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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• HS-PPM is implemented with eliminated
inlet-outlet coupling and triangular ele-
ments method for wall description.

• Simulation accuracy and efficiency are
balanced for high Knudsen number
situations.

• Temperature and flow fields of IRVE in
rarefied gas are well predicted based on
dimensionless numbers.

• The flow system of porous particle at
atomic level can be simulated by the
implemented HS-PPM.
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A B S T R A C T

Hard-sphere/pseudo-particle modeling (HS-PPM) provides a parallel and more versatile implementation of
molecular dynamics simulation based on hard-sphere model at large scales with remarkable performance. For
more practical applications, however, more sophisticated and realistic boundary conditions have to be incor-
porated. In this work, the artifact of inlet-outlet coupling due to periodic boundary is basically eliminated by
adding collisions at both ends and proportional-integral-differential (PID) control of density at the outlet based
on implicit boundary conditions, maintaining reasonable flow field there for both high (up to 13.0) and low
(down to 0.0) Mach numbers. Moreover, geometrically complex boundaries are approximated by a large number
of polygonal (in particular, triangular) elements, instead of exact analytical descriptions, to balance the accuracy
and efficiency. Given the challenges of nanoscale experimentation, the drag coefficients from simulation con-
ducted at matching dimensionless numbers were compared with macroscopic results. With these improvements,
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the flow around a conical particle and the Inflatable Re-entry Vehicle Experiment (IRVE) was successfully
simulated and demonstrated consistent to experiment and numerical results from direct simulation Monte Carlo
(DSMC) towards the continuum flow limit (with the Knudsen number ranging from 0.1 to 1.7). Furthermore, the
drag coefficient of nano-particles in fluid flow, which is challenging for experimental measurement, was obtained
from simulation results, and the potential of HS-PPM in simulating particles and systems with complex structures
is exemplified by the gas flow and diffusion in porous micro/nano-particles.

1. Introduction

With new developments in process engineering such as micro-
chemical engineering (Shen et al., 2018; Sun et al., 2020; Suryawanshi
et al., 2018; Tian et al., 2025; Zhu et al., 2017) and flow chemistry
(Brzozowski et al., 2015; Ge et al., 2019; Gokul & Malaikannan, 2024;
Tian & Wu, 2024; Wegner et al., 2012; Yakunchikov et al., 2025),
detailed understanding and precise control of the
reaction-diffusion-flow coupling as well as heat transfer is increasingly
important. However, in systems where the mean free path of molecules
(λ) is considerable, such as flying particles in rarefied gas, or where the
characteristic scale of the flow field (D) is too small, such as flow in
porous catalyst particles shown in Fig. 1, the Knudsen number (Kn),
defined as the ratio of λ to D, increases and may exceed 0.1. In these high
Kn situations, computational fluid dynamics (CFD) simulations relying
on the Navier-Stokes equations yield unreliable or even invalid results
due to the breakdown of continuum hypothesis (Qiu et al., 2022). On the
other hand, molecular dynamics (MD) simulations, starting at micro
scale, is infeasible in terms of computational costs for such systems (Hou
et al., 2022; Hu et al., 2017; Tchipev et al., 2019; Watanabe et al., 2013).
Direct simulation Monte Carlo (DSMC) is much faster than MD simula-
tion under rarefied conditions, but becomes inaccurate for dense gases
and highly non-equilibrium conditions, for example, shock waves (Chen
& Boyd, 1996; Fedosov et al., 2004; Moss et al., 2006; Plotnikov &
Shkarupa, 2010, 2012).

In searching for a more accurate and yet efficient simulation method
for high Kn gas flows, it is noted that MD simulation based on the soft-
sphere (SS) models is inefficient and cost-prohibitive for redundant
computations, such as excess status updates in the interval of collisions.

