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Hypersonic Rarefied Flow past Spheres Including Wake Structure
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Results of a numerical study using the direct simulation Monte Carlo method are presented for hypersonic
rarefied flow past spheres. The flow conditions considered are those corresponding to low-density wind-tunnel
test conditions. The set of the experimental conditions for the calculations encompasses the transitional to near-
continuum flow regimes. Comparison of the calculated drag with experimental results shows good agreement
to well within the experimental error. Particular attention is focused on the wake structure. Calculations show
that the wake is very rarefied with considerable thermal nonequilibrium for all the cases considered. No flow
separation is observed in the wake for the near-continuum case where a vortex has been predicted by Navier-
Stokes-type calculations.
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Nomenclature
= frontal area of sphere, nd2/4
: drag coefficient, 2D/p00V^0A
; skin-friction coefficient, 2rw//o0 _
: pressure coefficient, 2p/p00V2^
- drag of sphere
; diameter of sphere
: Knudsen number, k/d
- Mach number
= molecular weight of air, 28.97 g/mole
: Avogadro's number, 6.02252 x 1026 particles/kg-mole
: pressure
: gas constant, 287.1 J/kg-K
: Reynolds number, pVd/tJ,
- total Reynolds number, pVd/iiQ
- speed ratio, V/J2RT
- temperature exponent of the coefficient of viscosity
= thermodynamic temperature
= internal kinetic temperature
= overall kinetic temperature
= rotational kinetic temperature
= surface temperature
= translational temperature
= x component of velocity
= flow velocity
= y component of velocity
= mole fraction of species i
= distance from stagnation point measured parallel to

freestream
= distance from symmetry axis measured normal to

freestream
= gamma function
= ratio of specific heats, 1.4
= circumferential angle measured clockwise from

stagnation point
= mean free path
= dynamic viscosity
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p = density
a = collision cross section
T = shear stress

Subscripts
FM = free-molecular-flow values

' ith = ith species
0 = stagnation-chamber value
ref = reference value
stag = stagnation point
w = surface values
oo = freestream values

Introduction

AWIDE range of engineering studies associated with current
and projected space vehicles is concerned with the aerother-

modynamics of low-density flows. Flows of particular interest can
arise from interactions between two or more of the following: the
vehicle itself, the wake of the vehicle, the ambient atmosphere, ex-
haust plumes from upper-stage motors or control motors, and other
emitted gas from material outgassing and waste-gas venting. Studies
concerned with these interactions are receiving added impetus from
the Space Shuttle Orbiter flights, the commitment of several nations
to pursue the goal of transatmospheric flight with slender hyper-
sonic vehicles, space experiments, technology demonstration pro-
grams such as the Tethered Satellite System 2 (TSS-2), the projected
space station, and aeroassisted space transfer vehicles (ASTVs).

Emerging ASTVs will have three primary components: the aer-
obrake, the payload compartment, and the main propulsion unit.
These vehicles will maneuver within the rarefied and generally un-
defined outer atmosphere rather than just pass through it. Recent
studies1"4 in the transitional flow regime of the aerothermal loads
of various blunt bodies associated with current and projected aeroas-
sisted space transfer vehicles have mainly focused on the aerobrake.
However, little is known about the wake structure of the aerobrake,
which will interact with the payload compartment and main propul-
sion unit of the vehicle. The heating and aerodynamic forces that
can result from the interaction of the near wake with the payload
compartment are major concerns, because they can significantly af-
fect the size and the shape of the afterbody configuration. Currently,
there is a lack of experimental data on blunt-body wake flows for
hypersonic rarefied flows. Recently, the structure of the near wake
of the aerobrake in the continuum flow regime has been studied
numerically5 using the Navier-Stokes equations. Although the fore-
body flow may be in the continuum flow regime, the expansion into
the wake region can produce large local Knudsen numbers. Con-
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sequently, it becomes imperative that this problem be investigated
with an analysis capable of properly modeling the general features of
low-density flows. Such a capability exists in the direct simulation
Monte Carlo (DSMC) method, which provides a numerical tech-
nique applicable to flows ranging from continuum to free-molecule;
however, it is normally applied to the more rarefied flow regimes
to minimize the computing requirements. Furthermore, the DSMC
method permits the accurate simulation of flows with vortices, as
demonstrated by the calculations presented in Refs. 6 and 7.

