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Abstract. The present work proposes a cut-cell-based Direct Simulation Monte Carlo (DSMC) solver, for
computing rareﬁed ﬂows around complex geometries on Cartesian grids, wherein analytical expression for the
surface of the immersed boundary (IB) is considered to evaluate cut-cell volume as well as to implement the
particle–boundary interactions. Consequently the proposed DSMC solver models an accurate collision rate in the
cut cells and ensures an analytically expressed IB-based implementation of the boundary conditions at the
surface of the immersed geometry, as in the IB methods for the continuum ﬂows. Performance of the present
Cartesian cut-cell-based DSMC solver is tested on a variety of rareﬁed gas ﬂows around three complex
geometries (cylinder, NACA 0012 airfoil and double-wedge airfoil) for various ﬂow speeds (ranging from
Ma ¼ 2 to 10) and degrees of rareﬁcation (varying from Kn ¼ 0:25 to around 0.0032). Results of our computations on Cartesian grids show a very good agreement with the corresponding DSMC results in literature
computed on body-ﬁtted grids. Furthermore, the present results show a good agreement with the corresponding
experimental data in the literature. Straightforward and analytically expressed IB-based implementation in the
proposed DSMC solver can make it a natural choice for its coupling with an immersed boundary method (IBM)based continuum solver for a novel coupled IBM–DSMC method for continuum–rareﬁed gas ﬂows.
Keywords.
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1. Introduction
Many high-speed compressible ﬂow applications involve
ﬂow around objects with complex geometries, wherein a
combination of both continuum and rareﬁed ﬂow regimes
coexist within the same ﬂow domain. For such continuum–
rareﬁed gas ﬂows, a coupled Navier–Stokes (N-S) and
Direct Simulation Monte Carlo (DSMC) methodology
[1, 2] is considered as the most efﬁcient method where a
Cartesian-grid-based N-S/DSMC coupled simulation
framework has many obvious advantages. Cartesian grids
not only simplify the overall grid generation process for the
coupled solver but also the tracking of particles in the
DSMC algorithm becomes more efﬁcient. For such a coupled methodology on Cartesian grids, both the N-S and
DSMC solvers should be capable of computing high-speed
compressible ﬂows on Cartesian grids. In our recent work
[3] we presented a central-upwind-scheme-based immersed
boundary method (CUS-IBM) for simulation of compressible inviscid/viscous ﬂows around complex geometries on
Cartesian grids. In continuation, the work presented here is
concerned with the development of a Cartesian-grid-based
*For correspondence