On the other hand, MD simulation based on the hard-sphere (HS) model
adopts event-driven scheme, wherein specific molecular information
(position, velocity, etc.) will not be updated unless the instantaneous
collision event happens, thus the unnecessary computation between the
event is avoided. The physical properties of HS systems can be predicted
by Chapman-Enskog theory (Chapman& Cowling, 1970; Pieprzyk et al.,
2024; Wu et al., 2015, 2016), and the simulated hydrodynamic behav-
iors are also consistent with those results predicted by computational
fluid dynamics (Akkaya& Kandemir, 2015; Kandemir& Sevilgen, 2008;
Ramirez et al., 2000; Scalas et al., 2015; Zhang et al., 2016b). These
results demonstrate that the HS model is reliable for systems dominated
by repulsive interactions. However, the parallelization of event-driven
scheme faces fundamental challenges, as conventional approaches like
the rollback algorithm frequently exhibit diminished parallel efficiency
despite their straightforward implementations (Marin, 1997; Zhang
et al., 2016b).

Considering the advantages of SS and HS models, pseudo-particle
modeling (PPM) that combines the instantaneous collision of HS sys-
tems and time-driven scheme of SS systems was proposed (Ge & Li,
2001, 2003). All pseudo-particles (PPs) are advanced in uniform time
steps, followed by overlap detection between PPs in neighboring cells
and subsequent collision treatment of overlapping pairs. Hence, the
low efficiency of SS models under rarefied conditions and the paral-
lelization difficulties of HS model are all avoided (Ge & Li, 2001,
2003). However, molecular overlaps may lead to the deviations of the
simulated states between HS and PPM. Therefore, the nominal diam-
eter, defined as the diameter of PPs used in the simulations, was
numerically determined to map the properties of the PPs to those of the
HSs (Chen & Ge, 2010). The exchange sequence of boundary infor-
mation was designed to enable parallel simulations using the message

Nomenclature

Aj Area of cell j, m2

CD Drag coefficient
cK Position of the inner center of triangular element, m
dHS Diameter of hard-sphere molecule, m
dPPM Diameter of pseudo-particle molecule, m
D Characteristic length of the system, m
kB Boltzmann constant; 1.380649 × 10− 23 J K− 1

KP Proportional coefficient of PID controller
KI Integral coefficient of PID controller
KD Derivative coefficient of PID controller
Lx Length along the flow direction, m
m Mass of molecule, kg
nj Number density in cell j, m− 3

Nj Number of the accumulated concentration in cell j
ni
K Position of the ith vertices of triangular element, m
noKo Normal vector of triangular element, m
oiK The ith edge vector of triangular element, m
rs Molecular radius, m
Rn Random number in accordance with standard normal

distribution
Δt Global simulation time step, s

T Temperature, K
Tw Wall temperature, K
T0 Flow temperature at free stream, K
vmp Most probable speed, m s− 1

vx Velocity along the flow direction, m s− 1

vT Thermal velocity, m s− 1

xS Molecular position, m
Kn Knudsen number
Ma Mach number
Re Reynolds number
α Thermal accommodation coefficient
ρ Density, kg m− 3

η Volume fraction
λ Mean free path of molecules, m
θ Half cone angle, ◦

Subscripts
0 Flow properties at free stream
j Cell index
K Triangular element
w Wall
x Flow direction
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passing interface (MPI) (Lu et al., 2009). Furthermore, the strategic
replacement of HSs with PPs in boundary regions (Fig. 2) enables
independently computation of HSs within each sub-domain and
achieving near perfect parallelization scalability, which is called
hard-sphere/pseudo-particle modeling (HS-PPM) (Zhang et al.,
2016b). HS-PPM has been further extended to gas-solid multiscale flow
and validated by HS simulations (Li et al., 2017a, 2017b, 2019; Zhang
et al., 2016b), and showed promising prospect in balancing compu-
tational efficiency and numerical accuracy for high Kn gas flows.