The sphere is a basic blunt shape and has often been the focus
of rarefied-flow research by authors8"12 in the past. Recently, the
aerothermodynamics and surface energetics of spheres in rarefied
flow have been studied13'14 using the DSMC method. Most of these
investigations have not considered the details of the wake structure.
Furthermore, the numerical calculations reported in Ref. 12 for the
near wake structure were made using the Navier-Stokes equations.
The validity of the Navier-Stokes description decreases as the flow
becomes more rarefied; yet, to the authors' knowledge, a compu-
tational database does not exist that provides guidance as to when
the Navier-Stokes description becomes inappropriate and how it is
manifested in terms of flowfield structure and surface quantities. The
present study contributes to the database by providing the results of
the DSMC simulations.

The purpose of this paper is to examine the basic features of
wake flows and to present a comparison of the numerical results
with experimental drag measurements of rarefied flow past spheres.
In particular, the wake structure and changes in this structure as
a function of flow rarefaction are emphasized. Information from
basic studies such as this will provide the basis for improving future
numerical simulations of specific design configurations.

Computational Method and Boundary Conditions
The DSMC method15'16 is used for the present calculations. The

method and requirements for application of DSMC have been pre-
sented in previous publications and are not repeated here.

The computational domain used for the calculations is large
enough so mat body disturbances do not reach the upstream and
side boundaries. Thus, freestream conditions are specified at these
boundaries. The flow at the downstream outflow boundary is su-
personic, and vacuum conditions are specified. Steady state was
assumed when the number of simulated molecules in the flowfield
achieved a fixed value within statistical fluctuations. The average
number of simulated molecules in a cell was 15 at steady state.
The cell dimensions were less than the local mean free path in the
forebody as well as in the wake regions.

The molecular collisions are simulated by the variable hard sphere
(VHS) molecular model. This model employs the simple hard-
sphere angular scattering law so that all directions are equally possi-
ble for the postcollision velocity in the center-of-mass frame of refer-
ence. However, the collision cross section is a function of the relative
energy in the collision. The experimental data used for the present
simulations are for low-energy flow conditions where there are no
chemical reactions. Therefore, DSMC simulations are performed
using a nonreactive gas model for air, while considering only the
energy exchange between translational and rotational energy modes.
The freestream viscosity and mean free path are evaluated using the
VHS collision model with rref = 300 K, dKf = 4.07 x 10~10 m,
and the temperature exponent s of the viscosity coefficient equal to
0.75.

Sphere Drag Experimental Data
For the present calculations, six low-density wind-tunnel test con-

ditions are selected from Ref. 17, and are summarized in Table 1.
Drag measurements on spheres were made at these conditions by
Legge and Koppenwallner17 using a low-density wind tunnel with
a 15-deg-half-angle conical nozzle at Aerodynamische Versuchsan-
talt in Gottingen, Germany. The drag force was measured through
the deflection of the sphere model suspended from thin wires. The
sphere surface temperature was kept at adiabatic wall conditions.
Further details of the test facility and experimental setup can be
found in Ref. 17.

Table 1 Test conditions for experiment3

Case
1
2
3
4
5
6

Knoo
0.078
0.055
0.039
0.020
0.011
0.009

PO,
MOO atm
11.25 0.25
12.18 0.50
11.25 0.25
12.43 0.75
12.83 1.50
12.92 2.00

To,
K

600
600
600
600
600
600

d,
mm
10
10
20
20
20
20

aAdiabatic wall.

Case
1
2
3
4
5
6

Case

1
2
3
4
5
6

Table 2

Voo,
m/s

1077.0
1080.0
1077.0
1080.8
1081.8
1082.0

Table

Freestream conditions for DSMC calculations

lO21/!!!3

0.8608
1.1736
0.8608
1.5956
2.7369
3.5274

Poo,
10~5 kg/m3

4.1406
5.6455
4.1406
7.6751

13.1656
16.9680

K
22.80
19.56
22.80
18.81
17.69
17.45

Mole fraction

X02

0.2362
0.2362
0.2362
0.2362
0.2362
0.2362

*N2

0.7638
0.7638
0.7638
0.7638
0.7638
0.7638

3 Flow parameters and selected results3

lO^'m Soo
0.784
0.553
0.784
0.403
0.231
0.179

9.41
10.19
9.41

10.40
10.74
10.81

Re2

15.16
20.73
30.33
56.41
96.85

124.90

CPsta

2.04
1.96
1.99
1.84
1.82
1.83

CD
1.517
1.412
1.417
1.261
1.189
1.166

Ciw
1.481
1.394
1.392
1.242
1.158
1.127

arw = 600 K.

