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Monte Carlo Simulations of Hypersonic Flows Past Blunt Bodies

, W. Wetzel* and H. Oertel Jr.t
German Aerospace Research Establishment (DLR), Gottingen, Federal Republic of Germany

This paper reports on the steps taken to develop a gas-kinetic simulation of hypersonic flows past the nose re-
gion of re-entry vehicles. For the validation of both the direct simulation Monte Carlo (DSMC) and the mole-
cular dynamics (MD) methods, the Oseen vortex decay problem was chosen to emphasize the conservation of an-
gular momentum. Furthermore, an analytical solution of the Navier-Stokes equation exists for this problem.
The results obtained with both methods correlate well with the analytical solution. The angular momentum is
conserved exactly in the MD method; however, in the DSMC method, the cell sizes must be sufficiently small to
conserve approximately the angular momentum because of the statistical assamptions. Both, the two- and three-
dimensional DSMC-codes have been verified for the hypersonic flow past a circular cylinder and a sphere, re-
spectively. The shock stand-off distance and the pressure distribution along the body surface were compared
with experimental results. In both cases, the agreement is very good. As an application to more realistic configu-
rations, the gaskinetic flow past the nose of a typical spacecraft is discussed for different Knudsen numbers.

Nomenclature
= velocity vector, vu?+ v2+ w?
=most probable thermal speed
= pressure coefficient
(0) =pressure coefficient in stagnation point
=Knudsen number
= geometric property in Oseen-vortex
=Mach number
=radius cylinder
=radial extent of cells
=thermodynamic temperature
=internal temperature
=overall kinetic temperature
=rotational kinetic temperature
=translational kinetic temperature
=vibrational kinetic temperature
=ratio of specific heats
=angle range at cylinder
=mean free path
= density
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Subscripts

w = wall values
oo = freestream values

Introduction

ECAUSE of the planning or development of new space-

crafts such as Hermes,! Hotol,2 Sdnger,? and future hy-
personic airplanes,* there is renewed interest in understanding
hypersonic flow. It is known that the development of the U.S.
Space Shuttle relied heavily on experimental data obtained in
wind tunnels and other experimental facilities. The experi-
ences gained in free flight compared with the experimental and
theoretical design are described in the literature.® These expe-
riences show that quite a few flow phenomena lack basic
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understanding and require further studies. In contrast to the
past design of the Space Shuttle, the Hermes vehicle is planned
to be designed with the help of advanced numerical methods in
order to reduce the expensive and time-consuming experimen-
tal investigations, especially in the rarefied flow regime of the
re-entry trajectory.

The focus of the present study is the low-density region in
the upper atmosphere, where numerical gaskinetic procedures
are available to simulate hypersonic flows. High-speed flows
under low density conditions deviate from a perfect gas behav-
ior because of the excitation of rotation, vibration, and disso-
ciation. At high altitudes, and therefore low density, the
molecular collision rate is low and the energy exchange occurs
under nonequilibrium conditions. For the simulation of such
complicated flow phenomena, models and assumptions that
must be checked separately are necessary.

Therefore, in this paper, the numerical gaskinetic codes are
first applied to perfect gas and simple configurations. A subse-
quent application treats the flowfield simulation past a typical
spacecraft nose under re-entry conditions. The simulation of
gas viscosity and the excitation of internal modes have been
approximated with gaskinetic models that are often used in an
engineering context.5

Gaskinetic Procedures

In the transitional flow regime between continuum and free
molecular flow, two gaskinetic simulation procedures, the
molecular dynamics (MD)? simulation procedure and the
direct simulation Monte Carlo (DSMC)® method, have been
investigated® and applied.!°

In the MD simulation procedure, the calculation starts with
randomly positioning a given number of particles within the
chosen control volume. The initial velocities of the particles
are related to the physical problem; they can, for example,
have a Maxwell distribution superimposed by a given macro-
scopic velocity. After the definition of the initial conditions,
the particles move with their individual velocities. The change
of the motion depends only on the chosen particle potential
and the conditions at the boundaries of the computational do-
main. For the hard sphere potential, which has been assumed
for all present MD results, there is no interaction between par-
ticles unless they collide with each other. Therefore, the time
step must not be chosen larger than the time span between two
subsequent collisions. Thus, in principle, for the¢ estimation of
the smallest time step, all possible collisions need to be
checked. Then all molecules are moved according to this small-
est time step, and just the single collision is then considered
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based on the governing equations for fully elastic collisions.

