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Gas flows near simple-shape bodies (plates, wedges, disks, cylinders, and torus) are
studied using the direct simulation Monte-Carlo technique and available software tools.
Strong influences of rarefaction and geometrical factors on lift and drag are found.

1. Introduction

Modern aerospace projects require applications of modeling skills and knowledge from
various disciplines including physics, chemistry, numerical simulations, etc. In many
cases, the “traditional” approaches of solving “classical” differential equations (e.g., the
Navier-Stokes equations that describe properties of continuum media) do not work at all.
The studies of the probe flights under the rarefied-gas atmospheric conditions require the
development of alternative methods of mathematical modeling and simulation that lead to
understanding complex phenomena that took place in the media.

Stimulated by planetary exploration programs [1], numerical and experimental studies [1-
8] of aerodynamics of simple-shape bodies have provided valuable information related to
physics of rarefied-gas flows about spacecraft elements, testing devices, and in micro-
channels. Numerous results were found in the cases of plates, wedges, cones, spheres,
and cylinders [4-15, 29].

In the present paper, hypersonic rarefied-gas flows about a plate, wedge, disk, two side-
by-side cylinders and plates, torus, and spinning cylinder are studied. The role of rare-
faction parameter (Knudsen number [2]), specific heat ratio, spinning rates, surface
temperature, and geometrical factors is investigated. The DSMC method [2] and DS2G
code [14] are used as a numerical technique for simulating low-density gas flows.
Molecular collisions in air, nitrogen, carbon dioxide, helium, and argon are modeled
using the variable hard sphere model [2]. The gas-surface interactions are assumed to be
fully diffusive with full moment and energy accommodation. The validation [9] was
tested in comparing numerical results with experimental data [6-8].

2. DSMC Method

The direct simulation Monte Carlo (DSMC) method (described in detail in the Graeme A.
Bird’s book [2]) and the two-dimensional DS2G code [14] have been used in this study
as a numerical simulation technique for low-density hypersonic gas flows. The DSMC
method is a computer-simulating technique for the modeling of real-gas effects by a



sample of randomly-selected molecules (thousands or even millions). The position
coordinates and velocity components of these molecules are stored in the computer
memory and are modified with time as the molecules are concurrently followed through
representative collisions and boundary interactions in the simulated physical space [2,
14]. Intermolecular collisions in dilute gases are overwhelmingly likely to be binary
collisions involving just two molecules. Given the physical properties of the molecules
and the orientation of the trajectories, the post-collision velocities are determined from
the equations of linear momentum and energy that must be conserved in the collision (see
[2], pp.30-41 for detail).

This direct simulation of the physical processes [2] contrasts with the “traditional”
approach of computational fluid dynamics (CFD), which is based on obtaining numerical
solutions of the fundamental mathematical equations and proper boundary conditions that
model the processes [22]. In the cases of rarefied gas flows, when the gas density is
sufficiently low, the direct physical simulation becomes a valuable simulating approach
without any recourse to the conventional mathematical models of the flow. Under these
conditions, the DSMC method becomes a unique adequate tool, because the full set of the
Navier-Stokes equations [7, 22, 23] (or their modifications, e.g., thin-viscous-shock-layer
equations [24]) does not provide a valid model for rarefied gases, and conventional CFD
methods are unable to handle the large number of independent variables that are involved
in applications of the Boltzmann equation [2, 25] to realistic multi-dimensional problems
[2]. It has been shown [26] that the Boltzmann equation can be derived through physical
reasoning, which is very close to that behind the DSMC procedures, and the two are
entirely consistent. For example, the assumptions of molecular chaos and a dilute gas are
required by both the Boltzmann formulation and the DSMC method. The major
difference between them is the DSMC method does not depend on the existence of
inverse collisions [2, 26].

The Knudsen number, which is the ratio of the mean free path to a typical dimension of
the flowfield (e.g., a cylinder diameter, a plate length, etc.), characterizes the degree of
rarefaction of a gas flow. The Navier-Stokes equations [22] are valid when the Knudsen
number is very small in comparison with unity [2, 7]. The opposite limit (as the Knudsen
number tends to infinity) is the collisionless or free-molecule flow limit [3], in which
intermolecular collisions may be neglected. The flow regime between free-molecule and
the limit of validity of the Navier-Stokes equations is generally referred to as the
transition flow regime (studied in this paper). A Knudsen number of 0.1 has traditionally
been quoted as the boundary between the continuum and transition regimes [2], but the
characteristic dimension of complex flow fields may be specified in many different ways
and the use of an "overall Knudsen number" may be misleading [14].