When the rarefied gas flow is caused by the relative motion of solid
objects instead of apparent pressure difference (Ma et al., 2019; Zhang
et al., 2016a; Zhao et al., 2019), the traditional periodic boundary
conditions are unable to maintain translational velocity and uniform
density at the inlet. Partly decoupling the boundary by reallocating the
outflow molecules at the inlet while keeping a constant molecule
number (free stream inlet/outlet conditions) also deviates from the real
density conditions (Ma et al., 2019). Implicit treatment for flow
boundaries proposed by Akkaya et al. demonstrates remarkable per-
formance (Akkaya & Kandemir, 2015; Liou & Fang, 2000; Shah et al.,
2018), while the addition of molecules at the outlet relies on known
properties which is unrealistic in the simulation of flow over moving
bodies. Moreover, neglecting the collision effects of newly incorporated
boundary molecules may lead to boundary instability and reduce the

physical fidelity of the simulation. Besides the boundary conditions,
HS-PPM suffers the common difficulty of particle methods in resolving
complex boundaries analytically (Cheng, 2009; Kosyanchuk & Yakun-
chikov, 2018; Ramirez, 2017; Yakunchikov & Kosyanchuk, 2018,
2019a, 2019b). Describing irregular surfaces with static molecules for
higher accuracy requires smaller radius and hence larger-amount of
boundary molecules (Zhang et al., 2016a), resulting in reduced simu-
lation efficiency and accuracy. Therefore, it is imperative to develop a
completely decoupled inlet and outlet boundary settings that can realize
uniform flow without pressure difference, as well as an efficient method
for wall description. Both advancements are crucial for extending the
applicability of HS-PPM in the simulation of high Knudsen number gas
flows, and bridging the gap between CFD and MD simulations.

Thus, this work develops two critical enhancements to HS-PPM: (i) a
fully decoupled inlet/outlet boundary condition with PID control that
eliminates the inlet-outlet coupling artifact and works without knowing
outlet properties, and (ii) a triangular element method that can handle
arbitrarily complex geometries without analytical formulations.
Compared to DSMC, HS-PPM retains molecule-level accuracy while of-
fering better scalability in the near-end region; compared to previous
HS-PPM implementations, the new boundary condition enables uniform
flow with zero pressure gradient, and the triangular-element method
extends applicability to porous particles and reentry vehicles. In Section

Fig. 2. Framework of the HS-PPM approach (reprinted from Zhang et al., 2016b).

Fig. 1. Typical high Knudsen number scenarios and their corresponding simulation models.
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2, The concentration control region (CR) and virtual particle region
(VPR) were set for both inlet and outlet to add molecules and collisions,
and proportional integral differential (PID) control was adopted at the
outlet to adjust the density gradient in simulations of flow over bodies.
The wall was finitely discretized into triangular elements (Kremmer &
Favier, 2001a, 2001b) and the interaction between the gas molecule
with the wall was described by the collision between the molecule and
the triangle elements. In Section 3, the inlet/outlet boundary condition
with PID control was validated in the simulation of uniform flow, and
the triangular elements method was verified in the simulation of flow
around a conical particle and the Inflatable Re-entry Vehicle Experiment
(IRVE) under transition flow conditions (Lindell et al., 2006; Moss et al.,
2006; O'Keefe & Bose, 2010; Olds et al., 2013; Wu et al., 2022). Finally,
the enhanced boundary and wall surface treatments were used to
simulate the flow around a spherical porous particle.

2. Methods

The basic structure of the HS-PPM is illustrated in Fig. 2 for a 2D
illustration. We employed a hybrid modeling approach where the
seamless integration of HS and PPM for each MPI process is realized
through domain decomposition. For each sub-domain, the intra-process
collisions are governed by the HS model (yellow region), while the inter-
process interactions in boundary regions are handled by the PPM model
(blue region). The HS sub-regions are isolated by time-driven PPM
boundaries, and the width of PPM region must exceed twice the diam-
eter of the largest molecule to prevent inter-process interference.

The detailed process, depicted in Fig. 3, consists of two main mod-
ules: the first part for HS simulations and the other for PPM simulations.
For each PPM time step, multiple events in the HS region are first
handled, followed by the subsequent execution of updates, collisions,
and boundary transfers within the PPM region. By taking full advantage
of the PPM model, this approach successfully enables the parallelization
of the HS model, which is hindered by inherent concurrency constraints.