DSMC solver for rareﬁed ﬂows around complex geometries. Finally, in future, the DSMC and CUS-IBM will be
coupled to simulate continuum–rareﬁed compressible ﬂows
around complex geometries.
The role of the grid generation in the DSMC method is
limited to the selection of collision partners and for sampling of macroscopic ﬂow properties. Unlike continuum
methods of ﬂow simulation, the DSMC method requires no
discretization of governing equations or evaluations of
gradients. In case of DSMC simulations of rareﬁed ﬂows
around complex geometries, the ease of grid generation and
the efﬁcient particle-tracking make the present Cartesian
cut-cell-based implementation particularly advantageous
over body-ﬁtted grids. When the Cartesian grid employed
for ﬂow calculation is cut by the immersed solid boundary,
Cartesian cut cells (that are ﬁlled by both ﬂuid and solid)
are encountered during the ﬂow solution. Development of
the DSMC method on the Cartesian grids involves three
implementation issues, namely identiﬁcation of cut cells,
accurate calculation of the ﬂuid volume of the cut cells and
precise implementation of particle–boundary interactions at
the surface of the immersed geometry. Accurate evaluation
of the ﬂuid volume of the cut cells becomes important for
the No-Time Counter (NTC) scheme [4] during the
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collision step of the DSMC algorithm, wherein the modeled
collision rate in a cell is proportional to its ﬂuid volume.
In case of complex immersed surface geometries, various
Cartesian-grid-based DSMC methods differ in ways of
representing the immersed boundary (IB, for evaluating
cut-cell volume) and implementing the boundary–particle
interactions. Different ways of representing IB surface
include boundary approximated by staircases with local
grid reﬁnement, a linear approximated curved boundary
(through intersection points of surface and Cartesian grids
for each cut cell) and the analytical representation of the
boundary surface. The staircase representation of the
curved geometry suffers from inadequate surface resolution
as it remains limited by the ﬂow-ﬁeld grid. Linear
approximations of the curved boundary introduce error in
deﬁning the cut-cell geometry (and therefore in its volume,
which affects collision rate) and implement boundary
conditions on an approximated immersed surface. Therefore, among these, the analytical representation of the
boundary surface for deﬁning the cut-cell geometry as well
as for detecting/implementing particle–boundary interactions is the ideal choice. A literature survey on DSMC
method on a Cartesian grid is presented here.
In a parallel implementation of the DSMC method,
LeBeau [5] represented complex geometric surfaces by a
set of triangles embedded in a Cartesian grid used to discretize the ﬂow ﬁeld. In this implementation, the list of
triangular surface elements intersecting a Cartesian cell
along its faces in the ﬂuid region is used to evaluate the
ﬂuid volume of the cut cell created by these triangles cutting through the cell. The same list of triangular surface
elements is used to represent the immersed surface for
particle–surface interactions. Zhang and Schwartzentruber
[6] presented a complete framework of cut-cell algorithms
used to handle the decoupled Cartesian ﬂow-ﬁeld grid and
triangular surface mesh for general Cartesian-grid-based
DSMC implementations. They include algorithms to identify cut cells, record all the surface triangles intersecting
with them and determine the volume of cut cells.
Lo et al [7] present a two-dimensional (2D) parallel
implementation of DSMC on a single GPU using Cartesian
cut cells to treat geometrically complex objects. In this
implementation, the IB is represented by line segments
joining points of intersection of the surface with the
Cartesian cell. These line segments are used to compute the
ﬂuid volume of cut cells and to detect and implement
particle–boundary interactions.
Jin et al [8] present a cut-cell algorithm for DSMC
simulations of the rareﬁed ﬂow around immersed moving
objects. Although this work uses an analytically expressed
surface to accurately model particle–boundary interactions,
the cut-cell effective volume is computed by representing
the IB with the Lagrangian intersecting points and thus
reconstructing all the possible polyhedra and taking the
mean average.
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From this literature on the Cartesian-grid-based DSMC
implementations, it is clear that most of the reported
implementations approximate the immersed surface
geometry (by triangles in 3D and line segments in 2D)
resulting in an approximate cut-cell volume evaluation and
boundary condition implementation. Although, the implementation by Jin et al [8] considers analytical expression of
surface geometry for particle–surface interactions during
the streaming step of DSMC algorithm, the accuracy of its
cut-cell volume depends on the grid reﬁnement. Therefore,
for many practical applications involving ﬂow around
analytically expressed IBs, there is a need for a DSMC
implementation on Cartesian grids that considers analytical
expressions for the shape of the IB to evaluate cut-cell
volume as well as to implement the particle–boundary
interactions.
Monte Carlo sampling is easy to implement and robust
technique for cut-cell volume evaluation wherein incorporation of the analytical expressions for the IB is quite
simple. Further, unlike polyhedron decomposition-based
direct methods of cut-cell volume evaluation [6], the
accuracy of Monte Carlo sampling-based cut-cell volume
evaluation is independent of grid reﬁnement and converges
to its exact value with increased numbers of sampling
points. For the cases of the stationary IBs considered in the
present work, this Monte Carlo sampling for cut-cell
(usually only a small fraction of the total number of cells)
volume estimation needs to be done only once. Motivated
with these conclusions from the literature survey, the present work aims to propose a straightforward and promising

