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This parametric study assesses the influence of upstream domain size and grid resolution upon flowfield
properties and body aerodynamics computed for rarefied flows over cold blunt bodies with a direct simulation
Monte Carlo (DSMC) particle method. Empirical correlations are suggested for aerodynamic coefficients for
two-dimensional flows past a perpendicular flat plate. Freestream parameters that were varied in the study
include the Mach number, Knudsen number, surface temperature, and intermolecular potential. Insufficient
grid resolution leads to overprediction of aerodynamic heating and forces in the DSMC method. Molecular
diffusion from the body surface results in greater far-field domain influence as flow rarefaction increases. As
a result, insufficient upstream domain size in the DSMC method leads to overprediction of heating and drag.
Simulation of a hard sphere gas is more sensitive to grid resolution, whereas simulation of a Maxwell gas is
more sensitive to upstream domain size. Finally, a simple study of normal shock waves indicates that a grid
cell dimension less than one-third of the upstream mean free path is required to capture shock profiles accurately.

Nomenclature
C — aerodynamic force coefficient
H = plate height
Kn_ = Knudsen number, A///
Kn = Whitfield's correlation parameter, Eq. (6)
L = upstream domain size
L = domain size correlation parameter, Eq. (16)
M = Mach number
Nuw = Nusselt number at the wall, Eq. (7)
n = gas number density
Pr = Prandtl number, Eq. (8)
Q = freestream kinetic heat flux, p^ulJ2
q = aerodynamic net heat flux
Re = Reynolds number, Eqs. (2) and (3)
St = Stanton number, Eq. (9)
T = temperature
u = flow velocity
x = location relative to stagnation point
x = distance from plate to T half-rise location
a = intermolecular potential exponent
y = ratio of specific heats, 1.4
8 = length of a cubic grid cell
A = gas mean free path
p = gas mass density

Subscripts
a = adiabatic wall condition
D = drag
ERR = error coefficient
L = lift over top half of body
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r = pertains to rotational mode
s = stagnation value
t = pertains to translational mode
w — wall value
°° = freestream value

Superscripts
DOM = pertains to domain effects
RES = pertains to resolution effects
* = presumed-correct value

Introduction

F LOWFIELD characteristics about blunt bodies during
atmospheric entry lead to considerable challenges for

computational simulation. Highly rarefied flows, where the
gas density n is low and the mean free path A between mo-
lecular collisions is high, are better suited to particle simu-
lation methods, such as the direct simulation Monte Carlo
(DSMC) technique pioneered by Bird,1 rather than contin-
uum techniques based upon the Navier-Stokes equations.
DSMC methods employ many model particles whose motion
and interaction simulate gas dynamics directly. The simulated
flowfield is divided into a network of small cells to facilitate
collision modeling and statistical sampling.

The computational burden of DSMC methods, however,
grows proportionally with local gas density and the size of the
computational domain. In typical entry flows, the body sur-
face temperature is rather low compared with the stagnation
temperature, leading to a steep density gradient near the body
surface. Accurate simulation of this flowfield requires suffi-
cient grid resolution near the body. Alternatively, the extent
of freestream rarefaction results in a leading shock layer that
is fully merged with the boundary layer of the body, yet ex-
tends far upstream. Accurate simulation therefore requires a
large upstream computational flow domain. Together, these
requirements rapidly drive the computational cost of the par-
ticle simulation method upward. Hermina2 and Woronowicz3

studied grid resolution effects for flows over slender bodies
and flat plates parallel to the freestream direction. In contrast,
the present study addresses flow over blunt bodies. Also,
errors resulting from limited domain size became evident in
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recent computations of aerobraking of the Magellan space-
craft.4 The DSMC researcher must therefore understand what
simulation costs are necessary to obtain a solution of sufficient
accuracy.

The objective of the present parametric study was to assess
quantitatively the sensitivity of aerodynamic loads and gas
properties to grid resolution and simulation domain size in
blunt-body, hypersonic, rarefied flows. These results allow
the researcher to make an intelligent tradeoff between sim-
ulation cost and accuracy. In addition, correlations are sug-
gested for aerodynamic coefficients and flowfield properties
over a wide range of freestream conditions.