Macroscopic quantities can be calculated at any time by
sampling the properties of the particles. The advantage of this
procedure is that no grid is required for the calculation, and it
can therefore be applied to complex geometries. Although
modifications to the MD method will speed up the computa-
tions considerably, it remains a very time-consuming method.

The DSMC method is similar to the MD procedure in that
the paths of the model particles are determined, and the
macroscopic quantities as obtained by sampling the micro-
scopic quantities. The main difference between the methods
exists in the treatment of the collisions where statistical as-
sumptions are employed in the DSMC method. Because this
results in less computational effort, the DSMC method is pre-
ferred. A detailed description of the DSMC method is given,
for example, by Bird.?

Diatomic Simulation Models

The gas viscosity in the DSMC calculations was simulated
by using the variable hard sphere (VHS) collision model of
Bird.b In this model the temperature dependency of the visco-
sity is considered by a variable cross section that is inversely

proportional to the relative collision energy between the colli-

ding particles. ‘

The internal energies of molecules have been considered
with the phenomenological model introduced by Borgnakke
and Larsen.!! The essential feature of this model is that a part
of the collisions is treated as completely inelastic. The proba-
bility for inelastic collisions, where energy transfer between
translational. and rotational energies may occur, is directly
related to the rotational relaxation time. For the temperature
range in our calculations, the rotational energy is always fully
excited. At higher temperatures the vibrational degrees of
freedom become excited.'? To predict the degree of excitation
at a particular temperature, the harmonic oscillator model has
been used. The knowledge of the vibrational degrees of free-
dom enables the consideration of the translational-rotational
and vibrational energy exchange in a modified version!? of the
Borgnakke-Larsen model. The proportion of such inelastic
collisions is adjusted to the vibrational relaxation time.

Validation of the Gaskinetic Procedures

For the validation of the DSMC method and the MD proce-
dure, the problem chosen was the decay of Oseen’s vortex.
This flow allows one to check the sensitivity of the DSMC
method with respect to the conservation of angular momen-
tum. The advantage of this test case is that there is an analyti-
cal solution of the Navier-Stokes equations, see for example
Schlichting,'* to compare within the transitional regime.

The control volume for the simulation of the vortex decay is
sketched in Fig. 1. The characteristic length scale L of the
problem is chosen to be the distance between the vortex center
and initial location of the maximum of the velocity. At the
boundary of the control volume, the model particles are
reflected specularly, even though it is physically incorrect.

initial velocity - profile

Lz

Fig. 1 Sketch of the simulation domain.
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This way,; however, the total amount of angular momentum
within the control volume must remain constant. Thus, the
conservation properties of the considered method can be
checked directly. Knowing that the boundary condition is crit-
ical, care is taken that the influence of that condition does not
penetrate too far in the direction of the vortex center. The ex-
tension of the disturbance can be limited by choosing the sim-
ulation time approximately, based on the fact that weak dis-
turbances spread out with speed of sound. The interaction
between the particles is considered with the hard sphere colli-
sion model. ‘

In the case of the DSMC method the circular computational
domain has been divided into cells as shown in Fig. 2. All cells
have the same volume, and the radial extent of each cell is 0.8
mean free paths. Owing to the incompressible problem, the:.
mean free path is almost the same in the whole flowfield and
does not change strongly. The total number of particles is
roughly 80,000.

