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Navier-Stokes and Monte Carlo Results for Hypersonic Flow

Lyle N. Long*
Pennsylvania State University, University Park, Pennsylvania 16802

As interest in hypersonic flight is once again growing, this is an opportune time to re-examine the applicability
and limitations of our gasdynamic models. It is particularly important to address the flow regime between
rarefied and continuum gasdynamics (the slip or transitional regime) because these flows may be common on
future hypersonic vehicles and they are very poorly understood. This paper uses a full Navier-Stokes method and
a molecular simulation method to analyze an indented nose cone at hypersonic Mach numbers. The Navier-
Stokes code is based on a finite-volume, explicit Runge-Kutta time-marching scheme. The molecular simulation
method is based on the direct simulation Monte Carlo method. Theoretical and numerical differences between
the two methods are discussed. Heat-transfer predictions are compared to experimental data.

Nomenclature

CFL = Courant-Friedrichs-Lewy number, = cAz/Ax

= speed of sound

= total energy, = (e + u%/2)

= internal energy

= vector of flow variables, = [p, pu, pEY”

= velocity distribution function

Jouf1/» = first, second, and third terms in Chapman-Enskog
expansion of f, respectively

S o

Kn; = Knudsen number based on L, =N/L
Kn,, = Knudsen number based on cell size, = N\/Ax
L = characteristic length
M = Mach number
n = normal vector
/] = pressure.
q = heat transfer
qn = heat transfer normal to surface _
Re;, = Reynolds number based on characteristic length
L, =pUL/u
Re,, = Reynolds nimber based on cell size, Ax
S = surface area
= temperature
t = time
U = characteristic velocity
u = fluid velocity
U, = normal velocity, =u - n
14 = volume
v = molecular velocity
X = position in space
yr = nondimensional distance from wall
AS = incremental surface area (cell face area)
At = time step size
AV = incremental volume (cell volume)
Ax = representative cell size
Ay = representative cell size normal to wall
By = Kronecker delta
A = meaii free path
" = dynamic viscosity
Uy = bulk viscosity
v = kinematic viscosity
Yy = kinematic viscosity at wall
o = density
Ow = density at wall
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T = shear stress tensor
Ty = shear stress at wall
Introduction

HE current interest in hypersonic vehicles makes it im-

portant to quantify some of the differences between pre-
dictions based on continuum (Navier-Stokes and Euler) equa-
tions and those based on kinetic theory [e.g., direct simulation
Monte Carlo (DSMC)]. In addition, these predictions must be
compared with experimental data in order to assess the merits
of each method.

The purpose of the following paper is to discuss the merits
and deficiencies of both Navier-Stokes and Monte Carlo codes
from an engineering viewpoint. Neither continuum-based
finite- difference methods nor the Monte Carlo code are ide-
ally suited to the Reynolds number regime discussed here.
Navier-Stokes codes often have difficulty at low Reynolds
numbers, not only in simulating the physics but also in terms
of numerical stability.

The Monte Carlo code, although able to model the physics
well, requires a great deal of computer time (especially when
the Reynolds numbers are not very small). Both types of codes
were applied to the same geometry and compared to experi-
mental data. This paper will discuss the pros and cons, limita-
tions, and computer resources required for each method.

Another reason for performing this work was to evaluate
the feasibility of using DSMC in the near-continuum regime.
It is often stated that DSMC contains more of the physics than
Navier-Stokes solutions. If this is the case, as computers get
more and more powerful, DSMC might be used more and
more in this regime. In order to assess its usefulness in the
near-continuum regime, this paper presents results for the
DSMC in a regime where it is not usual§' fised.

Koppenwallner! has shown that Knudsen number or low
density effects can have a significant impaci on hypersonic
vehicles. He shows that the nose-up pitching moment of the
U.S. Space Shuttle was very poorly predicted due to Knudsen
number effects. To correct for this; the body flap had to be
deflected 15 deg, twice the expected amount. He claims that
these effects on pitching moment cannot be neglected when
M /~NRe, >0.01. Our predictive capabilities in the transitional
regime must be further developed and validated if we are to
design vehicles that travel at the outer edges of the atmo-
sphere.