Figure 1. Standard simulation procedure of DSMC method.
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Cartesian-grid-based DSMC solver to compute rareﬁed
ﬂows around complex geometries by considering analytical
expressions for the shape of the IB for Monte Carlo cut-cell
volume evaluation as well as to detect and implement
particle–boundary interactions.
Thus, the proposed DSMC solver accurately models the
collision rate in cut cells and ensures an analytically
expressed IB-based implementation of the boundary conditions at the surface of the immersed geometry as in the
immersed boundary method (IBM) for continuum ﬂows.
Further, the proposed DSMC implementation can serve as a
natural choice for its coupling with an IBM-based continuum solver that can simulate continuum–rareﬁed ﬂow
around complex geometries on Cartesian grids. Thus, the
scope of the present work is to present a cut-cell-based
DSMC method on a Cartesian grid and to demonstrate its
ability to accurately simulate rareﬁed ﬂow around different
analytically expressed IBs.

2. Cut-cell-based DSMC method on a Cartesian
grid
2.1 DSMC method
Pioneered by Bird [9] in 1960s, DSMC is now a wellestablished particle-based method for simulating rareﬁed
gas ﬂows. The method models gas ﬂows by computing the
movement and collisions of a set of representative particles
each of which represents a large number of real gas
atoms/molecules. The primary assumption of DSMC
method is to decouple particle movements and collisions
over a time step. In DSMC, particle movements are

Figure 2. Classiﬁcation of different cells in the domain: (a) ﬂuid
cells (ﬁlled with white color), (b) cut cells (ﬁlled with light gray
color and (c) solid cells (ﬁlled with dark gray color).
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computed in a deterministic (according to particle velocity)
manner whereas interparticle collisions and particle–surface collisions are treated probabilistically using different
reﬂection models. Basic steps involved in a standard DSMC
simulation algorithm are summarized in ﬁgure 1 and a
comprehensive description of DSMC can be found in the
works of Bird [4, 10]. In the DSMC method, ﬂow domain is
divided into small cells and, at the end of each movement
step, particles are indexed into these cells according to their
new location. It should be noted that DSMC requires this
division of domain into cells only to select collision partners and to sample macroscopic ﬂow properties.

2.2 Implementation detail for Cartesian cut cells
The present DSMC solver follows Bird’s DSMC method
[4, 10] and here we present the details of its implementation
on Cartesian cut cells. The solver employs non-uniform
Cartesian grids to divide the ﬂow domain into cells with
spacing less than local mean free path ðDx  k=3Þ. Further,
in order to sample the variation of ﬂow properties at the
immersed surface, discretization of the IB in the present
implementation is not limited by the grid spacing of the
ﬂow-ﬁeld grid and therefore, pertinent geometric features
of the immersed surface are captured even with relatively
coarser ﬂow-ﬁeld grids employed in case of a low-density
ﬂow. As shown in ﬁgure 2 three types of cells, namely ﬂuid