Figure 3 shows for Kn=0.1 a comparison of results for the
MD and the DSMC method with the analytical solution in
terms of velocity distribution. The velocity c is related to the
most probably thermal speed c,,. In the case of the MD
method, 10,000 particles are employed for the simulation. The
ratio between mean particle distance and particle diameter is
2.5. Bight independent runs have been made, and the corre-
sponding results have been averaged. The agreement between
the predicted and the analytical solution is good for both
methods. As expected, some systematic disagreement is recog-
nized near the boundary because of the chosen boundary
condition.
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Fig. 2 Monte Carlo cell discretization.
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Fig. 3 Velocity distribution for Kn=0.1.
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Fig. 4 Velocity profiles along the stagnation streamline (MO,, =5.48,
adiabatic wall).
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Flg 5 Pressure distribution along the body surface (M, =22.4,
Kn =0.1; Ty =293 K).

After having investigated these two gaskinetic techniques,
only the DSMC was used in the following because of its supe-
rior computational efficiency.

Comparison of Two-Dimensional and Three-
Dimensional DMSC Results with Experiment

For the verification of the developed two-dirmensional
DSMC code, the adiabatic hypersonic flow past a circular
cylinder is simulated, the fluid being argon. The calculations
have been carried out with the VHS collision model for
Kn=0.1 and 0.3 and a freestream Mach number of 5.48. Dif-
fuse reflection with complete thermal accommodation served
as body surface boundary conditions. Particles are generated
at the upstream boundary producing constant freestream con-
ditions. The particles that leave the control volume will be
neglected. The stationary state is achieved if the total number
of particles does not change with time. After the stationary
state is reached, time averages have been made to reduce the
fluctuations in the simulation results. Similar investigations
‘weré carried out in 1974.'5 Therein, however, the inverse
12th-power-law potential was used in the collision medel for
Argon. Figure 4 shows the velocity distribution along the stag-
nation streamline in comparison with the simulation results of
Crawford and Vogenitz.!* The shock standoff distance is ref-
erenced to the radius R. An additional comparison is the con-
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Fig. 6 Comparison of éxperimental and theoretical density profiles
on the stagnation line of a sphere (Kn=0.06, M, =3.8).

exit plane

Fig. 7 Lines of constant Mach nambers in a perspective view.

tinuum flow approximation, which has also been plotted in
Fig: 4. One recognizes the shock wave building up in front of
the body with reduced Kn with the shock thickness decreasing
toward the continiuum flow limit. The agreemerit between our
DSMC simulation results and the literature results!’ is good.

As another test case, the DSMC method was applied to the
hypersonic flow past an isothermal cylinder. The simulation
of nitrogen molecules is carried out with the VHS collision
model for Kn=0.1, M, =22.4, and a wall temperature of 293
K. The internal energy exchange of the diatomic gas has been
considered with the Borgnakke-Larsen!! model. This test case
was experimentally investigated by Koppenwallner.'¢ In Fig. 5
the pressure distribution along the body surface is shown for
the angle range of 0-90 deg. The comparison between mea-
surement and simulation is very good. As expected; the New-
tonian theory, which is also plotted in Fig. 5, deviates consid-
erably from the experimental results for larger angles because
the tangential momentum component dominates over the nor-
mal component for larger angles. )

For the verification of the three-dimensional DSMC code,
the supersonic flow past a sphere was simulated. The sphere
serves as test body for the three-dimensional code as the circu-
lar cylinder for the two-dimensional code.

In Fig. 6; a comparison of the calculated results with elec-
tron beam measurements by Russell!” is shown for the density
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distribution along the stagnation streamline. The flowfield
conditions are M, =3.8, Kn=A/R=0.06. At the body sur-
face, the adiabatic wall temperature was fixed. The predicted
three-dimensional DSMC results are in a good agreement with
the experimentally estimated density distribution ahead of the
sphere.