This paper preseénts numerical predictions based on both
continuum and kinetic theory for an axisymmetric indented
nose cone. This particular configuration is called the Widhopf
1-10-10 configuration because it is made up of three radial arcs
having radii of 1, 10, and 10, as shown in Fig. 1. Hypersonic
vehicles experience extreme aerothermal heating over their
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Fig. 1 Widhopf 1-10-10 axisymmetric indented nose cone.

leading edges and nose cones. In some cases, the nose cone has
ablated into a shape similar to that of the configuration con-
sidered here.?

The uneven ablation process is due to a complicated shock/
shock and shock/boundary-layer interaction process that is
not well understood. Once the ablation begins, it is further
aggravated by the bow shock from the nose impinging on the
indentation. This shape change can significantly alter the
forces on the vehicle, and, consequently, its trajectory. Refer-
ence 3 presented experimental heat-transfer predictions for
this configuration at M = 9.89 and Re = 2.96 x 10° (based on
nose radius). The Knudsen number based on the nose radius
(0.05) indicates that the flowfield is within the near-continuum
or slip regime. This is a rather small Knudsen number, and few
Monte Carlo simulations have been attempted at these condi-
tions because of the significant computer resources required.
Of particular interest will be the differences between the con-
tinuum and kinetic theory approaches in the vicinity of the
shock waves and how this affects the surface quantities.

References 4 and 5 analyzed this configuration using
Navier-Stokes methods. Reference 6 compares DSMC and
parabolized Navier-Stokes (PNS) predictions for similar con-
figurations. The PNS approach requires that at least two
different codes be used, one to start the solution in the nose
region and one for the PNS marching solution. The present
calculations were done by a single computer program based on
the full Navier-Stokes equations.

Continuum vs Kinetic Theory Approaches

Gasdynamics can be modeled as a continuum or as a system
of particles. The continuum approach is the most common,
primarily because it is mathematically simpler and is valid for
many fluid flows. However, the kinetic theory approach has a
wider range of validity. The main limitations of kinetic theory
are due to mathematical and numerical complexities that made
it difficult to obtain numerical solutions with reasonable
amounts of computer time.

The equation that governs the kinetic theory of binary colli-
sions is the Boltzmann equation.” The Boltzmann equation has
only one unknown, the velocity distribution function f, but
for a single-species monatomic gas, this is a function of seven
variables f(x,f,v). This distribution function represents the
fraction of molecules in the volume between x and x + Ax that
have a velocity between v and v + Av.

An important parameter in the kinetic theory of gases is the
Knudsen number. The characteristic length must be based on
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the flow gradients,® e.g., L = Q/(V Q), where Q is a represen-
tative flow variable such as temperature or velocity. If the
Reynolds number is based on the same characteristic length,
then one can show that Kn = 1.5M/Re.

The continuum conservation equations (mass, momentum,
and energy) are obtained by multiplying the Boltzmann equa-
tion by M, mv, and mv?, respectively, (where m is the
molecule mass) and then integrating over all velocity space.
However, they contain more unknowns than equations, and
the real difficulty comes in deriving the constitutive relations
for the shear stress tensor, r and the heat transfer ¢. These are
usually determined by expanding the distribution function as
an asymptotic series in the Knudsen number.

Euler solutions are essentially the zeroth-order approxima-
tion to the Boltzmann equation and are only valid in the limit
as Kn—0. The Navier-Stokes equations are the first-order
approximation (f, + Knf}), valid for Kn < 1. Since the Navier-
Stokes equations are obtained by expanding fin an asymptotic
expansion in K#n, they are only valid for small Knudsen num-
bers. Chapman and Enskog?® independently evaluated the sec-
ond term f) to obtain expressions for the constitutive relations
for the Navier-Stokes equations.

References 7-14 describe, in a variety of ways, the limita-
tions of the continuum approach. The limitations are usually
in the definition of the constitutive relations and not the mass,
momentum, and energy conservation equations. That is, the
equations that relate the shear stress and the heat transfer to
the other variables break down. '

Numerical Method Used to Solve the
Navier-Stokes Equations

There are a wide range of approximations to the Navier-
Stokes equations. These include inviscid (Euler), boundary-
layer, parabolized Navier-Stokes, thin-layer Navier-Stokes,
Reynolds-averaged Navier-Stokes (turbulent flow), and full
Navier-Stokes equations. In addition to the various approxi-
mations, there are also many numerical approaches. The most
common types can be classified as explicit, implicit, or spec-
tral. . '
The present method is an explicit, finite-volume, Runge-
Kutta time-marching scheme applied to the full Navier-Stokes
equations. The flowfields are laminar and the perfect gas
assumption is used. Because of the very small Reynolds num-
ber used here, the assumption of laminar flow is justified. This
algorithm was originally developed for the Euler equations!®6
and has since been extended to the Navier-Stokes equations.

