method should
be acceptable for engineering predictions where overall wake clo-
sure is of principal concern. Furthermore, the zonally decoupled
method provides considerable computational savings for paramet-
ric studies (other afterbody geometries, grid refinements, etc.), since
the forebody solution does not have to be repeated. When the Navier-
Stokes forebody solution is used in the present test cases, the zonally
decoupled solutions require less than one-half the total resources
(memory and CPU time) required by comparable fully coupled
DSMC calculations.

Slip Effects
The rapid expansion of the forebody flow around the shoulder

of the body into the wake produces a sudden drop in density. This
produces a local region where rarefaction effects are important even
when the majority of the flowfield is continuum. These slip ef-
fects tend to reduce the extent of the wake, resulting in more rapid
closure.4

A representation of this slip is given in Fig. 13, which shows the
magnitude of the velocity tangent to the wall at the center of the first
computational cell adjacent to the wall. Strictly speaking, this is not
the "slip velocity," but since the cell size is generally of the order
of a mean free path or less, it provides an estimate of the relative
changes in slip along the body. All three test cases exhibit significant
slip (on the order of 30 to 40% of the freestream velocity) on the
shoulder of the body. While the degree of slip is small over most
of the forebody, the trend toward an increase in slip as the Knudsen
number increases is evident. A large degree of slip exists along the
base even for the most continuum-like case, and the slip velocity is
negative for cases 2 and 3 because of the recirculating flow.

A comparison of the slip velocities predicted by the zonally de-
coupled and fully coupled approaches is shown in Fig. 14. Since
the zonally decoupled solutions are started upstream of the point of
maximum slip, the rapid increase in slip is still predicted, the max-
imum slip being about the same as with the fully coupled method.
This is particularly important for the zonally decoupled solutions
that used the no-slip Navier-Stokes forebody results and indicates
that neglecting the small amount of wall slip ahead of the shoulder
should not significantly affect the wake results.

Thermal-Nonequilibrium Effects
The degree of thermal nonequilibrium varies considerably for the

three cases and is illustrated in Fig. 15 by profiles of(Tt — 7})/rov,
where Tt is the translational temperature, 7} is the internal tempera-
ture, and rov is the overall temperature. Since the zonally decoupled
solutions are started assuming an equilibrium distribution of ve-
locities and internal energies at the same overall temperature, the
degree of nonequilibrium is artificially set to zero at the inflow
boundary. However, in the region of the bow shock, the depar-

Zonally
Decoupled

Navier-Stokes—
a) Case 1, Kn^ = 0.03

Fully Coupled
.DSMC

.DSMC

Fully Coupled
DSMC

Zonally
Decoupled

Navier-Stokes
c) Case 3, Kn^ =0.001

Fig. 9 Comparison of fully coupled and zonally decoupled DSMC pre-
dictions of axial-velocity contours.

ture from equilibrium is caused by the steep gradients across the
shock, and the nonequilibrium behavior is quickly reestablished as
the flow develops downstream of the coupling boundary. For the
more continuum-like cases, the zonally decoupled solutions agree
with the fully coupled results, since the difference between transla-
tional and internal temperatures is much less.

To further assess the sensitivity of the zonally decoupled solu-
tions to the modeling of the thermal nonequilibrium, a separate
calculation was performed for the most rarefied case (case 1), in
which both the translational and internal temperatures were speci-
fied from the DSMC solution over the forebody. A comparison of
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Fully Coupled
DSMC Forebody
N-S Forebody

x/Rb=1.2

0 1 2 0 1 2 0 1 2 3
P/Poo

a) Case 1, Kn^ = 0.03

y/Rb 2
x/Rb=0.6

Fully Coupled
DSMC Forebody
N-S Forebody

x/Rb=1.2

0 1 2 0 1 2 0 1 2 3
P/Poo

b) Case 2,KnOQ = 0.01

————— Fully Coupled
_ _ _ _ _ _ _ _ _ DSMC Forebody
....................... N-S Forebody

y/Rb 2
x/Rh=0.6

x/Rb=1.2

L

c) Case 3,^00 = 0.001

Fig. 10 Density profiles predicted by fully coupled and zonally decou-
pled DSMC.

profiles of density, velocity, and nonequilibrium temperature ratios
is shown in Fig. 16. The density and velocity profiles show little
effect of specifying both temperatures. However, the degree of ther-
mal nonequilibrium agrees much better in the bow shock, but shows
poorer agreement immediately behind the body, especially for the
profile closest to the inflow boundary.

y/Rb

- Fully Coupled
- DSMC Forebody

N-S Forebody

x/FUO.6

0 0.5 0 0.5 0 0.5 1.0
u/u

a) Case 1, Kn^ = 0.03

Fully Coupled
DSMC Forebody
N-S Forebody

x/R=0.6

x/Rh=2.4

-0.5 0 0.5 0 0.5 0 0.5 1.0
u/u

b) Case 2, ̂ 00 = 0.01

y/Rb 2

Fully Coupled
DSMC Forebody
N-S Forebody

x/Rh=0.6

x/RK=2.4

-0.5 0 0.5 0 0.5 0 0.5 1.0

c) Case 3,^00 = 0.

Fig. 11 Axial-velocity profiles predicted by fully coupled and zonally
decoupled DSMC.

Grid Refinement
One advantage of using the zonally decoupled approach is that

it requires less computational resources to compute just the wake
region. Therefore, it is more feasible to perform parametric studies
such as grid refinement. For the present test cases, the adequacy of
the grid size for DSMC simulations is questionable for the most
continuum-like test case (case 3). To perform a grid refinement
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-0.1
2.0

Fig. 12 Comparison of centerline velocities predicted by fully coupled
and zonally decoupled DSMC.

