
JOURNAL OF SPACECRAFT AND ROCKETS

Vol. 39, No. 6, November–December 2002

Aerodynamics of Two Side-by-Side Plates
in Hypersonic Rare� ed-Gas Flows

Vladimir V. Riabov¤

Rivier College, Nashua, New Hampshire 03060

Hypersonic rare� ed-gas � ows near two side-by-side plates have been studied numerically with the direct sim-
ulation Monte Carlo technique under transitional rare� ed-gas-� ow conditions (Knudsen numbers from 0.024 to
1.8). Strong in� uences of the geometrical factor (ratio of distance between plates to plate length) and the Knudsen
number on the � ow structure (the shape of shock waves, the con� guration of subsonic � ow zones), skin friction,
pressure distribution, lift, and drag have been found. For small geometrical factors, the repulsive lift force be-
comes signi� cant with a lift–drag ratio of 1.7 for near-continuum � ow, but decreases signi� cantly (0.4) in the
near-free-molecular � ow. Results show that the lift, drag, and lift–drag ratio dependency on the Knudsen number
is nonmonotonic for various geometrical factors.

Nomenclature
A = plate area, L £ 1, m2

C f = local skin-friction coef� cient, ¿w=q A
C p = local pressure coef� cient, .pw ¡ p1/=q A
Cx = drag coef� cient
C y = lift coef� cient
H = distance between the plane of symmetry

and the plate inside surface, m
h = plate thickness, 0.01 m
Kn1;L = Knudsen number
L = plate length, 0.1 m
M = Mach number
p = pressure, N/m2

q1 = dynamic pressure, 0.5 ½1u2
1 , N/m2

± = dimensionlessplate thickness, h=L
¿w = viscous stress at the plate surface, N/m2

Subscripts

FM = free-molecular-�ow parameter
L = plate length as a length-scale parameter
w = wall condition
1 = freestream parameter

Introduction

N UMERICAL and experimental studies1¡5 of aerothermody-
namics of simple shape bodies have provided valuable in-

formation related to physics of hypersonic � ows about spacecraft
elements and testing devices. Numerous results have been found
in the cases of plates, wedges, cones, disks, spheres, torus, and
cylinders.1¡8 The interference effect for cylinder grids and � at
stripswas experimentallystudiedby Coudeville et al.9 for transition
rare� ed-gas � ows.

Supersonic, subsonic, and pressure-driven, low-speed � ows
in two-dimensional microchannels of varying aspect ratios,
20 ¸ L=2H ¸ 2.5, were studied with the direct simulation Monte
Carlo (DSMC) technique by Mavriplis et al.10 and Oh et al.11 for
a range of continuum to transition rare� ed-gas � ow regimes. The
results10;11 were in qualitative agreement with other computational
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and experimental results for longer microchannels. Near the con-
tinuum limit, they show the same trends as classical theories,10

such as Fanno/Rayleigh � ow and boundary-layer interaction with
shocks.

In the present study, the hypersonic rare� ed-gas � ow about two
side-by-sideplates of varying small aspect ratios, 2 ¸ L=2H ¸ 0.4,
has been studied. The � ow pattern for such a con� guration has not
been discussed in the research literature. Several features of the
� ow are unique. For example, if the distance between the plates,
2H , is signi� cantly larger than the plate length L, then the � ow
can be approximated by a stream between two isolated plates.3¡7

At H · 0:25L, the rare� ed-gas � ow has some features of a stream
near a bluff body.12 In the � rst case, two oblique shockwaves would
interact in the vicinity of the symmetry plane generating the normal
shock wave and the Mach re� ected waves far behind the bodies.
In the second case, the front shock wave would be normal, and the
pressure and skin-frictiondistributions along the upper and bottom
surfaces would be dif� cult to predict. At H · 0.5L , the � ow pat-
tern and shock-wave shapes are very complex. As a result, simple
approximation techniquesshould not be used to de� ne the aerother-
modynamics of side-by-sidebodies.

In the present study, the argon � ow about two side-by-sideplates
and their aerodynamic characteristics have been studied under the
conditions of a hypersonic rare� ed-gas stream at Knudsen num-
bers Kn1;L from 0.024 to 1.8 and a range of geometrical factors
(1:25L ¸ H ¸ 0:25L). The numerical results have been obtained
using the DSMC technique.3 The computer code13 was developed
by Bird.