-The code used here was déveloped by Lockheed and its
capabilities were extended under contract to the Air Force
Wright Aeronautical Laboratory.!” The code is called the
Three-Dimensional  Euler/Navier-Stokes  Aerodynamic
Method (TEAM) and is described completely in Ref. 17. How-
ever, the code used here was a very early version of the TEAM
code; some of the performance estimates and capabilities de-
scribed here have been significantly improved since this ver-
sion was developed. The:TEAM code solves the integral form
of the Euler or Navier-Stokes equations'®:

¢ e fos

where
p
F=\ ou
oE
pUy
G = puu, +pn—n-r

pHu, —n-7-u + q,
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where H is the total enthalpy. The shear stress tensor is given
by '

7y = pil(Bu;/0x;) + (Bu;/3x)) + ;[pp — (2/3)p] (Qu;/8x;)5;5

Typically, one assumes p; = 0, but this is not necessarily valid
for compressible (especially hypersonic) flows. The preceding
equations simply state that the rate of change of the mass,
momentum, and energy of the fluid within the volume ¥V is
equal to the flux of these quantities through the surface S
bounding the region V.

The cell-face quantities are approximated by averaging the
two cell-centered values on either side of each face. On a
uniform mesh this is equivalent to a second-order-accurate
central-difference scheme that has to be augmented by numer-
ical dissipation to maintain stability. Jameson et al.’® devel-
oped an adaptive dissipation scheme that adjusts the dissipa-
tion depending on the strength of the pressure gradient.

We have also incorporated Roe’s'® approximate Riemann
solver, which is a characteristic-based upwind scheme into the
TEAM code. This can be used in place of the adaptive dissipa-
tion scheme and is usually required at high Mach numbers. A
subroutine was written to calculate dissipative fluxes using a
form of the dissipation scheme described by Gnoffo.2

The TEAM method can be used to analyze the flowfields
around realistic complete aircraft configurations, including
wings, canards, tails, fins, engine inlets, engine exhausts, fuse-
lages, etc. This is possible because the computational domain
can have a zonal structure, allowing it it be broken up into
large regions (zones) as is necessary to generate suitable grids
for realistic aircraft configurations.

Numerical Method Used to Solve Kinetic Theory

Several solution procedures for kinetic theory have been
attempted with varying degrees of success. There are basically
three types of numerical methods: numerical solutions to the
Boltzmann equation,?! numerical solutions to model equa-
tions,2? and particle simulations.” The attempts to numerically
solve the Boltzmann equation have not been very successful
for a number of reasons, as described in Refs. 7 and 21.
However, a new and promising approach is described in Ref.
23. A new particle approach, cellular automatons, is discussed
in Ref. 24, The most common model equation approach is
based on the BGK (Bhatnager, Gross, Krook) equation,?
which replaces the complicated collision integral with a much
simpler algebraic function. This does reproduce the Boltz-
mann equation in the limit of very small or very large Knudsen
numbers but is an approximation in the transition regime. It
also yields a Prandtl number of 1.0.

The most widely used particle simulation method is the
DSMC method of Bird”-'%% This method has had years of
development and validation. The DSMC method does not
actually solve the Bolzmann equation directly. However, this
téchnique and the Boltzmann equation are derived in a similar
manner. Nambu?% shows that the DSMC method is equivalent
to solving the Boltzmann equation. The DSMC, as imple-
mented, is more general than the Boltzmann equation. It has
been used to model chemical reactions, three-body collisions,
catalytic reactions, radiation effects, and ionized flows. These
effects would be very difficult to incorporate into a determin-
istic code. ]

In the DSMC method, the flowfield is broken into cells
similar to those in finite-difference techniques. Simulated gas
molecules are followed through a series of motions and colli-
sions. The molecules move from one cell to another according
to their own velocity. The cells are only used to decide which
molecules will collide and for sampling.