Methods of Analysis
The present study employed an efficient particle simulation

technique5 6 to investigate the net heat flux q and aerodynamic
forces on a two-dimensional flat plate of height H facing per-
pendicular to the flow direction. Gas temperature Tand num-
ber density n were also computed along the stagnation stream-
line. The following ranges of flow conditions were used:

Mv = {5, 10, 20}
Kny = {0.1,0.3, 1, 3, 10}
TJT^ = {1,5, 9}
a = {4, 8, ^}

For each flow case, the gas was modeled with two fixed in-
ternal DOF leading to a constant ratio of specific heats of
y = 1.4. Interaction of the gas with the plate surface at wall
temperature Tw was modeled as fully diffuse and thermally
accommodated. All simulations employed between 4-64 par-
ticles per cell as the input freestream number density n~,_. The
code used cubic Cartesian cells of uniform dimension through-
out the flowfield, but this does not alter the conclusions of
the present work when applied to DSMC codes with variable
cell dimensions.

For each set of flow conditions, the simulation resolution
and domain were varied considerably and their effects upon
solution accuracy were determined. Grid resolution is defined
by //, whereas the flowfield domain size is defined by the
distance L of the computational field upstream of the plate,
where both H and L are measured in units of grid cells of
linear dimension d. These length scales are depicted sche-
matically in Fig. 1 along with x that represents the location,
far upstream of the plate, where the local translational tem-
perature first reaches half of its peak value.

To estimate the local mean free path length in the DSMC
technique, note that any two particles in the flow may collide
with one another only if they both reside in the same grid
cell. Furthermore, any two particles within a given cell can
collide with one another regardless of their respective posi-
tions in the cell. The collision probability for a particular pair
of neighboring particles is assessed as a function of molecular
constants and the relative translational energy of the pair.5 If

Domain Boundary

the cell dimension 8 near the cold body surface is too large,
then energetic particles at the far edge of the cell are able to
readily transmit momentum and energy to particles imme-
diately adjacent to the surface. The latter particles may, in
turn, transmit that energy and momentum to the surface. This
leads to overprediction of both the surface heat flux and the
aerodynamic force on the body than would occur in the real
gas. This error is minimized by reducing the cell dimension
relative to the local mean free path of molecules near the
surface. From equilibrium kinetic theory, where translational
velocities have a Maxwellian distribution, the local A is related
to the local n and T as follows:

(A/A.,) = (nJn)(T/TJ-"* (1)

Domain Boundary

Fig. 1 Definition of simulation length-scales and schematic represen-
tation of temperature and density profiles upstream of a cold plate of
dimension H in rarefied flow.

The exponent of the assumed inverse-power intermolecular
potential a may vary between the limits of the Maxwell mol-
ecule (a = 4) and the hard sphere (a =' °°). The expression
in Eq. (1) is not exact for flows far from translational equi-
librium, but will suffice to characterize the degree of rare-
faction in the flow. Employing the stagnation temperature
and density near the plate surface from the DSMC simulation
leads to an approximation of the stagnation mean free path
A s . Theoretical estimates of Av were derived by Whitfield,7

but were limited to particular flow conditions and were not
as convenient as the simple expression in Eq. (1) for use in
the present study.

As a consequence of Eq. (1), regions of high density lead
to short mean free paths, requiring finer cell resolution to
capture flowfield gradients accurately. Such behavior char-
acterizes hypersonic rarefied flows near cold blunt-body sur-
faces.

Flowfield Characteristics and Correlations
Having computed flowfield properties and aerodynamics

over a wide range of input conditions and simulation param-
eters, it proved instructive to summarize the most accurate
results, i.e., those corresponding to grids of sufficient reso-
lution and domains of sufficient size.

