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High-Altitude Capsule Aerodynamics with Real Gas Effects
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Re-entry capsule aerodynamics within a wide range of angles of attack and flight altitudes are examined by
the direct simulation Monte Carlo method. The local bridging method is verified by comparison with results of
simulations. Capsule stability is analyzed for flight altitudes from 130 km down to 85 km. Comparison between
computed and free flight data shows a good agreement. A qualitative change of heat transfer coefficient behavior
for different angles of attack during the descent is revealed. The influence of chemical reactions on aerodynamics
and flowfields at 85 km is shown to be significant. For a flow simulation in the near-continuum regime, a parallel
version of the direct simulation code, with static and dynamic load balancing techniques, is used. An efficiency of
about 80% is obtained for 256 processors using dynamic load balancing.

Nomenclatare
Ca = axial force normalized by p, U2 S/2
Cy = heat transfer normalized by p,, U2 S/2
C, = pitching moment normalized by p,, UDZOS L/2
Cy = normal force coefficient normalized by p, U2 S/2
Cr = local coefficient
Creone = continuum coefficient
Cr tm = free molecular coefficient
F, = bridging function
H = altitude, km
Kn = Knudsen number
Kny. = Knudsen number based on u, Ty, and pec
L = characteristic length, m
N, = number of molecules in cell /
Ny = average number of simulated molecules in the
computational domain
Npwe = number of processors
S = characteristic size, m?
Ty = stagnation temperature, K
feale = calculation time
Teom = communication time
tidle = synchronization time
Lo = total operation time
Uy = freestream velocity, m/s
o = angle of attack, deg
g = volume of interaction region in cell /, m?
o = stagnation viscosity, kg/m-s
uy = majorant frequency, s~
Poc = freestream density, kg/m®

Introduction

HE emergence of new capsule programs has lately drawn con-

siderable interest in the aerothermodynamics of these vehicles
along the entire flight trajectory. Capsules are widely used for the
transportation of payloads to orbital space stations. Accurate in-
formation on capsule acrodynamics along the descent trajectory,
cspecially momentum characteristics, allows one to understand the
capsule performance and, therefore, increase the payload and reduce
the heat-shield thickness on the aeroshell capsule.
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One of the main problems is the capsule static stability. Normally,
the capsule instability arises at high altitudes. The stabilization of
the capsule attitude usually occurs in the near-continuum regime
(H ~ 90 km), as the capsule approaches the peak heating. An accu-
rate prediction of aerodynamic characteristics and heat fluxes during
the possible tumbling of the capsule on the first stage of re-entry
trajectory is therefore of great importance.

The principal goal of the present work is to study the aerothermo-
dynamics of a re-entry capsule from the free-molecular to the near-
continuum regimes, in the range of altitudes from 130 km down to 85
km. In this range of altitudes, a considerable redistribution of pres-
sure and friction forces takes place. To obtain realistic data on the
capsule aerodynamics in high-temperature flows, the real gas effects
have to be taken into account. These effects, which become partic-
ularly important for H =85 km, are also discussed in the paper.

Computational Approaches

A combination of engineering tools, experimental means, and
numerical methods is used in the design of high-altitude re-entry
capsule aerodynamics.

Though commonly used, the low-density, high-enthalpy wind
tunnels often suffer from a lack of accuracy due to the small size of
models, insufficient accuracy of measurement techniques, and flow
nonuniformities. Rarefied gas effects are also difficult to assess by
flight experiments due to inaccurate measurements related to weak
forces and moments.

Engineering tools usually utilize bridging functions that serve as
interpolation between free-molecular models and continuum mod-
els. This approach often fails when predicting the center of pres-
sure. It also does not permit one to estimate heat fluxes with a high
accuracy.

On the numerical side, the continuum flow theory is no longer
valid, and the simulation of low-density flows is based on a ki-
netic description connected with the Boltzmann equation. The most
promising of the kinetic approaches is the direct simulation Monte
Carlo (DSMC) method, which is widely used for numerical model-
ing of low-density flows.

Both DSMC and engineering tools are utilized here to ex-
amine capsule aerodynamics for different flow regimes. A com-
bined usage of the two different approaches—the exact but time-
consuming DSMC method and the fast but approximate engineering
approach—has an evident benefit when studying typically compiex
three-dimensional capsule flows.