Boundary condition modifications and wall descriptions in this work,
including addition of molecule/collision and PID control, were incor-
porated into the HS-PPM sub-modules while preserving the core
computational workflow, as shown in Fig. 3.

2.1. The zero gradient outlet boundary conditions

The simulation domain consists of a simulation region (SR) and
virtual particle regions (VPR), as shown in Fig. 4. VPR are set at both
inlet (x = 0) and outlet (x = Lx). Control regions (CR) are established
within the SR to implement the inlet and outlet conditions. Molecules
and collisions are added at the boundary between the CR and VPR.

2.1.1. Addition of molecules at inlet
At the inlet, the density, temperature, and translational velocity of

gas are considered constant, and denoted by:
⎧
⎨

⎩

ρ|x=0 = ρc
T|x=0 = Tc
vx|x=0 = vc

(1)

The accumulated concentration, Nj, was monitored to determine the
need for molecule addition at the inlet (Eq. (2)). The velocity of added
molecules follows a Maxwellian distribution at the specified temperature
in the y- and z-directions, whereas a biased-Maxwellian distribution is
followed in the x-direction (Eq. (3)). The position of molecules was
randomly assigned in y- and z-directions and calculated by vx⋅Δt in x-
direction.

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Nj = FjΔtAj

Fj =
nj

2
̅̅̅
π

√
βj

{
exp
(
− s2j cos2 ϕ

)
+

̅̅̅
π

√
sj cos ϕ

[
1+ erf

(
sj cos ϕ

)]}

sj = vx;jβj

βj =
1

vmp;j
=

1
̅̅̅̅̅̅̅̅̅̅̅
2kBTj

m

√

(2)

where subscript j is the number of cells, Aj is the area of cell j, nj is the
molecule density in cell j, T is the temperature, ϕ is 0 for upstream and π
for downstream boundary, and vmp is the most probable speed.
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

vx = vx;j − f
(
vx;j
vmp

)

vmp

vy = vy;j + vmp
Rn;1
̅̅̅
2

√

vz = vz;j + vmp
Rn;2
̅̅̅
2

√

(3)

where Rn is random number generated from standard normal distribu-
tion, f is the function of acceptance-rejection method (Akkaya & Kan-
demir, 2015).

2.1.2. Addition of molecules at outlet
Defining the outlet condition is challenging due to the anisotropic

changes in the flow field across all three directions following gas-wall
interactions. To reproduce the real outlet condition, the properties
such as molecule density, temperature, and velocity in the first layer at
VPR-outlet are set identical to the adjacent CR-outlet cell, i.e., the zero
gradient condition denoted as:
⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

∂ρ
∂x
|x=L = 0

∂T
∂x

|x=L = 0

∂vx
∂x

|x=L = 0

(4)

Due to the random fluctuation of the molecule density in these cells,
zero gradient condition may cause positive feedback, that means
excessive added molecules in the CR caused by fluctuation will result in
an accumulation of molecules in the adjacent VPR, which in return, will
further lead to the rise of concentrations in CR. Hence, PID control was
adopted and the concentration gradient in the last five-layer cells close
to the outlet was selected as the controlling variable to eliminate the
positive feedback effect caused by zero gradient boundary condition.
The proportional, integral (time-averaged), and derivative coefficients
were initially set to − 1 and then manually fine-tuned based on the
amplitude and period of density fluctuations. The final values were
adjusted to − 1, − 10, and 0, respectively. These settings were applied
uniformly throughout our simulations and were found to be appropriate
within the tested parameter range. It should be noted that the PID pa-
rameters are expected to have a quantitative relationship with the
operating conditions, however, this aspect has not been investigated in
the current study.

2.1.3. Addition of collisions at inlet and outlet
Additionally, collisions were added in VPR regions using mirror

image (purple layer in Fig. 4) at the inlet and outlet. The molecule in-
formation in the second-layer grids in the CR close to the inlet and outlet
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were copied to the corresponding VPR as mirror image (black molecules
in Fig. 4) to provide collisions with the first-layer grids in CR. The
molecules in the VPR were deleted simultaneously after collision, thus
exert no influence on the real molecules fromwhich they were mirrored.