DSMC Simulation
The DSMC method3 has been used in this study as a numeri-

cal simulation technique for low-density hypersonic-gas � ows. A
two-dimensionalDSMC code13 (the latest version 3.2 of the DS2G
program) is used in this study. Molecular collisions in argon and
air are modeled using the variable hard sphere (VHS) molecular
model.3 The gas–surface interactionsare assumed to be fully diffu-
sive with full moment and energy accommodation.

Code validationwas established5 by comparingnumerical results
with experimental data4;5 related to simple-shape bodies, including
plates. As an example, the comparison of the DSMC recent numer-
ical results with experimental data4 in air is shown in Fig. 1 for
a wide range of Knudsen numbers from 0.02 to 3.2 and � ow pa-
rameters M1 D 10, ° D 1.4, and tw D 1. The error of experimental
data4 (error bars in Fig. 1) was estimated as 8–12% at different � ow
regimes (see Ref. 4 and the bibliography in Ref. 5). The numerical
results correlate well with experimental data at 0:02 < Kn1;L < 1
and approach the free-molecular limit14 at Kn1;L > 3.

The methodology from Refs. 3, 10, and 13 has been ap-
plied in computations. The cases that had been considered by
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Mavriplis et al.10 for air� ows in near-continuum, transitional, and
near-free-molecularregimes were reproduced in this study.

The mesh size and the number of molecules per cell were varied
until independenceof the � ow pro� les and aerodynamic character-
istics from these parameters was achieved for each case. Table 1
shows the DSMC results for the drag coef� cient of the plate Cx

in the air� ow at Kn1;L D 0.13, M1 D 10, ° D 1.4, tw D 1, and dif-
ferent computationalparameters. The uniform grid has covered the
symmetrical � ow area 0:024 £ 0.021 m near the 0:01 £ 0.001 m
plate. The location of the external boundary with the upstream � ow
conditions is at 0.01 m from the leading edge of the plate. It has
been found that the numerical solutions for Cx are independent of
the numerical parameters (Table 1).

The similar parameters have been used in the case of two side-
by-side plates. As an example, for calculations at H=L D 1.25, the
total number of cells near a plate (a half-space of the � ow segment

Table 1 Drag coef� cient of a single plate in air� ow at Kn1;L = 0.13,
M1 = 10, ° = 1.4, tw = 1, and different numerical parameters

Number Number of molecules Drag Time of
of cells per cell coef� cient 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

Fig. 1 Total drag coef� cient of the platevs Knudsen number Kn1;L in air at M1 = 10: j , Monte Carlo; s , experiment (Ref. 4); and n , free-molecular
data (Ref. 14).
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Fig. 2 CTR13 of the time step to the local mean collision time in argon � ow about a side-by-side plate at Kn1;L = 0.024 and H = 1.25L.

betweenside-by-sideplates) is 12,700 in eight zones (Fig. 2), the ar-
gon molecules are distributedevenly, and a total number of 139,720
molecules correspondsto an average11 moleculesper cell. Follow-
ing the recommendations of Refs. 3 and 13, acceptable results are
obtained for an average of at least 10 molecules per cell in the most
criticalregion of the � ow. The errorwas pronouncedwhen this num-
ber falls below � ve. The cell geometry has been chosen to minimize
the changes in the macroscopic properties (pressure and density)
across the individual cell.13 In all cases, the usual criterion3 for
the time step 1tm has been realized, 1 £ 10¡8 · 1tm · 1 £ 10¡6 s.
Under these conditions, aerodynamic coef� cients and gasdynamic
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)13 of the time step to
the local mean collision time have been well under unity over the
� ow� eld (Fig. 2).

The DS2G program employed time averaging for steady � ows.13

About 40,000 samples have been studied in the considered cases.
The computed results have been stored to the TECPLOT® � les that
have been further analyzed to study whether the DSMC numerical
criteria3 are met.