The conservation equations of gas dynamics are valid for all flow regimes, but the
Navier-Stokes equations depend also on postulates of the Chapman-Enskog theory [25]
for the shear stresses, heat fluxes and diffusion velocities as linear functions of the
velocity, temperature and concentration gradients. The Chapman-Enskog theory assumes
that the velocity distribution is a small perturbation of the equilibrium (or Maxwellian)



distribution. The formulation of the Chapman-Enskog distribution incorporates "local
Knudsen numbers™ [2, 25] which are the ratios of the local mean free paths to the scale
lengths of the velocity and temperature gradients. It has been found that errors become
significant when these local Knudsen numbers exceed 0.1 and the continuum theory is
hardly useable when they exceed 0.2 [2]. Although it was shown many years ago [2, 25]
that the Chapman-Enskog expansion for the distribution function is not uniformly valid,
attempts are still being made to extend the range of validity of the Navier-Stokes
equations to lower densities (e.g., see [7]).

In addition, some physical effects, such as thermal and pressure diffusion, become more
prominent at low densities and these are not generally included in the Navier-Stokes
formulations [2]. Once the density becomes sufficiently low, the application of the
DSMC method becomes computationally more feasible for the following reasons [14]:

e The calculation is always unsteady with physical time as one of the principal
variables in the simulation. A steady flow is obtained as the large time state of the
unsteady flow. The method does not require an initial approximation to the flow
field and there is no iterative procedure for convergence to the final solution. (In
the case of a time averaged steady flow or an ensemble averaged unsteady flow,
there is a gradual decline in the statistical scatter as the sample increases [2]).

« Additional effects, such as non-equilibrium chemistry, may be included simply by
adding to the complexity of the molecular model [2, 27] and the fact that these
may change the basic nature of the continuum equations is of no consequence.

o Finally (and importantly), there are no numerical instabilities.

Another key computational assumptions associated with the DSMC method are the
uncoupling of the molecular motion and collisions over small time steps and the division
of the flow field into small cells [2, 14]. The time step should be much less than the mean
collision time and a typical cell dimension should be much less than the local mean free
path [9, 14, 18]. The cell dimension should also be small compared with the distance over
which there is a significant change in the flow properties. In practice, the cell size in low
Knudsen number flows is set to about one third or one half the cell size [14]. The time
step is then set such that a typical molecule moves about one third of the cell dimension
at each time step [2]. This satisfies the above requirement for the size of time step in
stationary low Knudsen number flows (considered in this paper).

The DSMC method uses the cell system only for the sampling of the macroscopic
properties and for the selection of possible collision partners. In addition, the sampled
density is used in the procedures for establishing the collision rate [2]. This means that
the cell geometry should be chosen to minimize the changes in the macroscopic
properties across an individual cell (as in the Code Validation case considered in the
Section 3 below). Different implementations of the DSMC method (e.g., alternatives in
selecting the collision partners in the cells) were discussed in detail in Refs. 2 and 14. The
latest version 3 of DS2G Program [14], that implements the DSMC method, introduces
an adaptive transient rectangular background grid to one cell at a time within the collision
routine. This yields nearest-neighbor collisions and is efficient with regard to both



computer memory-storage and computation time requirements. The ratio of the time step
to the local mean collision time and the ratio of the mean separation between collision
partners to the local mean free path should be well under unity over the flowfield area.

The replacement of the extremely large number of real molecules by a significantly
smaller number of simulated molecules could result (in a few specific cases) in
misinterpretation of some physical phenomena. The serious statistical problem arises
when a significant effect in the real gas (e.g., chemical reactions of ionization [18], or
quantum effects in rotational-translational relaxation in hypersonic underexpanded jets
[8]) is a consequence of the few molecules towards the extremities of the distribution. In
general, the statistical scatter decreases as the square root of the sample size and, in order
to attain a sufficiently small standard deviation, the programs employ either time
averaging for steady flows [9] or ensemble averaging for unsteady flows [14].

3. Computer Code Validation

The two-dimensional DS2G code [14] has been used as a numerical simulation tool in
this study. Molecular collisions in argon and nitrogen are modeled using the variable hard
sphere molecular model [2]. The gas-surface interactions are assumed to be fully
diffusive with full moment and energy accommodation, and the wall temperature is equal
to the stagnation temperature.
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Figure 1. Drag coefficient of a plate vs. Knudsen number Kn, ¢ in air at M. = 10 and o
= 0. Experimental data from Ref. 7.