Flow Along the Stagnation Streamline
Density profiles along the stagnation streamline upstream

of the plate are plotted in Fig. 2a to demonstrate the effects
of freestream rarefaction. Note that the density at the plate
surface (at x/H = 0) is significantly higher than the freestream
value. This behavior is slightly more pronounced, and the
gradients are steeper, for flows at lower Kn^. This, combined
with the fact that lower Kn^ means that the freestream \^_ is
short, dictates that the cell resolution must be very fine com-
pared with more rarefied flows. Notice that there is no real
shock structure ahead of the body except at the lowest Kn^.

Temperature profiles along the stagnation streamline for
these same flows are plotted in Fig. 2b. Temperature was
defined by the variance of particle velocities. These curves
clearly demonstrate that the body influences the flowfield far
upstream. This domain of influence increases with Kn.^ as a
result of upstream diffusion of particles that reflected from
the body surface. By contrast, Kn^ has little effect upon the
resultant stagnation temperature and density at the plate sur-
face.

For a given freestream Knudsen number, the effects of
Mach number on the streamline profiles are demonstrated in
Fig. 3. Greater Mach number leads to significantly greater
stagnation density and temperature, as well as greater peak
temperature. However, unlike Kn^, M^ has very little effect
on the extent of the domain of influence upstream of the
plate.

As is evident in the profiles in Fig. 4, however, Tw affects
all flowfield properties including the peak temperatures, stag-
nation values, and the extent of the domain of influence of
the plate in these rarefied flows. This results from particles
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Fig. 2 Effects of flow rarefaction Knv. upon profiles along the stag-
nation streamline: a) number density and b) temperature.
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Fig. 3 Effects of Mach number upon profiles along the stagnation
streamline.

reflecting from hotter surfaces with greater energies, leading
to greater relative translational velocities and flowfield tem-
peratures. Energetic reflections from the hotter surface re-
duce the net buildup of particle density near the plate.

Finally, the effects of employing different exponents a of
the intermolecular potential are demonstrated in Fig. 5. Just
as with Kn^ different potentials have little effect upon the
stagnation temperature or density, but lower values of a greatly
increase the extent of the domain of influence upstream of
the body. Plotting the local mean free path as computed with
Eq. (1) shows that A is much greater for a = 4 than for a =
°°. The flow therefore becomes effectively more rarefied, and
the profiles are indicative of those corresponding to large Kny,
in Fig. 2. Also, the gradients for the hard sphere are steeper
and lead to lower Av at the stagnation point on the body
compared to the Maxwell molecule. These observations are
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Fig. 4 Effects of wall temperature upon profiles along the stagnation
streamline.
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Fig. 5 Effects of intermolecular potential upon profiles along the
stagnation streamline.

consistent with the interpretation that the Maxwell molecule
has a more viscous, diffusive nature than the hard sphere
molecule because of its greater cross section. As a conse-
quence, accurate DSMC solutions for hard sphere gases re-
quire finer cell resolution, whereas solutions for Maxwell mol-
ecule gases require larger upstream computational fields.

Many of these effects are summarized by plotting Av and x
for all flow conditions. The stagnation mean free path cor-
related fairly well with the product RewKn*'4 as plotted in Fig.
6. The Reynolds number based on the wall temperature is
defined from the temperature dependence of the coefficient
of viscosity and is given by

(2)

where the freestream Reynolds number is determined from
Bird's definition of mean free path8 as follows:

- 4/a)(4 - (3)

Employing a least-squares log-log fit to the data in Fig. 6 leads
to the following simple expression for the stagnation mean
free path for these flows

A, - \J(2RewKn*4) (4)

This correlation takes into account the effects of all flow pa-
rameters (M^, Kn^, a, and 7)V), and demonstrates that Av is
strongly dependent upon M^ and weakly upon Kn^_.
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Fig. 6 Empirical correlation for the stagnation mean free path.
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Fig. 7 Empirical correlation for the extent of the domain of influence
upstream of the body.

As plotted in Fig. 7, the upstream extent x of the domain
of influence of the body is correlated against the product

1
1 - 21 a (5)

Again, this gives a fair correlation and encompasses all pa-
rameters. Here, x exhibits stronger dependence upon Kn~,_
than upon M^.