Figure 3. Different ways of deﬁning the cut-cell geometry and
detecting/implementing particle–boundary interactions. The IB,
with a cut cell, is approximated [7, 8] as linear in (a), (b) and
piecewise linear in (c) while it is expressed analytically in
(d) (proposed in the present work).
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cells, solid cells and the cut cells, arise when the Cartesian
grid employed for ﬂow calculation is cut by the boundary of
the immersed complex geometry. A cell is termed as a ﬂuid
cell if it is completely ﬁlled by the ﬂuid and as a solid cell if
it is completely ﬁlled by the solid. The cells partially ﬁlled
by solid/ﬂuid are called as cut cells as marked in ﬁgure 2.
For the case of an analytically deﬁned IB C (expressed as
y ¼ f ðxÞ), we deﬁne a function uðx0 ; y0 Þ that determines the
location of a point ðx0 ; y0 Þ (vertex of a Cartesian cell) with
respect to the closed curve C by comparing the ordinate y0
with the ordinate(s) f ðx0 Þ of the point(s) with abscissa x0 on
the curve C representing the IB.
8
>
< \0; if ðx0 ; y0 Þ is in the interior of C
¼ 0; if ðx0 ; y0 Þ on the boundary of C
uðx0 ; y0 Þ is
>
:
[ 0; if ðx0 ; y0 Þ is in the exterior of C
ð1Þ
Using this function, locations of all the four vertices of a
Cartesian cell (with respect to the closed curve C representing the IB) are determined and accordingly, the
Cartesian cell is identiﬁed as ﬂuid or solid or the cut cell. In
Cartesian grids framework, ﬁgure 3 shows the different
ways of representing the IB for deﬁning the cut-cell
geometry and detecting/implementing particle–boundary
interactions. While the approaches used in literature [7, 8]
(ﬁgure 3(a)–(c)) involve some kind of approximations for
the shape of the IB, the present work employs analytical
expressions to deﬁne the cut-cell geometry and to detect/
implement particle–boundary interactions (ﬁgure 3(d)).
In the present DSMC solver, particle collisions in a
computational cell are modeled probabilistically using
Bird’s NTC scheme and post-collision velocities are computed using the Variable Hard Sphere (VHS) collision
model [11], which accounts for the variation of viscosity
with temperature. In the NTC scheme, for each time step,
1
2VC NðN  1ÞFN ðrT cr Þmax Dt number of collision pairs are
selected from a cell and then collisions for each selected
pair are computed using acceptance–rejection technique
with probability ðrðrT cTrcÞr Þ . Here, VC is cell volume, N is the
max
instantaneous number of DSMC particles in the cell, FN is
the actual number of atoms/molecules represented by each
simulated molecule, Dt is the time step and ðrT cr Þmax is the
maximum product of collision cross section and relative
speed of all possible particle pairs in the cell. Accurate
evaluation of the ﬂuid volume of cut cells becomes
important for modeling the correct collision rate in these
cells. Further, the accuracy of cell volume also affects the
calculation of macroscopic gas ﬂow properties from sampled particle properties in the cell. For example, number

density in a cell is given by n ¼ FVNCN . In the present work, an
easy to implement and robust Monte Carlo sampling [6] is
used to estimate the ﬂuid volume VC of a cut cell (i.e., the
volume of cut cell lying in the ﬂuid region) as

Figure 4. Variation of relative error in Monte-Carlo-estimated
cut-cell volume, N , with increasing number of simulated particles
NP for four different cut cells. Cut cells 1–4 are four different
representative Cartesian cut cells for the case of ﬂow past circular
cylinder.