Code validation was established [9, 10, 28] by comparing numerical results with
experimental data [7, 9] related to simple-shape bodies. As an example, the comparison
of the DSMC recent numerical results with experimental data [7] in air is shown in Fig. 1
for a wide range of Knudsen numbers from 0.02 to 3.2 and flow parameters: M~ = 10, y
= 1.4, and ty = 1. The error of experimental data [7] (see error bars in Fig. 1) was
estimated as 8-12% at different flow regimes (see Ref. 7 and the bibliography in Ref. 9).
The numerical results correlate well with experimental data at 0.02 < Kn» . < 1 and
approach the free-molecular limit [3] at Kno L > 3.



The methodology from Refs. 2, 9 and 14 has been applied in computations. The mesh
size and the number of molecules per cell were varied until independence of the flow
profiles and aerodynamic characteristics from these parameters was achieved for each
case [10]. Table 1 shows the DSMC results for the drag coefficient of the plate Cx in the
airflow at Kn» . = 0.13, M =10, y = 1.4, ty = 1, and different computational parameters.
The uniform grid has covered the symmetrical flow area 0.024 m x 0.021 m near the
plate 0.01 m x 0.001 m. The location of the external boundary with the upstream flow
conditions is at 0.01 m from the leading edge of the plate. It has been found that the
numerical solutions for Cy are independent of the numerical parameters (see Table 1).

Table 1. Drag coefficient of a single plate in airflow at Kne, | =0.13, M =10, y = 1.4,
tw = 1, and different numerical parameters

Number of cells | Number of molecules per cell | Drag coefficient | Time of calculation
12,700 11 0.4524 12 h. 28 min.
12,700 22 0.4523 21 h. 03 min.
49,400 11 0.4525 62 h. 06 min.
203,200 11 0.4526 187 h. 11 min.
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Figure 2. CTR [14] of the time step to the local mean collision time in argon flow about
a side-by-side plate at Kno,. = 0.024 and H = 1.25L.

The similar mesh parameters have been used in the case of two side-by-side plates. As an
example, for calculations at H/L = 1.25, the total number of cells near a plate (a half-
space of the flow segment between side-by-side plates) is 12,700 in eight zones (see Fig.
2), the argon molecules are distributed evenly, and a total number of 139,720 molecules
corresponds to an average 11 molecules per cell. The location of the external boundary
with the upstream flow conditions varies from 0.75L to 1.5L. Following the
recommendations of Refs. 2 and 14, acceptable results are obtained for an average of at
least ten molecules per cell in the most critical region of the flow. The error was
pronounced when this number falls below five. The cell geometry has been chosen to



minimize the changes in the macroscopic properties (pressure and density) across the
individual cell [14]. In all cases the usual criterion [2] for the time step Atm has been
realized, 1x10® < Atn < 1x10® s. Under these conditions, aerodynamic coefficients and
gas-dynamic parameters have become insensitive to the time step. The ratios of the mean
separation between collision partners to the local mean free path and the collision time
ratio (CTR) [14] of the time step to the local mean collision time have been well under
unity over the flowfield (see Fig. 2).

The total number of non-uniform cells [15] near a cylinder (a half-space of the flow
segment between side-by-side plates for calculations at H/R = 3) is 2100, and 32,200
molecules are distributed evenly (an average 15 molecules per cell). The location of the
external boundary varies from 2.5R to 4.5R.

The DS2G program employed time averaging for steady flows [14]. About 200,000
samples have been studied in the considered cases. The computed results have been
stored to the TECPLOT® files that have been further analyzed to study whether the
DSMC numerical criteria [2] are met. Calculations were carried out on a personal
computer with a Pentium® I1l 850-MHz processor. The computing time of each variant
was estimated to be approximately 12 - 60 h.

4. Aerodynamics of a Blunt Plate

The comparison of the DSMC numerical results for a drag coefficient of a plate (thick-
ness 6 = 0.1L) with experimental data [7] in air (specific heat ratio y = 1.4) is studied for
Knudsen numbers Kns, from 0.02 to 3.2, Mach number M. = 10, and temperature factor
tw = Tw/To = 1. Numerical results (see Fig. 1) correlate well with experimental data [7] at
0.02 < Knw < 1. The free-molecular limit [3] is approached at Kn > 3.