In the past, the DSMC method was applied to either two-di-
mensional or axisymmetric problems. However, three-dimen-
sional problems can now be solved using this approach.?” The
technique has been very successful despite its simplicity and
the fact that it does not model the actual number of molecules.
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The DSMC method has typically been applied to transitional
or rarefied flows; however, with the ever-increasing power of
computers, it may be used for fairly small Knudsen numbers
as shown here. The primary disadvantage of this technique is
the large amount of computer time required (several days of
time on a minicomputer). }

The DSMC uses array indexing schemes that do not vector-
ize, and consequently the Cray-XMP is only five times faster
than a VAX 8600. Since the Cray costs much more than the
VAX, it is not cost-effective for this code and was not used for
the DSMC predictions. It is very important to pursue alterna-
tive methods both in terms of hardware (e.g., parallel proces-
sing) and software that may offer advantages in computa-
tional efficiency. Nearest neighbor-type problems such as
explicit computational fluid “dynamics methods or particle
simulation methods are ideally suited to massively parallel
processors such as the Connection Machine as shown in Refs.
28 and 29. o

TEAM and DSMC Algorithmic Differences

There are numerous differences between the TEAM code .

and the DSMC code. A few of these will be elaborated here.
They include accuracy considerations, user friendliness, grid
requirements, and time-step constraints. The accuracies of the
TEAM and DSMC codes are difficult to compare. TEAM,
like all finite-difference schemes, is based on Taylor series
expansions. It is second-order accurate, so the truncation er-
ror is ©(Ax?). This description of.the ‘error analysis is only
valid where the derivatives are smooth. Near shock waves or
boundary layers the derivatives are very large and the solution
cannot be approximated well by a Taylor series expansion. In
these regimes, the numerical accuracy is difficult to estimate.
These high-gradient regions are also where the continuum
approximation will break down first. The numerical contin-
uum approaches produce shock waves that are typically sev-
eral Ax thick, when in fact they should only be a few mean free
paths thick (depending on the Mach number).

The DSMC method also assumes the flow properties vary
slowly across a cell because the molecular positions within the
cells are ignored in the calculation of collisions. That is, a
molecule within a cell can collide with any other molecule in
that cell, even if the two are moving away from each other.
However, a straightforward Taylor series expansion to deter-
mine the truncation terms may not be possible. The scheme
should probably be classified as being between first-order and
second-order accurate. The primary accuracy difference be-
tween DSMC and TEAM is that the DSMC method is a
statistical approach, whereas TEAM is deterministic. There-
fore, the accuracy of DSMC depends on the number of sam-
ples taken. In some cases this may have advantages in practical
applications where an approximate solution may be useful, for
instance in the early stages of design.

In finite-difference calculations, the intermediate solutions
(prior to convergence) often have no meaning (since pseudo-
time or iterative methods are used) and their accuracy cannot
be quantified very easily. The deterministic approach may, in
the end, be misleading since the actual flowfield is not deter-
ministic anyway. The atmosphere is not completely pre-
dictable, and even at low altitudes there are turbulent compo-
nents. At hypersonic speeds and high altitudes there are
significant unknowns. The atmospheric density may vary up
to 10%, and the chemical composition can also vary.

Since both codes assume that the flow properties vary
slowly from cell to cell, the grids are very important. In fact,
for high accuracy one must estimate where the gradients will
be before the codes are run and then cluster the cells in that
region. In some cases this is relatively easy (such as in a
boundary layer), but in others (such as for complex reflected
shock waves) it cannot be done ahead of time. The optimum
approach would be some kind of adaptive grid scheme or
adaptive grid refinement. This is being pursued for both
Navier-Stokes and DSMC methods. As these methods are
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applied to more and more complex geometries, grid adapta-
tion will be essential.

Another major difference between TEAM and DSMC is the
grids required. The TEAM method uses a structured zonal
approach. Within each zone the cells are very ordered or
structured. The DSMC method uses an unstructured zonal
approach. Although the DSMC grids may be structured, this
information is not used in the code. The different zones are
primarily used to keep the number of simulated molecules per
cell roughly constant from one region of the flowfield to
another.

In the future we will be using unstructured tetrahedral grids
in a three-dimensional DSMC code and a new Navier-Stokes
code. The unstructured approach makes grid refinement fairly
straightforward; cells can be simply subdivided. However, this
approach makes it very difficult to develop programs that
vectorize or parallelize. These tradeoffs must be addressed in
the future for both finite-difference and Monte Carlo
schemes.