The location of the external boundary with the upstream � ow
conditionsvaries from 0.75L to 1.5L . Calculationswere carried out
ona personalcomputerwith a Pentium® III 850-MHzprocessor.The
computing time of each variant was estimated to be approximately
12–60 h.
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Fig. 3 Mach number contours in argon � ow about a side-by-side plate at Kn1;L = 0.024 and H = 1.25L.
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Fig. 4 Mach number contours in argon � ow about a side-by-side plate at Kn1;L = 0.024 and H = 0.75L.
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Fig. 5 Mach number contours in argon � ow about a side-by-side plate at Kn1;L = 0.024 and H = 0.5L.
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Fig. 6 Mach number contours in argon � ow about a side-by-side plate at Kn1;L = 0.024 and H = 0.25L.

Fig. 7 Pressure coef� cient along the side-by-side plate at Kn1;L = 0.07 and M1 = 10: h , Cp outside, H = 0.25L; j , Cp inside, H = 0.25L; e , Cp outside,
H = 0.5L; r , Cp inside, H = 0.5L; n , Cp outside, H = 0.75L; m , Cp inside, H = 0.75L; s , Cp outside, H = 1.25L; and d , Cp inside, H = 1.25L.

Fig. 8 Skin-friction coef� cient along the side-by-side plate at Kn1;L = 0.07 and M1 = 10: h , Cf outside, H = 0.25L; j , Cf inside, H = 0.25L; e , Cf
outside, H = 0.5L; r , Cf inside, H = 0.5L; n , Cf outside, H = 0.75L; m , Cf inside, H = 0.75L; s , Cf outside, H = 1.25L; and d , Cf inside, H = 1.25L.

Results
In� uence of the Geometrical Factor, H/L

The � ow pattern over two side-by-sideplates is signi� cantly sen-
sitive to the major geometrical similarity parameter, H=L . The in-
� uence of this parameter on the � ow structure has been studied
for hypersonic � ow of argon at M1 D 10 and Kn1;L D 0:024. It is
assumed that the wall temperature is equal to the stagnation tem-
perature.

The local Mach number contours are shown in Figs. 3–6 for
four cases of the geometrical factor (H=L D 1.25, 0.75, 0.5, and
0.25).At H=L D 1.25, a strong oblique shockwave can be observed
near the plate (Fig. 3). Two oblique shock waves interfere near the
symmetry plane. The subsonic and supersonic areas (at M · 2.5)
of the � ow near the plates are symmetrical, which indicates that
there is no lift force acting on the plates for the speci� ed condi-
tions. At H=L D 0:75 (Fig. 4), the subsonic � ow zone near the plate
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Fig. 9 Mach number contours in argon � ow about a side-by-side plate at Kn1;L = 1.8 and H = 0.25L.

Fig. 10 Pressure coef� cient Cp along the side-by-side plate at H/L = 0.25 and M1 = 10: h , Cp outside, Kn = 0.07; j , Cp inside, Kn = 0.07; e , Cp outside,
Kn = 0.24; r , Cp inside, Kn = 0.24; n , Cp outside, Kn = 0.7; and m , Cp inside, Kn = 0.7L.

becomes slightly asymmetrical, but it is still isolated from the simi-
lar zone of the other plate. However, for H=L · 0.5, the interference
of the two plates produces a normal shock wave in the vicinity of
the symmetry plane (Figs. 5 and 6). Actually, the whole area of
the � ow between the two side-by-sideplates becomes subsonic. At
H=L D 0:25 (Fig. 6), the subsoniczonespreadsfar aheadof theplate
leading edge. The effect of the internal subsonic zone is also ob-
served in density, temperature, and velocity contour diagrams. The
� ow near a plate becomingsigni� cantly asymmetricalat H=L · 0:5
indicatesthat there is a repulsive lift force acting on the platesunder
these conditions. The latter effect plays a fundamental role in the
redistribution of pressure and skin friction along the plate surface
(Figs. 7 and 8, respectively).

The dynamics of the subsonic zone has a major in� uence on
the pressure distributions along the inside surface of the plate. At
0.25 · H=L · 0.5, the surface pressure gradienthas a negative sign
for a signi� cant region of the plate.

In� uence of the Knudsen number, Kn1;L

The rarefactionfactor,whichcanbe characterizedby the Knudsen
numberKn1;L , playsan importantrole in the � ow structure3;5¡8;10;11

and aerodynamics.1;4;5;8;9 The � ow� eld about two side-by-side
plates has been calculated for hypersonic � ow of argon at M1 D 10
and Kn1;L D 0.024, 0.07, 0.24, 0.7, and 1.8.