The study of the influence of Mach number M., on aerodynamic characteristics of bodies
of simple shape was conducted at moderate values of the Knudsen number and at
constant values of similarity parameters: Knwr, tw, and y. The hypersonic stabilization
regime [9] occurs at M@ >>1 in the case of streamlining of thin bodies when the angle 6
between the generatrix of the body surface and the upstream-flow direction becomes
small enough. This regime is realized at smaller values of M., if the angle 6 increases.

The results of previous studies [6-8] indicate that the hypersonic flow independency
principle [9] is realized in the transition rarefied-flow regime at K = M.xsing > 1. As was
found in experiments [6-8], this principle is not true for thin bodies at small angles of
attack in rarefied gas flows under the conditions K < 1.
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Figure 3. Drag and lift coefficients Cyx, Cy for a blunt plate (6 = 0.06L) at Kn..;. = 0.6 and
M. = 7.5 (circles) and 10.7 (squares) in helium. Experimental data from Refs. 6-8.

The drag coefficient of a blunt plate having relative thickness ¢ = 0.06L becomes
sensitive to the magnitude of the freestream Mach number in helium flow (Fig. 3, M., =
7.5 and M, = 10.7) at small angles of attack a < 12 deg. The results calculated by the
DSMC technique (filled markers) correlate well with the experimental data [6-8] (empty
markers). For the lift coefficient, the free-molecular flow data [3], as well as
computational and experimental results presented in Fig. 3, are independent of the Mach
number, and the value Cyrm is less by approximately 15% than the value Cy for the
transitional flow regime at o > 16 deg. This phenomenon was discussed in Refs. 6-9.
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Figure 4. Drag and lift coefficients Cx, Cy for a blunt plate (6 = 0.1L; a = 20 deg) in air
vs. Knudsen number Kn.. . at various temperature factors tw. Experimental data from [7].

The temperature factor is other important similarity parameter [4-9], which effects
pressure at the body surface. Numerical data for a plate (6 = 0.1L) at angle attack o = 20
deg and various Kns, has been studied (see Fig. 4). The lift coefficient, Cy changes non-
monotonically from the continuum to the free-molecular flow regime. Maximum values
occur in the transition flow regime. The influence of tw can be estimated as 25% for C,.
The results correlate well with the experimental data [7].
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Figure 5. Drag and lift coefficients Cyx, Cy for a wedge (6 = 20 deg) in helium flow at
Kner = 0.3 and M, = 11.8. Experimental data from Refs. 6-9.

The dependence of drag and lift coefficients for a wedge (¢ = 20 deg) on the angle of
attack has been studied in numerical simulations of helium flow at Kn.p = 0.3, tw = 1,
and the freestream Mach number M., = 11.8. The DSMC results (squares) are shown in
Fig. 5 for drag and lift coefficients. The base area of the wedge and its length were taken
as the reference area and length. The numerical results correlate well with the
experimental data [6-9] (circles), which were obtained in a vacuum wind tunnel at the
same flow parameters. In both transitional and free-molecular [3] regimes, the
characteristics are not sensitive to changes in upstream flow parameters at M« > 9.
Another interesting fact is that the lift-drag ratio in the transitional flow regime is larger
by 50% than the corresponding parameter in the free-molecular regime [5-9].

6. Aerodynamics of a Disk

In the free-molecular flow regime, the influence of the specific heat ratio y on the
aerodynamic characteristics of bodies depends on the normal component of the
momentum of the reflected molecules, which is a function of y [7-9]. The same
phenomenon can be observed at the transitional conditions in the case of the disk at a =
90 deg. The nitrogen-argon pair was the most acceptable one for testing [6-9]. The
dependencies of Cyx of the disc for Ar (filled triangles) and N2 (filled squares) are shown
in Fig. 6 for a wide range of Knudsen numbers (Kn.p). At the same parameters of the
upstream flow, numerical data obtained by the DSMC technique for different models of
molecules are compared with experimental data [6-8]. This analysis could be applied to
the design of a disk ballute [16].

The influence of specific heat ratio on the drag coefficient is more significant for large
values of Knep > 1. In the free molecular regime (Kn.p > 7) an increase of Cy is
observed as y increases [3, 9]. This increase is caused by the dependence on y of the
reflected momentum of the molecules at tw = 1. The degree of this influence has been
evaluated as 8% at Kn.p > 2. As the number Kn..p decreases, this influence decreases,
and at Kn.,p < 0.4, the drag coefficient of the disk in diatomic gas becomes larger than

40



Lift Coefficient, Cy

that for a monatomic gas. In the continuum flow regime, the dependence of the drag-

coefficient on y difference is insignificant.
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Figure 6. Drag coefficient Cx for a disk (a = 90 deg) vs. Knudsen number Kn..p in argon

and nitrogen. Experimental data from Refs. 6-8.