All correlations suggested in the present study were de-
veloped through parameterization. That is, simulation results
for cases with identical flow conditions except for a given
parameter were compared with each other to assess depen-
dence upon the given parameter. Simulation results were plot-
ted using quantities multiplied by powers of the independent
parameters.

Correlations for Aerodynamic Coefficients
No existing theory describes completely the heating and

aerodynamic loading of bodies over the entire range of Reyn-
olds number. The objective here is only to estimate the de-
pendencies of the aerodynamic coefficients upon flow con-
ditions empirically, rather than develop a detailed theory for
them. In addition to numerous experimental investigations,
previous computational attempts to identify correlation pa-
rameters have met with some success, including those of
Woronowicz9 for flat plates parallel to the freestream flow,
and Gilmore and Harvey10 for flat-ended cylinders. The latter
work concludes that l<n, defined by

Kn = + 1] (6)

is reasonable for correlating heat transfer. The results of the
present study employed this parameter to correlate Nuw, di-
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Fig. 9 Empirical correlation for plate drag and lift forces.

vided by V^TzI, to obtain the result plotted in Fig. 8. Here,
Nuw is defined from the following expressions:

Nuw = RewPrSt

4y
Pr =

9y - 5

qlQ

Ta y - 1

(TJTJ - (TJTJ

y
7+l\y-l + 2Ml

(7)

(8)

(9)

(10)

The last expression closely approximates the adiabatic wall
temperature for free molecule flows11 and is assumed to be a
fair estimate for the rarefied flows studied here.

Aerodynamic drag and lift on the plate did not vary sig-
nificantly among the flow cases, but did exhibit some weak
correlation to the ratio ReJKn^ as plotted in Fig. 9. In the
present context, the lift coefficient CL is defined by the body
force, perpendicular to the flow direction, over the top half
of the plate only. Defining CL in this way yields a parameter
that will prove below to be sensitive to grid resolution and
domain size. Naturally, integrating the force over the top and
bottom halves of the plate would yield zero lift force due to
symmetry.

Grid Resolution
For all flow conditions within the Knudsen number range,

0.1 < Kn~,_ < 1.0, simulations were performed to assess the
effects of grid resolution upon solution accuracy. Since all
flow parameters and aerodynamic coefficients are normalized
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Fig. 10 Effect of grid resolution upon profiles along the stagnation
streamline upstream of the plate.

by the plate height, grid resolution was defined by the ratio
H/8. At each flow condition, simulations were performed us-
ing plates measuring H/8 = {2, 4, 6, 10, 20, 40, 60, 100, 200,
400}. Although simulation accuracy in the flow scenario de-
scribed here is dominated by grid resolution at the body sur-
face, the ability to capture shock wave profiles is also sensitive
to resolution. A simple grid study was performed for the
simple one-dimensional shock flow problem and the results
are presented in the Appendix.

Resolution Effects on Flowfield Profiles
The density and temperature profiles along the stagnation

streamline ahead of the body are plotted in Fig. 10 for Kn^_
= 0.3. For the coarse grids, where H/8 < 100, the profiles
were smeared considerably. For H/8 > 100, the profiles co-
alesced to a single form and were assumed therefore to rep-
resent accurate solutions. This same general behavior was
observed for all flow conditions, although the resolution re-
quired to capture the appropriate profiles did not need to be
as fine at larger Kn^ compared with lower Kn^. For example,
at Kn^ = 1.0, accurate profiles were obtained at H/8 ^ 60.

Resolution Effects on Aerodynamic Coefficients
For each simulation, the coefficients for heating and aero-

dynamic forces were computed. To assess the errors corre-
sponding to a given flowfield resolution, the aerodynamic
coefficients computed with the finest resolution at each flow
condition were assumed to represent the "correct" values for
that flow. It was the stagnation density and temperature from
that solution that was also used to determine Ay as plotted in
Fig. 6.