Engineering Approach

For calculating the capsule aerodynamics by the engineering
method, the aerodynamic modeling system RAMSES! is used,
where the local bridging approximation is implemented. Generally,
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bridging methods allow one to construct fast engineeting codes for
aerodynamic calculations in the flow regime between free-molecular
and hypersonic continuum conditions. The local bridging methods
take advantage of the fact that both limits, namely the free-molecular
and the Newtonian continuum, can be described by a local aero-
dynamic analysis. The aerodynamic coefficients of a local surface
element depend only on freestream and local properties, such as the
local angle of attack, and local surface interaction.

The same local aerodynamic behavior is also assumed to be ap-
plicable in the transitional flow regime. The gap between local con-
tinuum and local free-molecular coefficients is bridged by semi-
empirical functions that in principle are a weighted mix of the known
limit values. The weighting function depends on independent cor-
relations or similarity parameters, such as Knudsen number, and is
usually determined by analysis of experimental results. One thus
assumes for individual local coefficients ¢,

o= CrmFp(Kn, a, .. ) + creomll — Fp(Kn, a, .. )]

For the transitional flow regime, the local bridging provides a de-
pendence of pressure and shear stress coefficients on independent
parameters.

In this paper, the generalized, asymmetric er f — log Kn bridging®
is used, which allows an asymmetric transition of variable span
between continuum and free-molecular flow. For this method,

F,=05 (1 + erf{{[:—nlog [gno'(:)] })

Two important constants have been introduced here. The first
one, Kn,,, determines the Knudsen number at the center of the
transitional regime. The center of transition is defined by F, =0.5
and is obtained for erf =0. The error function has this value for
log [Kno, o0 /K1 ()], which is the case for Kng o, = Kn,,,. With the
constant Kn,, we, therefore, fix the value of Kny , at the transition
center. The second constant, AKn, gives the logarithmic width of
the transitional regime.

Kinetic Approach

The DSMC method is conventionally regarded as a phenomeno-
logical method of physical simulation of rarefied flows.* Conversely,
the statistical simulation method is constructed directly from the
spatially nonuniform master Leontovich kinetic equation for the N-
particle distribution function.* Because the Boltzmann equation can
be derived from the master kinetic equation for an N-particle sys-
tem under the conditions of molecular chaos, the DSMC method is
regarded as a numerical method for solving the Boltzmann equation.

The majorant cell and free cell frequency schemes* of the DSMC
method were used in the computations. In the present paper, the fol-
lowing combined method is applied.’ The computational domain is
divided into uniform Cartesian background cells. The time between
consecutive collisions t is simulated for each background cell from
the probability density v,, exp{—v,, t}. Here, the majorant frequency
of collisions is

NN, =1
o = o (o) gl
&

The exponential form for  allows one to accurately model the
collision process for a small number of particles in a cell. The linear
size of the background cells is specified to be approximately equal
to the freestream mean free path. An interaction region, defined by
&y, governs the local collision resolution. In an undisturbed flow, an
interaction region coincides with a background cell. In other flow
regions, the linear size of an interaction region is adapted to the local
mean free path during the modeling process. In fact, the interaction
region is a virtual cell and similar to a cell in the cell scheme. Thus,
there are two kinds of fictitious collisions. The first kind is connected
with a distance between particles to be collided and is defined by the
interaction region, and the second one is due to the relative collision
velocity g.

The inclusion of the density gradient enables us to decrease the
linear size of a virtual cell along the direction of flow gradient to

enhance the grid resolution. The combined use of cell (background
cells) and free cell (virtual cells that are smaller than background
cells) makes it possible to achieve adequate spatial resolution in the
entire flowfield. In conjunction with the correct collision number for
even small number of particles in a cell, this allows one to simulate
the flow at very small Knudsen numbers.

The use of the DSMC method for solving complicated practical
problems at flight altitudes of 120-300 km is relatively straightfor-
ward from the computational viewpoint. However, the simulation
of flows at altitudes of 80-120 km faces extra difficulties due to
the following factors: physical and chemical processes and high gas
density leading to a high number of molecular collisions.

To simulate the physical peculiarities of high-temperature air-
flow about a capsule, the following models were used: a variable
soft sphere® (VSS) model for intermolecular potential, the Larsen—
Borgnakke model’ with discrete rotational® and vibrational® ener-
gies for energy exchange between translational and internal modes
of molecules, and a chemical reaction model'” that takes into ac-
count vibration-dissociation coupling.