7. Aerodynamics of Two Side-by-Side Plates

The flow pattern over two side-by-side plates is sensitive to the geometrical parameter,
H/L, where 2H is a distance between the plates. The influence of this parameter on the
flow structure was studied for flow of argon at M» =10, ty = 1, and 0.024 < Kn.| <1.8.
At H < 0.5L, the flow area between two side-by-side plates becomes subsonic [10]. At H
> 0.5L, two oblique shock waves interact in the vicinity of the symmetry plane generating
the normal shock wave and the Mach reflected waves far behind the bodies [10].
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Numerical results for lift and drag coefficients are shown in Fig. 7. The repulsive lift
force becomes significant at H/L < 0.75, with the average lift-drag ratio of 1.6 for plates
in the transition regime [10]. The rarefaction effects are responsible for non-monotonic
dependency of the lift on the Knudsen number at 1.25 > H/L > 0.25. The drag coefficient
(Fig. 7) increases with Knudsen number, reaches a maximum, and then decreases to the
free-molecular value [3]. The geometrical factor becomes insignificant as to its influence
on the drag as both the continuum and free-molecule flow regimes are approached.

8. Aerodynamics of a Torus

Strong influences of the geometrical factor, H/R (ratio of the distance between the axis of
symmetry and the torus disk center H, and the torus cross-section radius R) and the
Knudsen number, Kn,z on the flow structure near a torus (the shape of shock waves and
the stagnation point location), skin friction, pressure distribution, and drag have been
found. The influence of these parameters on the flow structure has been studied in argon,
nitrogen, and carbon dioxide at M., = 10, 2R < H <8R, and 0.0167 < Kn»z < 10.

At values of the parameter H/R > 6, the conical shock waves interact in the vicinity of the
flow symmetry axis far beyond the torus throat, creating the Mach disk. The reflected
conical wave has a different pattern of the interaction with the supersonic flow behind a
torus in continuum and rarefied flow regimes [11]. At H/R > 8, the flow near a torus is
similar to that one about two side-by-side cylinders [15].
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Figure 8. Drag coefficient Cx of a torus vs. Knudsen number Knsp in argon, nitrogen,
and carbon dioxide at M., = 10.

At smaller values of the parameter H/R < 4, the shape of a front shock wave becomes
normal, and the subsonic area is restricted by the location of the shock wave and the torus
throat [11]. This “chocked-flow” effect plays a fundamental role in the redistribution of
pressure and skin friction along the torus surface. The location of the stagnation-point
ring (estimated through distributions of pressure and skin-friction coefficients) is moving
from the front area to the torus throat after reducing the outer torus radius, H.
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Numerical results of the total drag coefficient of a torus are also studied (see Fig. 8). The
drag coefficient increases with increasing the Knudsen number. The geometrical factor
becomes insignificant on the drag at H/R > 6 under continuum and free-molecule flow
regimes. Heat transfer on toroidal ballutes was studied in Refs. 18, 30-32.

9. Aerodynamics of a Rotating Cylinder
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Figure 9. Lift and drag coefficients Cy, Cx of a spinning cylinder vs. Knudsen number
Knw,p at M. = 0.15 and different spin rates W in argon.

At subsonic flow conditions, the speed ratio S = Mx-(0.5-)" becomes small, and
aerodynamic coefficients of a rotating cylinder become sensitive to the ratio magnitude
[3, 13, 19]. The transition flow regime has been studied in argon at M. = 0.15 and spin
ratio W = 2D/2U,, = 1, 3, and 6. The lift and drag coefficients are shown in Fig. 9.

In the transition flow regime (Kn.,p > 0.03), both the incident and reflected molecules
significantly influence the lift [13]. The incident molecules dominate when Kn..p < 0.1,
and the reflected molecules dominate when Kn.p > 0.1. The lift changes sign for the
cylinder spinning in counter-clockwise direction. The drag becomes a slow function of
the spin rate. In the near-free-molecule flow regime (Kn.p = 3.18), the asymmetry of the
flow in upper and bottom regions is significant [13]. The flow disturbances are
concentrated in the vicinity of the spinning surface. In the near-continuum flow regime
(Knep = 0.032), the circulating zone is much wider. These flow-pattern differences
dominate the character of molecule-surface interactions.