In order to compare the cell-size requirements (which are
related to computer memory and speed requirements) for the
two approaches, it is instructive to perform some order-of-
magnitude estimates. In Navier-Stokes methods, one can de-
scribe cell size in terms of a cell Reynolds (or Peclet) number,?
which is a key parameter in determining the stability and
accuracy of the method [in addition to the Courant-
Friedrichs-Lewy (CFL) or Courant number]. The cell Rey-
nolds number is defined as

Since
Rey, = 1.SMAx/\

~ we can write
Ax/N\ = 2Res./3M

where M should be interpreted as a local Mach number. This
now puts the Navier-Stokes cell Reynolds number in a form
comparable to that discussed in the DSMC literature: cell size
and mean free path. Ideally, in the DSMC method, one would
like to have Ax <\, but more work should be done in deter-
mining the effects of exceeding this limit.

One constraint on the Navier-Stokes cell size is the mini-
mum required to accurately predict surface heat transfer and
skin friction. One rule®! is that the first cell should correspond
toay* <1, where

Tw
y —
y* ='v_ pw/Vw

w

The quantity y is the distance normal to the wall. One empiri-
cal formula to meet this criteria is to set the first cell size using
Ay =0.05L /v Re;, but this will be problem dependent.

Since L = ARe;/1.5M, the preceding equation can be
rewritten as

Ay/N=0.03VRe, /M

For example, if M = 0.05 (e.g., in a boundary layer) and
Re; = 100, then Ay = 6A. Considering that the DSMC method
has been used for Ay > A, the preceding equation shows that
the Navier-Stokes methods can require cells that are of the
same size as DSMC in some cases, especially at low Reynolds
numbers. .

The other key parameter is the time step required by the two
methods. In Navier-Stokes methods, one normally speaks in
terms of a CFL number and a cell Reynolds number. For a
four-stage Runge-Kutta-scheme, the viscous time step limit
(based on a one-dimensional model equation) is given by

CFL/Re,, = vAt/Ax*<0.7
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or
At <0.7Ax%/v

To compare the preceding to the DSMC conditions, we can
approximate the kinematic viscosity by » = (2/3)A¢, which
gives

At < 2.1Ax%/\e

Now, the mean collision time is approximately given by
t. = 0.75N\/c, which means the preceding becomes

At < 1.4At,/Kn2,
or
At/t, < 1.MM/Rex )

where M and Re,, are local flow quantities. This puts the
Navier-Stokes code time-step limit in a form similar to the
DSMC code. Ideally, one should use a time step on the order
of the mean molecular collision time in DSMC. This can be
exceeded without a major loss in accuracy in some cases.
There are no stability problems with the DSMC method, but
most Navier-Stokes methods are very sensitive to their stabil-
ity limits. For highly nonlinear problems, such as those with
strong shocks, or complex three-dimensional flowfield, these
stability limits cannot be predicted very well. But when the
local cell Reynolds number and Mach number are of the same
order, the time step will have to be on the order of the mean
collision time even in the Navier-Stokes code. During the
initial stages of a DSMC calculation, one can use quite large
time steps, and they can be reduced once the problem ap-
proaches convergence. This cannot be done with Navier-
Stokes methods due to the stability constraints. Also, one
must compare the number of computations per time step; the
Navier-Stokes method has thousands of floating point opera-
tions to perform per time step.

It should be pointed out that the Reynolds number depends
on a continuum concept and one should be careful in develop-
ing criteria for rarefied flow using such ideas. This is clearly an
approximation but often is the best one can do.

In another area, ease of use, neither of these codes can be
considered a ‘‘black box’’ that could be turned over to some-
one with little or no background in gasdynamics. One difficult
aspect of the DSMC method is specifying the ratio between the
number of physical and simulated molecules. One would like
this number as low as possible, but computer memory limita-
tions usually force this to be quite high (e.g., 10'%). In order to
set this number, one must almost estimate the amount of mass
in the final flowfield solution and then divide by the flowfield
volume. For complex geometries this is simply not possible
and one must resort to trial and error. If the number is set too
low then the number of simulated molecules will increase to
the number that the Fortran array was dimensioned to. Above
this point, the solution will be in error. It would be useful if
this process could be automated.

One must also specify the time step to use in the DSMC
method. Ideally, this should be computed automatically
within the code based on accuracy constraints. The ratio of the
mean collision time and the time step can be easily printed out.
But one must manually adjust the time step if it becomes too
large. In codes such as TEAM, the time step is automatically
calculated according to the CFL number that was input and
this time step can be different for each cell (for a steady-state
problem).