Air is considered as a five-species gas mixture (N, Oy, NO, N,
and O) with 15 dissociation and 4 exchange reactions. The param-
eters for VSS intermolecular interactions are taken from Ref. 3.
The diffuse law is taken for gas—surface interaction with complete
accommodation of translational and internal energies.

To overcome computational difficulties related to the reduction
of the Knudsen number, the parallel version of the DSMC code
with the domain decomposition for load balancing (LB)!! was used
to simulate three-dimensional rarefied flows around the capsule at
the altitudes of 90 and 85 km. Parallel computers are currently the
only means for obtaining accurate data in the near-continuum flow
regime with the DSMC method.

Parallel DSMC Strategies

The DSMC parallelization is traditionally based on domain de-
composition. Its essence is the partitioning of the computational
domain into subdomains and the allocation of each subdomain to a
particular processor. The processes of particle collision and transport
are simulated independently in every subdomain, and the exchange
of information between the subdomains is carried out by transferring
the particles that leave the subdomain to another processor.

The total time of the processor operation is #io = fealc + feom + fidle-
The principal goal of parallelization is to minimize fcom and #igj.. The
time of calculation ¢, depends on the number of particles in each
subdomain, the number of collisions, and the presence of a body.
This significantly complicates the procedure of subdividing into
subdomains because a large difference in f., for various processors
causes a strong increase in f;4.. The main method of decreasing the
difference in ¢, is the use of a load balancing.

The main LB types are 1) static, where the domain is partitioned
before the computation, and 2) dynamic, where the balancing of
processors is performed during the computation. Both the static and
dynamic LB techniques are used in this paper. The neighboring
background cells are united into groups, so-called clusters, that are
the minimum spatial unit; these are distributed and transferred be-
tween the processors. The algorithms used in the present work are
scalable and require only local, not global, knowledge of the load
distribution in a system.

1) Static LB: The probabilistic approach of cluster allocation is
used here. The main advantages of this approach are its low cost and
fairly good balancing for a small number of processors (Npe < 64).
The basic drawback is the violation of data locality: Each processor
has clusters located in different places of the computational domain,
and in the general case its neighbors are all other processors; the
large number and size of communications between the processors
result in a sudden drop of efficiency when increasing the number of
processors.

2) Dynamic LB: A uniform distribution of clusters between the
processors is initially assumed. As the flow structure changes,
the clusters are redistributed between neighboring processors in
the physical network. The data locality is conserved, and the amount
of work and direction of its transfer are determined by the heat dif-
fusion procedure.'?
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The main results on the DSMC parallelization of computations
of the flow about a capsule at the altitude of 85 km are summarized
next.

As aresult of the large difference in workload for each cluster, the
overall speedup of the computation is quite low for standard spatial
decomposition without LB (about a factor of 25 for 256 proces-
sors). The speedup increases dramatically when the LB techniques
are used. Figure 1 shows the speedup as a function of the number
of processors for static and dynamic LB. The difference between
the two approaches is negligible if a small number of processors
(Nproe < 64} is used. If the number of processors is increased up to
256, the difference accounts for 30%.

Figure 2 presents the distribution of the number of processors
VS fee/ty for various types of LB. In all cases the reduction of
efficiency is related to the presence of a few processors whose cal-
culation time is much larger than the calculation time of other pro-
cessors. This is especially noticeable for computations without LB
and also for static LB at Ny, = 256.

The main reason for the imbalance and the difference of computed
and theoretical speedup is the difference in £y, rather than in f.yp.
The communication time is small because of both a high speed
of data transfer and a small volume of transferred data. For 256
processors and dynamic LB the maximum number of transferred
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Fig. 3 Influence of the number of particles: o, total; O, pressure con-
tribution; and ¢, friction contribution.

molecules was less than 1% of the total number of molecules. Further
speedup improvement can be achieved by balancing f.,. through the
cluster exchange aimed at exact correspondence to the amount of
work to be transferred.