Freestream and Wall Conditions
The freestream conditions for rarefied flow are difficult to measure

experimentally; therefore the freestream conditions given in Table 2
are obtained assuming the isentropic expansion of the air in the
wind-tunnel nozzle:

(1)

Poo

(2)

(3)

(4)

The freestream mean free path is based on the VHS model, using
the number density of the major component of the air (i.e., N2>. It
is calculated from the relation

(5)

(6)

- ft>)*T(2 - a))]

The total-Reynolds-number (Re2) values given in Table 3 are also
calculated using the viscosity coefficient based on the VHS model
(see Ref. 16).

The gas-surface interaction is assumed to be diffuse with full
thermal accommodation. In order to reduce the computational time
required to simulate the adiabatic wall condition of the experiments,
the surface temperature is assumed to be constant and equal to the
stagnation temperature of the flow (7b = 600 K).

The freestream parameters along with selected results are sum-
marized in Table 3.
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Results and Discussion
Although DSMC simulations were performed for six test cases

from the experimental investigation of Ref. 17, special attention has
been focused on the near wake structure of case 6 to investigate
whether or not a stationary vortex exists in the wake. For conditions
similar to case 6, the Navier-Stokes calculations of Ref. 12 predict
a stationary vortex in the near wake. As discussed later, the present
calculations show no evidence of a wake vortex. Furthermore,
they show that there is no vortex even at the condition where the
freestream density is an order of magnitude higher than that of case 6.

Flowfield Structure
Figures 1 and 2 present the flowfield structure along the stagna-

tion streamline for cases 1 and 6, respectively. For case 1 (Kn^ =
0.078), the density profile shows that the shock wave is very dif-
fuse. However, for case 6, where Kn^ = 0.009, the density profile
indicates a shock wave that is thick in terms of the total flowfield
disturbance.

Figure 1 shows that there is a large amount of thermal nonequi-
librium in the shock-wave and shock-layer regions for case 1, as
indicated by the fact that the internal temperature is well below
the translational temperature. The difference between the transla-
tional and internal temperatures in the shock layer decreases as
the freestream Knudsen number decreases. Thus, for case 6, where
KrioQ = 0.009, the flow achieves complete thermal equilibrium be-
hind the shock. However, there is still a considerable amount of
thermal nonequilibrium within the shock-wave region, as indicated
by Fig. 2.

Selected contours of the nondimensional density p/poo» the over-
all nondimensional kinetic temperature Tov/ TQQ, and the Mach num-
ber are shown in Figs. 3 and 4 for cases 1 and 6, respectively. The
density contours for case 1 (Kn^ = 0.078) show (Fig. 3a) that the
density rises gradually as the flow approaches the sphere, further
showing the diffuse nature of the shock wave that is characteristic
of highly rarefied flows. The density ratio varies from a maximum
of about 5.4 near the stagnation point to less than 0.05 in the wake.

Significant temperature disturbances (Fig. 3b) extend much far-
ther upstream than the density disturbances. The maximum value
of nondimensional temperature is 25 and occurs near the stagna-
tion point, whereas the temperature ratio T^/T^ at the surface is
26.31. This small difference indicates that the flow is not in com-
plete thermal equilibrium with the wall even at the stagnation point.
The wake is also a highly nonequilibrium region. At this Knudsen
number the molecules in the wake are expected to have a bimodal

4,0 r

-0.600 -0.500 -0.400 -0.300 -0.200 -0.100 0.000
x/d

Fig. 1 Flowfield structure along stagnation streamline, case 1:
11.25, Knoo = 0.078, Tw = 600 K, d = 0.01 m.
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Fig. 2 Flowfield structure along stagnation streamline, case 6:
12.92, Knoo = 0.009, Tw = 600 K, d = 0.02 m.

c) Mach number

Fig. 3 Selected contours, case 1: POO = 4.14 x 10~5 kg/m3, MOO =
11.25, Kn oo = 0.078, d = 0.01 m.

velocity distribution, and therefore the temperatures in the wake are
not meaningful in the thermodynamic sense.