Undernear-continuum-�ow conditions(Kn1;L D 0.024),the � ow
structure has the same features as were discussed earlier. In the
transition � ow regime, at Kn1;L D 1.8, the � ow pattern is different.

The re� ection waves have different shapes and thickness because
of the rarefaction effects in the oblique and normal shock waves.
The Mach number contours at H=L D 0.25 are shown in Fig. 9.
The local subsonic zone is located right in front on the blunt plate,
with the thickness ratio of 0.1. The outside and inside surfaces of
the plate are streamed by supersonic � ows at different local Mach
numbers.

At a small geometricalfactor, H=L D 0.25, the pressureand skin-
friction coef� cient distributions along the plate surfaces become
sensitive to the rarefaction parameter Kn1;L (Figs. 10 and 11). The
pattern of the skin-friction coef� cient distributions along the plate
is signi� cantly different at various Knudsen numbers.

The calculating results for the total drag and lift coef� cients, as
well as a lift–drag ratio, are shown in Figs. 12 and 13. At any con-
sidered geometrical factor, the results show the drag coef� cient to
increasewith Knudsennumber, reacha maximum,and thendecrease
to the free-molecularvalue.14 This fact is in a good agreement with
the experimental data of Coudeville et al.9 The geometrical factor
becomes insigni� cant as to its in� uence on the drag as both the
continuum- and free-molecule-�ow regimes are approached.

As a result of the interference between two side-by-side plates,
the repulsive lift force becomes signi� cant at small values of the
geometrical factor H=L · 0.5 and in the transitional � ow regimes
even at H=L · 0.75 (Figs. 12 and 13). At small geometrical fac-
tors, the repulsive lift force becomes signi� cant with the average
lift–drag ratio of 1.6 in the transition regime. The similar effect was
discussed by Blevins,12 who studied viscous incompressible � ows
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Fig. 11 Skin-friction coef� cient Cf along the side-by-side plate at H/L = 0.25 and M1 = 10: h , Cf outside, Kn = 0.07; j , Cf inside, Kn = 0.07; e , Cf
outside, Kn = 0.24; r , Cf inside, Kn = 0.24; n , Cf outside, Kn = 0.7; and m , Cf inside, Kn = 0.7L.

Fig. 12 Total drag and lift coef� cients of the side-by-side plate vs Knudsen number Kn1;L at M1 = 10: h , Cx; H = 0.25L; e , Cx; H = 0.5L; n ,
Cx; H = 0.75L; s , Cx; H = 1.25L; j , Cx; H = 0.25L; r , Cy; H = 0.5L; m , Cy ; H = 0.75L; d , Cy; H = 1.25L; and ££, Cx;FM .

Fig. 13 Lift–drag ratio of the side-by-side plate vs Knudsen number Kn1;L at M1 = 10: j , H = 0.25L; r , H = 0.5L; m , H = 0.75; and d , H = 1.25L.

near side-by-sidebodies. The rarefaction effects on the lift are sig-
ni� cant even at large values of the geometric factor (H=L D 0.75),
and they are responsible for nonmonotonic dependency of the lift
and lift–dragratio on the rarefactionparameterof the Knudsennum-
ber at 1:25 ¸ H=L ¸ 0.25. At large values of the Knudsen number
Kn1;L ¸ 1.8, the drag correlates well with the drag value for the
free-molecular � ow14 (Fig. 12).

Conclusions
The hypersonic rare� ed-gas � ow about two side-by-side plates

has been studied with the DSMC technique. The � ow pattern and
shock-wave shapes are signi� cantly different for small and large

geometric ratios. At a value of the geometrical ratio parameter
H=L · 0.5, the disturbances interact in the vicinity of the sym-
metry 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 dis-
tributions along the plates and produces signi� cant repulsive lift
force. A nonmonotonicdependency 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 signi� cant at all con-
sidered values of the geometric factor 1:25 ¸ H=L ¸ 0.25, and they
are responsible for nonmonotonic dependency of the lift force and
lift–drag ratio.
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