 
NC
V
VC ¼
NP

ð2Þ

where NP is the number of randomly generated sampling
points inside the volume V of the Cartesian cell and out of
these, NC is the count of points lying in the ﬂuid region.
This cut-cell volume estimation considers analytical
expressions for the IB, and independent of ﬂow-ﬁeld grid
reﬁnement the estimated cut-cell volume converges to its
exact value with increased numbers of sampling points
(error / N1P ). For the cases of ﬂow past stationary IBs presented later, this Monte Carlo sampling for volume estimation of cut cells (usually only a small fraction of the total
number of cells) is carried out only once in the beginning of
the simulation. Thus, in the present context, by making use
of analytical expressions for the surface of the IB, Monte
Carlo easily allows the consideration of actual cut-cell
geometry (as shown in ﬁgure 3(d)) and gives an accurate
estimate of cut-cell volumes without any appreciable
addition to the overall simulation time. For a case of ﬂow
past a circular cylinder, variation of relative error in MonteCarlo-estimated
cut-cell
volume,
N ¼
jVC  VC exact j=VC exact with increasing number of simulated
particles NP is shown in ﬁgure 4 for four different cut cells.
An extremely small ﬂuid-ﬁlled cut cell may not contain
enough particles to ensure statistical accuracy of the collision process and sampling of macroscopic properties. In the
present implementation, this issue is resolved by merging
such cut cells (having less than half of the cell volume in
the ﬂuid region) with one of neighbouring ﬂuid cells that
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has maximum ﬂuid volume among all the neighbours.
Thus, for the purpose of computing particle collisions and
to sample macroscopic ﬂow properties, volume and particles of the merged cut cell are, respectively, added to the
volume and particles of the neighbouring owner cell. It
should be noted that this merging of cells results in compound cells with a maximum size that is half of the local
mean free path k ðk=3 þ k=6 ¼ k=2Þ and is small enough to
maintain a cell size as per the guidelines for an accurate
DSMC simulation.
In the present work, an analytical expression for the
surface of the IB is considered while detecting and implementing particle–surface interactions; this ensures precise
implementation of boundary conditions without any
approximation of the immersed geometry. These particle–
surface interactions are modeled using Maxwell [12] and
Cercignani–Lampis–Lord (CLL) models [13]. The Larsen–
Borgnakke energy exchange model is used to account for
energy exchange between the translational and rotational
energy components for the diatomic gas [14]. Further, the
inlet stream boundaries are simulated by specifying the ﬂux
and thermal state of particles entering the computational
domain. At the outlet boundaries, the particles leaving the
computational domain are simply removed.
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are modeled using diffused reﬂection with full thermal
accommodation. Further, for all the present DSMC simulations, gradients in the ﬂow ﬁeld are resolved by
employing non-uniform Cartesian grids wherein the size of
a computational cell is kept around one-third of the local
mean free path. Independent of the ﬂow-ﬁeld grid, surface
sampling is performed on surface segments created by
uniformly dividing the surface of the immersed object.
In the following subsections, results for the associated
engineering parameters are presented in terms of non-dimensional pressure coefﬁcient Cp , friction coefﬁcient Cf
and heat transfer coefﬁcient Ch given as

3. Performance study
Performance of the present Cartesian-grid-based DSMC
solver is demonstrated in this section, for three different
ﬂow problems involving high-speed rareﬁed gas ﬂows
around stationary complex geometries (cylinder, NACA
0012 airfoil and double-wedge airfoil). These benchmark
problems consider high-speed gas ﬂows ranging from
Ma ¼ 2 to 10 and the degree of rareﬁcation varies from
Kn ¼ 0:25 to around 0.0032. For all the three problems,
considering the symmetry of the ﬂow ﬁeld, ﬂow around the
upper half of the immersed geometry is simulated with a
symmetry boundary condition at the lower boundary of the
domain, similar to the earlier work [15, 16]. Surface–particle interactions all over the surface of the immersed object

Figure 5. Computational domain and the boundary conditions
employed at different locations for M1 ¼ 10 hypersonic ﬂow
around the circular cylinder.

Figure 6. Temperature ﬁelds of M1 ¼ 10 hypersonic ﬂow
around circular cylinder. Comparison of the temperature ﬁelds
obtained using present DSMC on Cartesian grids and the
corresponding DSMC results of Lofthouse et al [15] on unstructured body-ﬁtted grids.
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b Figure 7. Variation of (a) surface pressure coefﬁcient Cp , (b)

surface friction coefﬁcient Cf and (c) surface heat transfer
coefﬁcient Ch for M1 ¼ 10 hypersonic ﬂow along the surface
of the circular cylinder. Here, h represents the angular position on
the cylinder that is measured from the front stagnation point.
Comparison of results obtained using present DSMC on Cartesian
non body-ﬁtted grids with the DSMC results on body-ﬁtted grids
in the literature [15, 16].