The complexities of the TEAM and DSMC computer pro-
grams are also quite different. The TEAM code contains
roughly 10 times more lines of Fortran than DSMC (20,000 vs
2000). The TEAM solver has impressive geometric capabilities
and is well documented, but complex three-dimensional grids
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are very difficult to develop for it. Some grids can take several
months to develop. The DSMC code now is fairly well docu-
mented, but, since it is essentially an unstructured grid solver,
it will be much easier to generate complex three-dimensional
grids for it. The DSMC method includes more physics as well,
such as thermal and chemical nonequilibrium (finite-rate
chemistry). In general, Monte Carlo methods result in much
simpler codes than finite-difference methods. This can be an
important point since code maintenance and modifications
can be quite costly. The length of the code can also be a
measure of how accessible it is to the user(s).

Results

This section will present results from both the TEAM
(Navier-Stokes) code and the DSMC method. Additional re-
sults and color pictures of the flowfield are presented in Ref.
32. The configuration to be analyzed is shown in Fig_ 1. The
freestream static and wall temperatures were 189 and 293 deg,
respectively. The flow conditions were M = 9.89, Kn = 0.05,
and Re = 2.96 X 10%, based on nose radius. The Navier-Stokes
predictions assumed a perfect gas, and no finite-rate chemistry
was used in the DSMC predictions. No-slip boundary condi-
tions were used for the Navier-Stokes, and fully diffuse reflec-
tions were used in DSMC.

11,
il
i
"
bl

Fig. 2 Grid used in Navier-Stokes code (72 X 127 x 11).

Fig. 3 Two-zone grid used in DSMC Code (39 x 150 and 9 x 75).

AIAA JOURNAL

The grids used in this study were different for the Navier-
Stokes and DSMC method. However, since the two are very
different, the grid requirements for each are different. There-
fore, although it would have been interesting to have used the
same grid for the two, it did not seem essential. For the
Navier-Stokes predictions, a three-dimensional grid with
72 x 127 x 11 nodes in the normal, streamwise, and radial
directions were used, as shown in Fig. 2. Since TEAM does
not include an axisymmetric option, it had to be modeled as a
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Fig. 4 DSMC and TEAM heat-transfer predictions compared to
experimental data.}
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Fig. 5 Surface pressure predictions for DSMC and TEAM codes.
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Fig. 6 Skin-friction predictions from DSMC and TEAM codes.
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three-dimensional shape. This will allow us to investigate this
configuration at angle of attack in the future.

The value of y + in the Navier-Stokes code was<1 in the
cells near the wall. For the cases run herein, the TEAM code
used approximately 62 words of memory per cell and in full-
Navier-Stokes mode required approximately 0.0001 CPU s/
cell/cycle using the adaptive dissipation scheme (on a single
processor Cray-XMP). However, the newer version of the
TEAM code runs significantly faster (for thin shear-layer cal-
culations it only uses 0.000025 CPU s/cell/cycle). The results
presented here used 33,000 cycles and 98,406 cells. The CFL
number had to be quite small (0.1). The second-order-accurate
upwind scheme requires roughly 50% more CPU time per
cycle but is more robust than the adaptive dissipation scheme
at hypersonic Mach numbers.

For the DSMC predictions, a two-dimensional two-zone
grid of 39 X 150 and 9 X 75 nodes was used (Fig. 3). There
were a total of 6477 cells in the flowfield. The ratio of simu-
lated to real molecules was different in the two zones, in order
to minimize the number in the far field. The DSMC grid was
finer in the freestream direction. The solution was assumed
converged when the number of simulated molecules leveled
off at some level. The DSMC code used here required approx-
imately 290 words of memory per cell. In the calculations
made here, approximately 115,000 simulated molecules were
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used. A VAX 8600 was used for the calculations. It was able
to calculate approximately 3000 simulated collisions (and
move approximately 7000 molecules) per CPU s. Several
weeks of VAX time was used for the present calculations.