The Mach-number contours (Fig. 3c) for case 1 show that the
flow decelerates gradually as it approaches the sphere, expands su-
personically at the shoulders, and remains supersonic in most of the
wake region. For case 6 (Figs. 4a and 4b) the density and temper-
ature contours show a rapid rise of density and temperature as the
flow approaches the sphere, further showing the formation of a thick
shock wave. Also, the density and temperature disturbances for this
case are confined to a smaller region than for case 1. The density ra-
tio varies from a maximum of about 6.27 near the stagnation point
to a value of less than 0.05 in the near wake. The Mach-number
contours (Fig. 4c) show that the subsonic region in the near wake is
considerably larger than that for case 1.

Surface Quantities
The surface-pressure and skin-friction coefficients are presented

in Figs. 5a and 5b, respectively. The results are shown as a function of
the circumferential angle 0, which is measured clockwise from the
stagnation point. The rarefaction effects can be seen by comparing
the results for the two cases shown in these figures with those calcu-
lated by assuming that case 1 is a free-molecular-flow situation. The
variation of pressure coefficient with rarefaction is moderate for the
diffuse gas-surface interaction assumed in the present calculations,
and all the cases are well below the free-molecule limit. In contrast,
the skin friction coefficient is very sensitive to rarefaction, as shown
in Fig. 5b, No evidence of recirculation (as would be indicated by
negative skin friction) is present.

Sphere Drag
Figure 6 presents a comparison of the calculated drag coeffi-

cient with experimental results.17 This comparison shows that the
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Fig. 5 Surface quantities.

calculated and experimental values agree to within 4%, which is
well within the experimental error. The effect of sphere size on the
drag coefficient can be seen by comparing the values in cases 1 and
3 (Table 3), where the freestream conditions are the same for both
cases and the sphere diameter for case 3 is twice that of case 1. Both
the calculated and the experimental drag coefficient are well below
the free-molecule value of 2.66 over this range of Knudsen numbers.

Wake Structure
Under rarefied flow conditions, the flow in the wake of blunt

bodies is even more rarefied than the rest of the flowfield. The in-
vestigation of the near wake of blunt bodies at these rarefied con-
ditions using the DSMC method generally requires that the entire
flowfield be simulated. Because of the large differences in density
between the forebody and wake regions, it is difficult to satisfy the
usual DSMC computational requirements with regard to number
of simulated molecules and time step without exceeding practical
computer limits of memory and CPU time. Therefore, a computa-
tional approach was used that allowed the wake region to be treated
separately, and that approach is described below.

A representative schematic of the computational domain for the
DSMC simulations of the complete flowfield of the sphere is shown
in Fig. 7a. The number density is generally high in the stagnation
region, where very thin cells are required. In order to maintain an
appropriate number of simulated molecules in these very thin cells
(on the order of 10), the number of real molecules represented by
each simulated molecule is set. The thin cells in the stagnation region
also require a small time step over which the molecule movement
and collision are uncoupled. However, the number density in the
wake region of the sphere is very small compared to that in the
stagnation region. For a reasonable sample of simulated molecules
in the cells of the wake region, each simulated molecule in this
region represents a smaller number of real molecules. Since the
flux of molecules across region boundaries must also be matched
in the DSMC simulations, the time step in the wake region must be
reduced to a value that is well below the minimum value required
for the forebody calculations. This leads to excessive computational
time for simulations.

The above problem has been overcome in the present simula-
tions by performing separate calculations for the wake region with
a refined grid and more appropriate time step. The normal compo-
nent of the flow at the wake-region boundaries is supersonic, and
therefore, molecule files are generated (those molecules are regis-
tered that cross the boundary to enter the wake) at these boundaries
by simulating the entire flowfield domain, where the wake region
is not well resolved. Then the wake-region flow is well resolved
by performing a secondary DSMC calculation using the previously
generated molecule output files as molecule input files at the same
boundaries (Fig. 7b). Further details of the general procedure are
given in Ref. 18.

The wake portion of the sphere for case 1 is very rarefied and is in
a thermal nonequilibrium state. The flow is supersonic even in most
of the near wake region (Fig. 3c). The values of temperature in the
near wake are characteristic of a bimodal velocity distribution when
two streams of molecules move relative to each other. In this case,
the molecules from the surface are mixing with the faster molecules
coming from the outer region. Figure 8 shows the streamlines for
this case. It can be seen that the flow is attached to the sphere sur-
face and there is no evidence of flow separation in the wake, as is
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Fig. 9 Streamlines, case 6:
K, d = 0.02m.