Figure 8. Computational domain and the boundary conditions
employed at different locations for supersonic ﬂow around NACA
0012 airfoil.

p  p1
s
q
Cp ¼ 1
; Cf ¼ 1
and Ch ¼ 1
2
2
3
2 q1 u1
2 q1 u1
2 q 1 u1

ð3Þ

where p is the pressure, s is the shear stress, q is the heat
ﬂux, p1 is the free stream pressure, q1 is the free stream
density and u1 is the free stream velocity.

3.1 Hypersonic ﬂow over a 2D cylinder
In this test case, we consider a free stream Mach number
M1 ¼ 10 hypersonic ﬂow of Argon around a 2D circular
cylinder of diameter d ¼ 0:3048 m. Free stream temperature T 1 ¼ 200 K and the cylinder surface is maintained at
500 K. Two different values of free stream Knudsen
number, Kn1 ¼ 0:05 and Kn1 ¼ 0:25, are considered by
varying free stream density as per the mean free path definition for hard-sphere molecules. Figure 5 shows a schematic of the computational domain along with the boundary
conditions employed at different boundaries.
For the hypersonic ﬂow around the cylinder at
Kn ¼ 0:05, the present study employs a 712  330 nonuniform Cartesian grid, 4:1  106 simulated particles and
1200 surface segments for sampling surface properties.
However, for the case of hypersonic ﬂow at Kn ¼ 0:25, a
286  132 non-uniform Cartesian grid with 1:74  106
simulated particles and 460 surface segments for sampling
surface properties is considered. For both the Knudsen
numbers the present DSMC simulations are carried out with
a time step of 5  107 s, and 50000 samples are accumulated to calculate macroscopic properties after the steady
state is reached.

Sådhanå (2021)46:170
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Figure 10. Variation of pressure coefﬁcient along surface of
NACA 0012 airfoil, for a supersonic rareﬁed ﬂow at M1 ¼ 2 and
Kn1 ¼ 0:026. Comparison of present Cartesian grid DSMC
results with body-ﬁtted grids DSMC results of Shoja-Sani et al
[17].

For this problem at M1 ¼ 10, Lofthouse et al [15] and
Kumar and Chinnappan [16] reported ﬂow patterns; engineering results from their DSMC simulations on body-ﬁtted
grid are compared to our Cartesian-grid-based DSMC
simulation results. This is shown in ﬁgure 6 for temperature
ﬁeld at Kn ¼ 0:05 and Kn ¼ 0:25, with an excellent
agreement between our Cartesian non body-ﬁtted gridbased result and the result reported by Lofthouse et al [15]
on an unstructured body-ﬁtted grid. Furthermore, an
excellent agreement between the two results and that
reported by Kumar and Chinnappan [16] is shown in ﬁgure 7 for the variation of pressure coefﬁcient (Cp ), friction
coefﬁcient (Cf ) and surface heat transfer coefﬁcient (Ch )
along the surface of the cylinder.

3.2 Supersonic ﬂow around NACA 0012 airfoil
This test case considers a free stream M1 ¼ 2 supersonic
ﬂow of nitrogen around NACA 0012 airfoil of chord length
Table 1. Free stream conditions for the three cases of supersonic
ﬂow around double-wedge airfoil.
Cases
Figure 9. Comparison of contours of normalized density ﬁeld
(q=q1 ) for M1 ¼ 2 and Kn1 ¼ 0:026 ﬂow around NACA 0012
airfoil.

Case-A
Case-B
Case-C

p1 (N/m2 Þ
4.4
6.0
8.7

M1
3.95
4.04
4.19

Rec;1
790
1170
1920
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ﬁgure. For the variation of pressure coefﬁcient along the
surface of NACA 0012 airfoil, ﬁgure 10 shows an excellent
agreement between the present DSMC results and the
published DSMC results [17] computed on the body-ﬁtted
grid.