~Figure 7 shows the Mach-isolines in the calculated three-
dimensional flowfield. The sonic line that separates the sub-
sonic and supersonic region looks different in comparison to
the continuum case. The calculated subsonic region extends
around the front part of the sphere to the outflow boundary;
emphasizing the low density effect on flow structure.
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3

Fig. 8 Body-fitted cell discretization.
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Fig. 9 Lines of constant Mach numbers (Kn=1.5).
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Applicatien of the DSMC Method to a
Typical Spacecraft Nose

In the following paragraphs, the two-dimensional flow sim-
ulation past the nose of a realistic spacecraft is discussed for
different Knudsen numbers in the symmetry plane. The flow
conditions are chosen from realistic re-entry parameters, and
the boundaiy conditions aré similar to the conditions given
earlier. In Fig. 8 the body-fitted grid that we used for the flow
simulation at Krn=1.5 is shown. The cell sizes in the normal
direction to the body aré one mean free path of thé un-
disturbed gas flow. This mean free path corresponds to an alti-
tude of about 110 km, and the characteristic length is the aver-
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Fig. 10 Temperature distribution along the stagnation streamline
(Kn=1.5).
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Fig. 11 Temperature components along the stagnation streamline.
(Kn=0.08).
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Fig. 12 Overall temperature distribution (M_, =24, Kn=0.08).
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age nose radius in the symmetry plane. The grid chosen is only
used to investigate the flow structure. It must bé mentioned
that especially for the prediction of heat flux into the body the
resolution is not sufficient. In these initial calculations, the gas
viscosity of nitrogen molecules has been simulated with the
VHS collision model.

Figure 9 shows lines of constant Mach numbers in the sym-
metry plane of the flow past the typlcal spacecraft nose.

A shock layer in front of the nose is seen. The thickness is
about two mean free paths, which corresponds to about 1.5 m.
In Fig. 10 the temperature components along the stagnation
streamline are plotted. The translational temperature increases
across the shock wave to about 20,000 K. The large difference
between transiational temperature and internal temperature
points out a strong nonequilibrium state of the flow near the
stagnation point. This difference between the temperature
components decreases at lower altitudes since the collision rate
increases because of the higher density.

A further simulation was carried out at-a Knudsen number
of 0.08, corresponds to an altitude of about 95 km. Again the
temperature components along the stagnation streamline are
drawn (see Fig. 11). At this lower altitude, the vibrational de-
grees of freedom of the diatomic molecules are excited. Also,
the difference between translational and rotational tempera-
ture becomes smaller because of the larger collision rate as
mentioned earlier.

Figure 12 shows the overall temperature distribution along
the stagnation line, with and without real gas effects. The dif-
ferences are mainly due to the excitation of the vibrational
modes. The overall temperature is defined as the weighted
mean of the translational and internal temperature. It can be
seen that, for the chosen parameters, the real gas effect causes
approximately a 20% reduction in the maximum temperature.

Conclusion

ThlS paper describes results of steps to develop a gas-kinetic
simulation of hypersonic flowfields past blunt bodies. The
validation of the MD procedure and the DSMC method in a
vortex flow was carried out. It was shown that the DSMC is as
good as the MD method even with respect to the conservation
of angular momentum in vortical flows if the parameters of
‘the method are chosen appropriately. For the simulation of
hypersonic flowfields, the DSMC method is preferred to the
MD method because of the larger computational efficiency.

For further validation, the two-dimensional and three-
dimensional DSMC codes were applied to simulate the hyper-
sonic/supersonic flow past a circular cylinder and a sphere.
These simple bodies have been investigated éxperimentally in
detail by many authors and are well suited for the verification
of the numerical codes since real gas models are unnecessary
for the low temperature (7'< 1500 K) conditions. The compari-
son of the pressure distribution along the cylinder surface as
well as the density distribution ahead of a sphere are in good
agreement with the appropriate measurements. As an applica-
tion to more realistic configurations, the hypersonic flow past
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the nose of a typical spacecraft was discussed for two different
Knudseén numbers. The flow. conditions in these calculations
were similar to re-entry conditions. The simulation results
show the strong nonequilibrium state across the shock wave in
front of the body. At lower altitudes;, nonequilibriiim effects
become smaller since the density and therefore the collision
rate increases.

The next step will be the numerlcal mvestlgatlon concerning
réal gas effects in fully three-dimensional hypersonic flows.
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