At supersonic flow conditions, the speed ratio S becomes large, and the aerodynamic
coefficients become less sensitive to its magnitude [13, 19]. In the present study, the
transition flow regime has been investigated numerically at M., = 10, -y = 5/3 (argon gas),
and spin ratio W =0.03 and W =0.1.
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Figure 10. Lift and drag coefficients Cy, Cx of a spinning cylinder vs. Knudsen number
Kn.p at M., = 10 and different spin rates W in argon.

The lift and drag coefficients are shown in Fig. 10. For the lift coefficient, the influence
of reflected molecules is dominant in the transition-flow regime (Kn.p > 0.03). The
incident-molecule input becomes significant at Knudsen number Kn.p < 0.1 [13]. Under
the considered flow conditions, the lift coefficient has a positive sign (which is opposite
to the sign under the continuum flow regime) for the cylinder spinning in a counter-
clockwise direction. The drag is insensitive to the spin rate. The values of Cy and Cy at
Knw,p > 4 are near the magnitudes of the coefficients for the free-molecule flow [3, 19].

The flow characteristics are different in these cases [13]. For a small spin rate, W = 0.1,
the zone of circulating flow is located in the vicinity of the surface, and it does not affect
the flow zone located far from the surface. The flow pattern becomes asymmetrical. The
differences in flow patterns dominate the character of molecule-surface interactions, and
they characterize the differences in performance parameters under significantly distinct
flow conditions [13]. Similar effects for a spinning sphere were studied in [20, 21].

Concluding Remarks

Students’ projects have revealed new information about hypersonic viscous rarefied-gas
flows near simple-shape bodies that can be effectively used for investigation and
prediction of aerothermodynamic characteristics of hypersonic probes and vehicles
during the design of their missions in complex rarefied atmospheric conditions of the
Earth, Mars, Venus, and other planets. Fundamental insight into the characteristics and
similarity parameters of these flows was obtained. For conditions approaching the
hypersonic limit, the Knudsen number Kn. 1. (or the equivalent Reynolds number Reo)
and temperature factor tw are the primary similarity parameters. The influence of other
parameters (the specific heat ratio y, viscosity parameter n, and Mach number M.,) is
significant at M0 << 1 and Reo < 10. The abnormal increase in the pitching momentum
coefficient for the blunt plate and the drag coefficient of the sharp cone at low Reynolds
numbers should be verified in future experiments and numerical calculations based on
three-dimensional non-uniform flow analysis.



The hypersonic rarefied-gas flows about two side-by-side plates and cylinders in argon
have been studied using the direct simulation Monte-Carlo technique. The flow pattern
and shock-wave shapes are significantly different for small and large geometric ratios. At
a value of the geometrical ratio parameter H/L of 0.5, the disturbances interact in the
vicinity of the symmetry plane, creating a normal shock wave and a wide subsonic area,
which occupies the whole ““throat” area between the plates. This phenomenon affects the
drag, pressure and skin-friction distributions along the plates, and produces significant
repulsive lift force. A non-monotonic dependency of lift, drag and lift-drag ratio vs.
Knudsen number has been found for different geometric factors. The rarefaction effects
on the lift force are significant at all considered values of the geometric factor (1.25 >
H/L > 0.25), and they are responsible for non-monotonic dependency of the lift force and
lift-drag ratio with the maximum value of 1.7.

The similar effects have been found in the case of hypersonic argon flow about two side-
by-side cylinders. At the small ratio parameters, H/R < 1, the front shock-wave shape
becomes normal, a wide subsonic area occupies the whole “‘throat” area between the
cylinders, and the front stagnation points relocate from the cylinder front zone to the
throat area. This phenomenon affects the drag, pressure and skin-friction distributions
along the cylinders.

Hypersonic flows about a toroidal balloon and its aerodynamic characteristics have been
investigated in nitrogen, argon, dissociating oxygen, and carbon dioxide at 8R > H > 2R
and the Knudsen number Kn,,p from 0.005 to 10. The effect of dissociation on chocking
of ducted flows has been studied numerically for a ballute model with varying an aspect
area ratio, H/H*. The present study confirms the Lourel’s hypothesis [32] that the flow of
dissociating oxygen is not choked at the ‘‘designed” toroid with a throat radius H* =
0.014 m, but the flow of perfect gas is choked at the similar conditions.

Finally, It has been found that the lift force on a spinning cylinder (“the Magnus effect”) at
subsonic upstream conditions has different signs in the free-molecule and continuum regimes.
The lift-force sign change occurs in the transition regime at Knudsen number of 0.2.
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