Animportant argument for using parallel computers in the DSMC
computations of three-dimensional flows in the near-continuum
regime (Kn < 0.01) is a strong dependence of distributed and total
aerodynamic characteristics on the number of simulated particles.
Figure 3 shows the aerodynamic characteristics C4, Cy, and C,,
for different N,,(H = 85 km and o = —20 deg). The analysis of the
contribution of pressure and friction forces to the aerodynamic char-
acteristics shows that the friction forces are very sensitive to N,,. If
the number of particles is not large enough, this causes a significant
increase in the number of repeated collisions, i.e., collisions of the
same pairs of particles repeated many times during their lifetime.
Such an increase amplifies the statistical dependence between model
particles. In fact, this reduces the number of effective collisions and,
therefore, increases an effective Knudsen number.

The number of collision cells may also affect simulation results,
and particular attention has therefore been paid to provide for ade-
quate grid resolution. For computations of flows at altitudes higher
than 90 km, virtual cells whose linear size is smaller than the lo-
cal mean free path were used. When computing flows at 90 km,
and especially 85 km, though, the number of collision cells is enor-
mous even for modern parallel computers. The use of the free cell
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scheme allows one to weaken the requirements for computer mem-
ory. However, the utilization of a huge amount of virtual cells results
in a significant increase in the computational time. An analysis of
the effect of grid resolution on simulation results has therefore been
performed. The study is conducted for H = 85 km, o = —20 deg,
and N,, =38 x 10% When decreasing the number of virtual cells
from 40 x 10° to 20 x 105, the results did not change, but further
decreasing down to 5 x 10° gives a change of 1% in total aerody-
namic characteristics. To avoid any influence of the grid, the other
computations are conducted with 20 x 10¢ virtual cells.

Results and Discussion

Aerodynamic Coefficients

Both the kinetic and engineering methods were applied here. The
comparison of aerodynamic coefficients C4 and Cy (Figs. 4 and
5) obtained by two different methods shows that the accuracy of
the local bridging predictions lies within 5%, which is quite suit-
able for practical applications. The contribution of pressure forces
to these characteristics is weakly dependent on the flight altitude,
and the contribution of friction forces decreases during the descent
(Fig. 6).

Both numerical approaches yield a similar behavior of the pitch-
_ing moment coefficient C,, as a function of the flight altitude (Fig. 7).
At high flight altitudes the capsule is statically unstable at the zero
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angle of attack, and its stabilization takes place at an altitude of
~90 km. This is explained by the redistribution of pressure and
friction forces as altitude is decreased (Fig. 8). The pressure gives a
positive contribution to C,,, whereas the friction forces give a nega-
tive one, which is substantially reduced along the descent trajectory.

The difference in the pitching moment coefficient C,, predicted by
the local bridging method from the DSMC results is rather consid-
erable (~20%) around the angles of attack where the static stability
parameter 3C,,/d« is close to zero. Near the trim angle, the abso-
lute values of C,, are very small, and the local bridging method does
not permit a credible estimate of qualitative behavior of C,,. For in-
stance, at @ = —10 deg and H = 100 km the local bridging method
yields C,, < 0, whereas the DSMC value is C,, > 0. Therefore,
for a detailed analysis of capsule aerodynamics, the DSMC method
should be used to correct the local bridging predictions.

Comparison with Experiment ]
The comparison of both DSMC and engineering data with free-

- flight results'® was made for the altitude of H =85 km. The force and

torque coefficients predicted with the DSMC method are in excellent
agreement with free-flight ones for the whole range of variation of
the angle of attack (Fig. 9). The local bridging gives C4 and Cy
coefficients that are rather close to the DSMC values. Meanwhile,
the difference in C,, is significantly larger, and the minimum in C,,
observed at &~ —80 deg is shifted for local bridging to ~ —90 deg.
This again shows an evident need for the DSMC method instead of
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the local bridging to accurately predict aecrodynamic characteristics,
even for a relatively simple convex configuration.

Heat Fluxes

One of the important characteristics for re-entry capsules is the
heat flux on the body. An accurate prediction of the flow is necessary
for the determination of heat fluxes because these fluxes have a direct
impact on selection of the material for the thermal protection system.
To obtain credible information on the heat transfer coefficient of a
capsule in the transitional regime, the DSMC method has to be
used.

The results of computation of the heat transfer coefficient are pre-
sented in Fig. 10 for different altitudes. For H = 130 km, where the
flow regime is close to free molecular (Kn = 4.5), the dependence
of Cy on « is influenced only by the area of the windward side of
the body. The smallest area of the windward side corresponds to
« =0, and the local minimum is observed for « = —90 deg.