Heat-transfer predictions of Holden? are compared to pre-
dictions in Fig. 4. These data were taken in a Calspan shock
tunnel. Both TEAM and DSMC predicted the peak heating
rate quite well, but there are minor differences away from the
point of peak heating. Figure 5 shows excellent agreement
between the surface pressure predictions from the DSMC code
and the Navier-Stokes code (TEAM). Figure 6 shows the
predicted skin friction; this quantity is the least correlated
(between the two prediction methods) of the flow quantities.
The large amount of scatter in the DSMC predictions is be-
cause in the expansion region after the nose there are very few
molecules. One should probably have a separately defined
zone of cells there with a higher ratio of simulated to real
molecules. Also, the code could have been run for a longer
time, which was not possible here.

The robustness of the DSMC method is illustrated by these
results. That is, the DSMC code (in this author’s experience)
can be run for a short time or with few molecules, and the
results will be approximately correct but exhibit statistical
scatter. On the other hand, Navier-Stokes codes can fail less
gracefully but will display nice smooth curves and 64-bit num-

Fig. 7 DSMC predicted temperature contours (K).

Fig. 8 TEAM predicted temperature contours, 7/ 7.
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Fig. 9 TEAM predicted entropy contours, AS/Sc.

Fig. 10 Ratio of translational temperature to internal temperature from DSMC code.

bers that are significantly in error. The DSMC-predicted flow-
field around the nose cone, shaded according to temperature,
is shown in Fig. 7. The Navier-Stokes flowfield predictions
(T/T) are displayed in Fig. 8, where T, = 189 K. In the
region of the shock/shock interaction, the temperatures ex-
ceed 2900 K. Both codes predict qualitatively similar flow-
fields, but the shock layer downstream of the impingement
point is thicker in the Navier-Stokes solution.

The flowfields in the nose regions are quite different in the
TEAM and DSMC predictions. DSMC predicts a fairly thick
shock, whereas TEAM predicts a very sharp shock. The
DSMC predictions are expected to be more realistic here since
the nose radius is only 20 (freestream) mean free paths, and
the actual characteristic length will be even smaller than the
nose radius. As shown in Ref. 25, the continuum approach
starts becoming a poor approximation at these Knudsen num-
bers due to the large local Knudsen numbers that occur in the
shock wave. The freestream Knudsen number is a poor indica-
tor of when the continuum approximation will break down.

Figure 9 shows the TEAM predictions for entropy change
(measured from the freestream entropy). The values are very
high in the shock waves and near the body. The layers directly
adjacent to the body show an entropy decrease due to the
cooled (constant temperature) wall. The well-known entropy-
layer effect typical of hypersonic blunt-body flows is visible in
this figure. Of particular interest is Fig. 10, which shows the

ratio of the translational temperature and the internal temper-
ature from the DSMC code. This shows significant statistical
scatter. The air was modeled as O, and N, diatomic molecules
with vibrational and rotational degrees of freedom. At equi-
librium, the energy will be equally distributed between the
various degrees of freedom and there will only be one temper-
ature. The ratio shown in this figure is a measure of the
thermal nonequilibrium in the flowfield, which cannot be
predicted by the TEAM code at this time. As expected, it is
highest near the body and in the shock waves.

It should be stressed that no grid or algorithmic parameters
were adjusted to make the predictions agree better with exper-
iment. Although most codes will give the correct solution with
enough coaxing, it is very important to have prediction meth-
ods (as opposed to ‘“‘postdiction”). Also, in engineering envi-
ronments where these codes will be used, it is very important
that they be used with confidence when the solution is not
known. The solutions presented here could, of course, be
improved by iterating on the grid or clustering points near the
gradients.

Conclusions
This paper has described some of the differences and simi-
larities between a Navier-Stokes code (TEAM) and the direct
simulation Monte Carlo code. Both programs appear to be
quite effective for hypersonic flowfields. However, both re-
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quire substantial computer time. In the flow regimes where
both are applicable, one must evaluate which one is better
suited to meeting the user’s requirements. In some cases, it will
depend on the cost of engineering man-hours compared to
computer hours. The DSMC method has been used and vali-
dated extensively in the aerospace community and should be
part of every organization’s toolbox of codes. For the same
level of physics modeling, the DSMC code will be easier to
write, maintain, and use.

However, as the Reynolds number gets larger, the DSMC
will require much more computer time than the Navier-Stokes
methods. These results do show that the DSMC method can be
used in the near-continuum regime. As computer power in-
creases, the DSMC method will be used at higher and higher
Reynolds numbers because it is earier to include all the compli-
cated physics and chemistry of high-speed flows. Much more
work should be done toward adapting the DSMC method to
vector and parallel computers.
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