As observed qualitatively for all flow conditions, coarse grid
resolution led to overprediction of heating, drag, and lift. The
errors dropped considerably with finer resolution. Errors in
the aerodynamic coefficients were correlated and plotted against
the product \xRew/8 in Fig. 11. Best agreement was obtained,
through parameterization, by employing error coefficients de-
fined as follows:

(11)

(12)

(13)

Superscript * denotes the value for the coefficient that was
assumed to be most accurate from the finest resolution sim-
ulation. These plots provide an engineering assessment of the
accuracy associated with a given grid resolution, in terms of
stagnation mean free path, for a given set of flow conditions.
Scatter in the plots resulted from imperfect correlation pa-
rameters and the statistical limitations inherent to the DSMC

10*

^ 10

a)

b)

10"

10'

10" 0.1 1 10 100
Rew (Xs/6)

1000

1 U

1C'1

10''

1°'o

'

\ *** 0»

• A D^ A

: * ./ D "
&

o

1 1 10 100

Rew (Xs/5)

Kn
• 0.1
D 0.1
* 0.1
0 0.3
A 0.3
A 0.3
• 1.0
0 1.0
H 0.3
ffl 0.3
M 0.3

M
5

10
25

5
10
25

5
10
10
10
10

10

T a

I oo

1 8

00

1 U

10'1

10'2

10'3

1°;

[ .:'•&£" -* ^S »f* B ^ ii
r * 1
• M

' * ' K. ^1 *

: " £*
• 9K

: T* = TW / TOO

1 1 10 100

Rew (V8)

Kn
• 0.1
D 0.1
* 0.1
O 0.3
A 0.3
A 0.3
• 1.0
0 1.0
* 1.0
& 0.3
ffl 0.3
X 0.3
M 0.3

M
5

10
25

5
10
25

5
10
25
10
10
10
10

10

T :

4
8

00

c)
Fig. 11 Correlated effect of DSMC grid resolution upon aerodynamic
coefficients for all flow conditions: a) heating, b) drag, and c) lift.

technique. Scatter is particularly noticeable at the highest
resolutions where the errors are small relative to the accuracy
of the simulation method.

Domain Size
For rarefied flows in the higher Knudsen number range (1.0

< Kn^ < 10.0), simulations were performed to assess the
influence of the upstream flowfield domain upon solution
accuracy. In view of the results above, the cell resolution used
in each case here was sufficiently fine such that the stagnation
mean free path exceeded one cell-length near the body. The
objective here was to employ different upstream computa-
tional field sizes, defined by L in Fig. 1, to determine the
minimum acceptable domain size required for a given penalty
in solution accuracy. At each flow condition, simulations were
performed using domains of dimensions LIH = {0.1,0.2,0.5,
1, 2, 4, 8, 16, 32}.
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Fig. 12 Effect of DSMC domain size upon profiles along the stag-
nation streamline upstream of the plate.

Domain Size Effects on Flowfield Profiles
Flowfield density and temperature along the stagnation

streamline are plotted for one flow condition in Fig. 12 em-
ploying different domain sizes L. With sufficiently large L,
all the curves coalesced to a single curve to represent the
assumed correct profile as represented at L/H = 32. With
insufficient upstream domain (i.e., small L), density and up-
stream temperature are underpredicted while the peak tem-
perature is overpredicted. However, once the simulation
domain size exceeded roughly twice the distance of the tem-
perature half-rise point ;c, the temperature and density profiles
followed the expected forms predicted when ample upstream
domain was employed. Although not presented here, behav-
ior for all other flow conditions are qualitatively similar to
these results.

Domain Size Effects on Aerodynamic Coefficients
Quantitative assessment of the errors in aerodynamic loads

on the plate for simulations employing different upstream
domain sizes are presented in Fig. 13. The errors for each
case are computed relative to the aerodynamic loads that were
obtained using the largest domain L and presumably represent
the correct values. Each plot employs a length scale normal-
ized by x. As expected, the errors in predicted aerodynamics
decreased as larger upstream domain sizes were used. Aero-
dynamic heating q and drag CD were overpredicted in all
cases. The lift forces were so small for these rarefied flows
that the errors for each domain size were negligible relative
to the statistical fluctuation of the simulation, and were there-
fore not plotted. Through parameterization, the best corre-
lations over the range of flow conditions employed error coef-
ficients defined by