The behavior of Cy alters qualitatively near & = 0 for the altitude
H =100 km (Kn = 0.04). In this case, the minima occur at o =
+20 deg and the local maximum exists for « =0. Unlike H =
130 km, a shock wave is formed, and the distance from the shock
to the body plays an important role for Cy distribution. When the
angle of attack is changed from 0 to —20 deg (Figs. 11a and 11b),
the maximum of heat flux is observed near the top edge of the fore-
body. The heat flux is lower on the other portion of the forebody as
compared with that for « = 0 because of the larger shock standoff
distance. All of this causes the reduction of the total Cy.

The further change of the angle from —20 to —40 deg (Figs. 11b
and 11c) results in the decrease of Cy on the forebody. Nevertheless,
the total Cy; grows due to the increase of heat flux on the upper side
of the body.

O 0 N ANV D W N —

Real Gas Effects ¢) —40 deg
In high-velocity flows about a capsule, as the fluid is heated
and compressed through the shock, conditions are reached whereby Fig. 11 Temperature flowfields; H = 100 km.
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Table1l Aerodynamic characteristics for H = 85 km
and o = —20 deg

Case Ca Cy Cm Cp
Nonreactive air 1.42 -0.22 0.032 0.19
Reactive air 1.45 -0.22 0.033 0.10

Nonreactive air

Reactive air

Fig. 12 Temperature flowfields; H = 85 km.

chemical reactions take place. These reactions are of great impor-
tance for altitudes lower than 90—-100 km because they can alter the
flowfield locally through the production of energy, chemical species,
etc.

The impact of chemical reactions on aerothermodynamic coeffi-
cients of a capsule at the altitude of H = 85 km is shown in Table 1.
For this altitude, the coefficients C, and Cy are nearly the same for
reactive and nonreactive air. The pitching moment coefficient de-
creases by ~4%. The coefficient Cy is most sensitive to chemical
reactions, and its decrease amounts to 90%.

Anexample of the influence of chemical reactions on the flowfield
structure is given in Fig. 12. A considerable difference is observed
both in the bow shock standoff distance and in the wake flow struc-
ture. Obviously, the temperature reduction behind the shock wave
for chemically reactive gas is rather large. The mole fractions of
air atomic species, nitrogen and oxygen, are presented in Fig. 13.
Oxygen is fully dissociated near the forebody, and the degree of
dissociation of molecular nitrogen approaches 30%.
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Fig. 13 Mole fraction flowfields for reactive air; H = 85 km.

Conclusions

Capsule aerodynamics have been examined numerically for vari-
ous angles of attack (0 < o < 360 deg) from free-molecular to near-
continuum flow regimes. The main computations were conducted
with the DSMC method. Parallel DSMC code with static and dy-
namic load balancing techniques was used to compute the flows
at altitudes of 85 and 90 km. A high efficiency of dynamic load
balancing for a large number of processors was proven. The actual
number of simulated particles on capsule aerodynamics was shown
to be critical. To obtain accurate data for the altitude of 85 km, about
100 x 109 particles have to be taken.

The calculations were also carried out by the local bridging
method. The engineering approach allows one to quickly estimate
the overall behavior of aerodynamic characteristics, whereas the
DSMC method can be used to generate detailed data, especially in
the range of angles of attack where the engineering method loses
accuracy.

Capsule stability was examined at various flight altitudes. It is
shown that, when decreasing the altitude, the capsule instability,
caused mainly by friction forces, decreases. At altitudes below
H =90 km the capsule becomes stable.

The aerodynamic characteristics obtained by the DSMC method
are in very good agreement with the free-flight data for the altitude
H =85 km. The local bridging gives axial and normal force coeffi-
cients that are in reasonable agreement with both experimental and
DSMC results, but the pitching moment significantly differs.
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Dependence of the heat transfer coefficient on the angle of attack
for different altitudes was studied. During descent, the minimum
of heat transfer shifts from o =0 (H =130 km) to o = —20 deg
(H =100 km).

Computations of chemically reactive flows about a capsule were
performed. The influence of chemical reactions becomes stronger
when the altitude decreases from 130 to 85 km. The most pro-
nounced changes, due to the chemical reactions in air, are observed
for the heat transfer coefficient, which drops considerably (by a fac-
tor of almost 2). Aerodynamic coefficients of normal force, axial
force, and pitching moment change by a few percent.
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