3.3 Supersonic ﬂow around double-wedge airfoil

Figure 11. Computational domain and boundary conditions for
the supersonic ﬂow around double-wedge airfoil.

c ¼ 0:04 m, with free stream density corresponding to free
stream Knudsen number Kn1 ¼ 0:026. Free stream temperature is T1 ¼ 161 K and the surface of the airfoil is
maintained at stagnation temperature Ts ¼ 290 K. Figure 8
shows a schematic of the computational domain along with
the boundary conditions employed at the different
boundaries.
Flow around the airfoil is computed using the present
DSMC solver on a 600  530 non-uniform Cartesian grid
where the size of a computational cell is kept around onethird of the local mean free path. Independent of the ﬂowﬁeld grid, surface sampling is performed on surface segments created by uniformly dividing the airfoil into 800
parts along its chord. The number of simulated particles is
taken such that each computational cell contains at least 10
particles. DSMC computations are performed with a time
step of 2  107 s and 106 samples are accumulated to
calculate macroscopic properties after steady state is
reached.
For a performance study ﬁgure 9 shows a normalized
density ﬁeld, with an excellent agreement between the
present DSMC on Cartesian grids and the DSMC results
reported by Shoja-Sani et al [17] on a curvilinear bodyﬁtted grid. Both these DSMC results show moderate
agreement with experimental density ﬁeld data [18] in the

This test case involves a supersonic ﬂow of nitrogen around
a symmetric double-wedge airfoil in near-rareﬁed ﬂow
regime. The airfoil has a chord length c ¼ 0:0254 m and its
thickness to chord ratio is 0.1. For this problem, experimental results are reported by Rogers [19] and DSMCbased results on a body-ﬁtted grid are reported by Kumar
and Chinnappan [16]. The free stream conditions reported
in their study are considered in the present study, shown in
table 1. Stagnation temperature of the ﬂow is 288 K for all
the three cases, shown in table 1. Flow around the top half
of the airfoil is simulated with a symmetry boundary condition at bottom of the domain. A schematic of the computational domain along with the boundary conditions
employed at different boundaries is shown ﬁgure 11.
For the three different cases corresponding to the various
free stream conditions (table 1), table 2 shows the computational details for the present DSMC on non-uniform
non-body-ﬁtted Cartesian grids. For the three cases of the
ﬂow around the double-wedge airfoil, ﬁgure 12 shows a
comparison of surface pressure distributions obtained with
present DSMC on Cartesian grids with the body-ﬁtted grid
results obtained with the open source DSMC code
dsmcFoam [20] and the experimental results reported by
Rogers [19]. The ﬁgure shows that the numerical results
obtained by the present DSMC and dsmcFoam are nearly
indistinguishable from each other. Overall, the ﬁgure shows
an excellent agreement between the present numerical and
the reported experimental results for the pressure variation
along the surface of the airfoil except at one experimental
data point near the leading edge. Further, agreements
among the present DSMC, experimental [19] and a reported
numerical result [16] are presented in table 3 for the

Table 2. Computational parameters for the different free stream ﬂow conditions of supersonic ﬂow around double-wedge airfoil.
Cases

Cartesian grid

Case-A
Case-B
Case-C

368  648
532  936
840  1480

Number of particles
2:03  106
4:32  106
1:08  107

Time step
5  108 s
5  108 s
3  108 s

Number of samples
50, 000
50, 000
50, 000

Sådhanå (2021)46:170
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b Figure 12. For the three cases (table 1) of supersonic ﬂow

around double-wedge airfoil, a comparison of the present results
with numerical results computed using the open source DSMC
code, dsmcFoam [20] and experimental data [19] for variation of
non-dimensional pressure along the surface of the airfoil.

Table 3. For the three cases (table 1) of supersonic ﬂow around
double-wedge airfoil, present and published experimental/numerical results for pressure drag coefﬁcient Cd p .
Pressure drag coefﬁcient Cd p
Free stream
condition
Case-A
Case-B
Case-C

Rogers [19]
experiment
0.0199
0.0182
0.0154

Kumar and
Chinnappan [16]
DSMC
0.01900
0.01817
0.01498

Present
DSMC
0.01803
0.01719
0.01568

pressure drag coefﬁcient with a maximum variation of
5:4% and 9:4% for the present results as compared to the
published numerical and experimental results, respectively.