1 + 4/a
I - 21 a

I + 4/a
I - 21 a

(14)

~-m 7^-1 as)
and a domain-size correlation-parameter given by

L = (L/x)(TJTny*[l/(l + 2/a)] (16)

Note that the data levels off as the L drops below roughly
0.3. In the limit of decreasing upstream domain, the incoming
flow is almost completely unaffected by particles reflecting
from the plate surface such that the aerodynamic loads ap-
proach the values corresponding to the free molecular flow
limit. For heating and drag, the limit is less erroneous for
flows at greater Kn^, since free molecular flow represents the
limit of greatest possible rarefaction. The interesting paradox
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Fig. 13 Correlated effect of DSMC domain size upon aerodynamic
coefficients for all flow conditions: a) heating and b) drag.

is that, while the domain of upstream influence increases with
Kn.,_, the penalty in terms of solution accuracy is less dramatic
compared to simulations at lower Kn^.

Concluding Remarks
When employing direct particle simulation methods, ac-

curate simulation of highly rarefied flows about cold blunt
bodies requires sufficient computational grid resolution and
upstream flowfield domain size. The objective of this para-
metric study was to assess quantitatively the penalty suffered
in solution accuracy when minimizing computational expense
by using short domains and coarse grids. Qualitative results
were similar for all freestream conditions. Empirical corre-
lations were also suggested for stagnation streamline prop-
erties and aerodynamic loading over the range of flow con-
ditions.

Accuracy penalties for grid resolution and domain size were
expressed in terms of flowfield properties As and x. These
results indicate that no single criterion or "rule-of-thumb"
exists to specify suitable simulation parameters for all flow
scenarios. Rather, the researcher must tradeoff the costs as-
sociated with a given resolution and domain size with the
accuracies estimated for the particular flow simulation. This
assessment may be done through the use of the plots presented
in the present work. Nonetheless, as concluded in the Ap-
pendix, a simple criterion given by 8 < A~,./3 may be specified
for accurate simulation of normal shock wave profiles.

The quantitative results of the present work apply specif-
ically to the two-dimensional flow about a flat plate perpen-
dicular to the freestream direction when y = 1.4. However,
they likely apply reasonably well to any cold-wall, blunt-body,
hypersonic, rarefied flow problem.

Appendix: Shock Wave Resolution Study
When specifying cell sizes throughout the flowfield, it is

helpful to understand quantitatively the effects of grid reso-
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lution on the DSMC solution. While insufficient grid reso-
lution can reduce significantly the accuracy of predicted aero-
dynamic heating and forces in blunt-body flows, it can also
smear density and temperature profiles in normal shock waves.

To compliment the blunt-body results above, a series of
one-dimensional shock flows were simulated with the DSMC
method using grids of differing resolution. A single repre-
sentative flow condition was simulated pertaining to a hard
sphere diatomic gas at M^ = 20 and y = 1.4 in the freestream.
Neglecting the vibrational mode, the rate of internal energy
excitation was specified arbitrarily by a fixed rotational col-
lision number of 5. The grid cells were cubic and uniform
throughout the flowfield, with linear dimensions d defined
relative to the freestream A^. The six simulation cases were
specified respectively by \J8 = {0.3, 0.5, 1, 3, 6, 10}.

Profiles of density, translational temperature, and rota-
tional temperature are plotted in Fig. Al. Given sufficient
relaxation distance, the pre- and postshock conditions for all
cases were identical, matching the expected Rankine-Hugo-
niot shock jump conditions. However, the shock profiles were
smeared considerably for coarse resolutions given by \^ld <
3. With all profiles centered at a common half-rise point for
density in Fig. Ala, note that the coarse temperature profiles

are smeared and are further upstream of the density shock
than those obtained with finer grid resolutions. Furthermore,
coarse resolution fails to capture the overshoot in translational
temperature associated with finite rotational relaxation in the
shock. Simulations for flow at M^ = 5 yielded identical re-
sults.
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