0.75

0.50

U/U

0.25

0.00

-0.25

- Fully Coupled
- DSMC Forebody

N-S Forebody

CaseS

Fig. 13 Wall slip velocity predicted by fully coupled DSMC.

Fully-Coupled
DSMC Forebody
N-S Forebody

uslip/u

2.0

Fig. 14 Comparison of wall slip predicted by fully coupled and zonally
decoupled DSMC.

study for the complete wake region would have required very large
computational resources. Therefore, separate simulations were per-
formed for case 3 in which only a region immediately behind the
body was simulated. These simulations used mean-flow profiles ob-
tained from the zonally decoupled solution of the complete wake
region that were specified as input in the same manner as described
previously where a single overall temperature was used. Two sim-
ulations were performed: one using the same grid as the full wake
simulation, and the second using a grid with twice as many cells
in each coordinate direction (four times as many total cells in the

r ————— Fully Coupled
- - - - - - - - - Zonally Decoupled

y/R
b 2

x/Rh=2.4

x/FL=0.6
x/Rb=1.2

-1.0 0.5 0 0.5 0 0.5 0 0.5 1.0
(V^/iov

a) Case 1, Kn^ = 0.03

————— Fully Coupled
Zonally Decoupled

y/Rb

x/R=0.6

-1.0 0.5 0 0.5 0 0.5 0 0.5 1.0

b) Case 2,

4r

3-

y/Rb

Fully Coupled
Zonally Decoupled

x/Rb=2.4

x/Rh=1.2
x/Rh=0.6

-1.0 0.5 0 0.5 0 0.5 0 0.5 1.0

c) Case 3,^00 = 0.001

Fig. 15 Profiles showing degree of thermal nonequilibrium predicted
by fully coupled and zonally decoupled methods.

wake). The refined grid was imposed immediately behind the body
and extended to x/Rb ^ 2.8 to enclose the recirculation region.

The overall similarities in the vortex structure between the fully
coupled results and those from the reduced simulation with the re-
fined grid are shown in the streamline plot given in Fig. 17. A com-
parison of the centerline velocities in the wake for the refined grid
with those for the fully coupled simulation is given in Fig. 18. It
is seen that the reduced simulation gives the same overall wake
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Fully Coupled
1-Temperature
2-Temperature

x/R=1.2

x/R=2.4

Fully Coupled

2 3

• Fully Coupled
• 1-Temperature
• 2-Temperature

0 0.5 0 0.5 0 0.5 1.0

y/Rb

- Fully Coupled
• 1-Temperature
2-Temperature

x/R=2.4

x/Rb=0.6
x/Rb=1.2

-1.0 0.5 0 0.5 0 0.5 0 0.5 1.0

c) Nonequilibrium temperature ratio

Fig. 16 Comparison of profiles predicted with one-temperature and
two-temperature methods (case 1, Kn^ = 0.03).

structure as the fully coupled simulation, and that the extent of the
recirculating region is not changed by refining the grid. Based on
these results, it should be possible to perform even more detailed
simulations of the wake region (e.g., to resolve details of the vortex
structure and more detailed afterbody geometries) without requiring
unreasonable amounts of computational resources.

Decoupled
(Refined Grid) Coupling Boundary

Fig. 17 Comparison of wake streamlines for fully coupled solution and
zonally decoupled solution obtained with refined grid (case 3, Kn^ =
0.001).

U/U

0.6

0.4

0.2

0.0

-0.2

-0.4

Fully Coupled
Decoupled (Basic Grid)
Decoupled (Refined Grid)

2 3
x/R,

Fig. 18 Effect of grid refinement on wake closure predicted with zon-
ally decoupled DSMC (case 3, Kn^ = 0.001).

Concluding Remarks
Zonally decoupled DSMC solutions of the wake region behind

blunt bodies in hypersonic flow have been shown to be a viable ap-
proach for predicting the overall mean-flow properties in the wake
over a range of wind-tunnel test conditions. For the conditions ex-
amined, the use of either a DSMC or Navier-Stokes solution of
the forebody provided an adequate inflow condition for predict-
ing the wake closure with a separate, decoupled DSMC simula-
tion. At freestream conditions where the forebody flow exhibits
significant rarefaction effects, it is preferable to use the DSMC
solution for the forebody to account for thermal-nonequilibrium
effects. However, for the conditions examined, these nonequilib-
rium effects did not have a significant effect on the mean-flow
wake properties. Of course, for problems where thermal behavior
is of primary importance, such as in the prediction of radiation, the
nonequilibrium nature should be simulated as accurately as possible,
and the errors introduced by zonal decoupling might be unaccept-
able.

The principal advantage of the zonally decoupled approach is
computational efficiency. For the cases presented, the computational
resources for the zonally decoupled solutions are less than one-
half those for the fully coupled solutions when the Navier-Stokes
forebody solutions are used. Furthermore, the zonally decoupled
approach is found to be useful in performing parametric studies
such as grid refinement, where even greater computational resources
would be needed to solve the complete problem. By isolating the
region of interest, it is possible to perform such studies in a fraction
of the time required to solve the full problem.

In the present study, no attempt was made to optimize the shape
or location of the artificial boundary along which the forebody and
wake solutions were decoupled. Further work to define the opti-



WILMOTH ET AL.: ZONALLY DECOUPLED DSMC SOLUTIONS 979

mum conditions for selecting such a boundary and to define a more
accurate method for simulating nonequilibrium effects across this
boundary would be useful. Such work could be especially useful in
developing a fully hybrid approach in which the Navier-Stokes and
DSMC methods are combined in a more strongly coupled manner
and where the DSMC simulation is restricted to that portion of the
flowfield where significant rarefaction effects occur.
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