4. Concluding remarks
A non-body-ﬁtted Cartesian-grid-based DSMC method is
proposed for rareﬁed gas ﬂows around complex geometries.
The DSMC implementation details on Cartesian grids
presented here demonstrate a straightforward and promising DSMC simulation methodology for rareﬁed ﬂows
around complex geometries wherein analytical expressions
for the shape of the IB are considered to evaluate cut-cell
volume as well as detect and implement particle–boundary
interactions. Consequently, the proposed DSMC solver
models an accurate collision rate in the cut cells and
ensures a precise implementation of the boundary conditions at the surface of the immersed geometry as in the IB
methods for the continuum ﬂows. However, it should be
noted that the proposed Cartesian cut-cell-based DSMC
methodology is applicable to only those surfaces that can
be deﬁned analytically.
Performance study of the proposed Cartesian-grid-based
DSMC solver demonstrates a good agreement with the
published results for three different test problems involving
high-speed rareﬁed gas ﬂows around complex geometries.
These test problems range from supersonic to hypersonic
ﬂow speeds and involve rareﬁed ﬂows with varying degrees
of rareﬁcation. In general, the ﬂow-ﬁeld patterns and
engineering parameters computed with the proposed
DSMC solver on Cartesian grids show a very good agreement with the corresponding DSMC results in literature
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computed on body-ﬁtted grids. Furthermore, the present
results show a good agreement with the corresponding
experimental data in the literature.
In our future work, the proposed Cartesian-grid-based
DSMC method for the rareﬁed gas ﬂows will be coupled
with our Cartesian-grid-based IBM [3] for the continuum
ﬂow to propose the coupled IBM–DSMC method for continuum–rareﬁed gas ﬂows.

List of symbols
c
Chord length of airfoil, m
Cd p
Pressure drag coefﬁcient
Non-dimensional heat transfer coefﬁcient
Ch
Friction coefﬁcient
Cf
Pressure coefﬁcient
Cp
cr
Relative speed of a pair of molecules, m/s
d
Diameter of cylinder, m
Number of real molecules represented by each
FN
simulated particle
f(x)
Function returning y-coordinate of immersed
boundary, m
Kn
Knudsen number
Ma
Mach number
n
Number density of molecules, 1/m3
N
Instantaneous number of DSMC particles in a cell
Average number of DSMC particles in a cell
N
Number of sampling points lying in the ﬂuid
NC
region
Total number of randomly generated sampling
NP
points
p
Pressure, N/m2
q
Heat ﬂux, W/m2
Rec;1 Chord-length-based free stream Reynolds number
Position vector of k-th particle, m
r~k
t
Time, s
tend
Simulation end time, s
T
Temperature, K
u
Flow velocity, m/s
V
Volume of a Cartesian cell, m3
VC
Fluid volume of a cut cell, m3
v~k
Velocity vector of k-th particle, m/s
x
x-Coordinate, m
y
y-Coordinate, m
Greek letters
C
Curve representing the immersed boundary
Dt
Time step, s
Dx
Cell width, m
Relative error in Monte-Carlo-estimated
N
volume of cut cell
h
Angular position on the cylinder measured from
the front stagnation point, degrees
k
Mean-free path, m
q1
Free stream density, kg/m3
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rT
s
uðx0 ; y0 Þ

Total collision cross section, m2
Shear stress, N/m2
Function to determine the location of a
Cartesian cell vertex ðx0 ; y0 Þ

Subscripts
1 Free stream ﬂow properties
k
k-th particle
s
Stagnation ﬂow properties
0
Vertex of a Cartesian cell
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