= 12.92, Kn^ = 0.009, Tw = 600

expected for this highly rarefied flow condition. A similar pattern
of the streamlines is also observed for the other cases.

The experimental flow conditions of case 6 (Kn^ = 0.009) in-
dicate that the freestream is in the near-continuum flow regime. For
similar flow conditions, the sphere wake has been analyzed numer-
ically using the Navier-Stokes equations reported in Ref. 12. For
the DSMC simulations, calculations for case 6 are first performed
for the entire flowfield including the wake region. Figure 9 shows
that there is no indication of flow separation in the wake. In order
to obtain further insight into the wake region, a second set of calcu-
lations is performed separately for case 6 by the method described
above. A very fine grid resolution is used for the cells, so that the
dimensions of a cell were less than the local mean free path. Further,
a large number of subcells are used to capture even the very small
velocity gradient within the cells. The number of molecules stored
in the molecule file was close to one-half million, so that statistical
error in the wake inflow boundary conditions should be small.

Figure 10 shows the calculated flowfield structure of the wake
for case 6. The velocity vectors clearly suggest (Fig. lOa) that there
is no evidence of any separation in the wake, whereas the Navier-

y/d

a) Velocity vectors

b) Nondimensional density p/p&

c) Translations! temperature rt/r«

d) Internal temperature T-JT

e) Mach number

Fig. 10 Wake flow structure, case 6: MOO = 12.92, Kn^ = 0.009,
rw = 600 K,<f = 0.02m.

Stokes calculations of Ref. 12 have predicted incipient separation
with a well-defined recirculation zone. The wake is very rarefied
with a considerable amount of thermal nonequilibrium (Figs. lOb,
lOc, and lOd). The flow is subsonic in a very small region of the wake
(Fig. lOe). Additional calculations were performed to investigate the
effect of freestream density, and even with the freestream density
an order of magnitude higher than in case 6, a stable vortex is not
observed in the wake (Fig. 11). For these higher density calculations
the cell dimensions were larger than the local mean free path.

In an attempt to further define the conditions for the onset of a
stable separated flow vortex in the wake, the freestream velocity
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y/d 0.50

Fig. 11 Wake velocity vectors (vectors not shown for all cells): MOO
12.9, Knoo •= 0.0009, p^ = 1.697 X 10~3 kg/m3, rw = 600 K, d
0.02 m.

x/d
Fig. 12 Wake velocity vectors (magnified view in near wake): MOO =
6.46, tfitoo = 0.0009, poo = 1.697 X 10~3 kg/m3, Tw = 600 K9d =
0.02m.
6.46,
0.02m.

was reduced to about half of that for case 6 while maintaining the
higher density used for the simulations shown in Fig. 11. The ve-
locity vectors are shown in Fig. 12. These results appear to show
a very small (note the scale change) region of highly disorganized
flow in the wake. These results were obtained as a time-averaged
solution over a large number of time steps after the overall flow-
field appeared to have reached the steady state (molecule number
settled to a fixed value). However, further studies, possibly using
ensembled-averaged unsteady-flow simulations, are needed to de-
termine whether these conditions truly represent incipient separa-
tion. Such simulations will obviously impose greater computational
demands for the study of transitional wake flows.

The DSMC calculations of Ref. 19 further verify that there is no
flow separation for conditions similar to that of case 6, and incipient
separation seems to occur at about the same conditions as has been
observed in the present study.

Concluding Remarks
DSMC simulations have been performed for a set of six low-

density wind-tunnel test conditions. Particular emphasis is placed on
the basic features of the sphere wake structure and how the structure
changes as a function of flow rarefaction.

The results show that the wake is a rarefied region and there
is a large amount of nonequilibrium between translational and in-
ternal energy modes for all the cases considered. The calculations
also show that there is no flow separation in the wake even for the
highest-density case, whereas Navier-Stokes calculations for simi-
lar flow conditions have predicted a steady vortex. This discrepancy
indicates that the Navier-Stokes formulation becomes inaccurate in
the wake, where the flow is very rarefied. Comparison of the cal-
culated sphere drag with experimental results shows agreement to
within 4%, which is well within the experimental error. Results of

the present study will provide the basis for improving future numer-
ical simulations of the wake flow for specific design configurations.
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