2.2. Triangular elements method

2.2.1. Triangular elements
Triangular elements stored in cells were employed to describe the

complex wall (Kremmer & Favier, 2001a) (Fig. 5). Each triangular
element has three vertexes nKi , the inner center of the triangular is
labeled as cK, the normal vectors are denoted by noKo , and the three edge

vectors are shown in Eq. (5).

o1
K = n2

K − n1
K

o2
K = n3

K − n2
K

o3
K = n1

K − n3
K

(5)

The vertical vectors from the center of triangular elements towards
the three edges are given by:

oi
gK = ni

K +
[(

cK − ni
K

)(
oi
K

)O
](

oi
K

)O
− cK (6)

The relative vector from the center of sphere with centroid at xs and
radius of rs is:

Fig. 3. Algorithm flow chart of the improved HS-PPM approach. FEL is the abbreviation of future event list and CBT is the abbreviation of complete binary tree. The
modules shown in pink and green illustrate the modifications on the boundary conditions in section 2.1 and the handling of complex wall by triangular elements in
section 2.2, respectively.
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vC = xS − cK (7)

Each triangular element was extended in both positive and negative
normal directions by the length of rs to infinite surfaces and the two
extended surfaces form an infinite thin layer with total thickness of 2rs
(Fig. 6a). A concentric extended triangular element was built by
extending the basic triangular element by rs in the directions of vertical
vectors from the center towards the three edges. The two triangular
elements were further extended to two triangular prisms with the height
of 2rs inside the infinite thin layer (Fig. 6a). The infinite thin layer was
then divided into 7 parts (R1-R7) by the two triangular prisms and some
auxiliary lines (Fig. 6). The seven parts were named in the order of near-
to-far from the basic triangular element (Fig. 6a and Table 1). A collision
between a molecule and a triangular element is determined by checking
for contact between the molecule centroid and any of the seven
component regions.

2.2.2. Molecule collides with triangular elements in PPM region
In the PPM region, the collision between the molecule and the tri-

angle element is determined by the relative position at each time step.
Accordingly, determining the sub-region of a molecule is a prerequisite
for checking its collisions within the PPM region.

The distance l between the centroid of molecule and the triangular
element is calculated by:

a= vC(noK)
O (8)

l= |a| − rS (9)

If l > 0, the molecule locates in the R7 sub-region and does not
overlap with the triangular element.

If l < 0, the projection of the molecule on the surface xc is calculated
by Eq. (10), while the relative vector of xc away from the incenter is vxc,
as defined by Eq. (11). The sub-region where the molecule projection xc
locates is then determined by calculating the angle acos (bi) between vxc
and ogk given by Eq. (12).

xC = xS − a(noK)
O (10)

vxC = xC − cK (11)

bi =(vxC)
O
(

oi
gK

)O
(12)

The projection of vxc on ogk and the minimum angle in the sub-region
is used to determine whether the molecule overlaps with the sub-region
i. If the projection satisfies Eq. (13), the molecule is in the sub-region R1
and overlaps with the triangular element. If the projection satisfies Eq.
(14), the molecule locates in the sub-region R6x, and there is no overlap
between the molecule and triangular element.

bi|vxC| <

⃒
⃒
⃒oiSub

gK

⃒
⃒
⃒ (13)

bi|vxC|>

⃒
⃒
⃒oiSub

gK

⃒
⃒
⃒+ rs (14)

Fig. 5. Illustrations for triangular elements (Kremmer & Favier, 2001a).

Fig. 4. Illustration of the new boundary condition settings. The cone geometry depicted here serves as an illustrative example and can be substituted with
other objects.

Fig. 6. Illustration of parts R1-R7 for handling the
collision between molecule and the triangular
element. (b) Is the cross section of (a) at the surface
that the basic triangular element belongs to. The blue
lines in (b) represent the edges of basic triangular
element and the black bold lines represent the edges
of the extended triangular prism. The solid red lines
represent the edges of the sphere centered at the
vertex of basic triangular element with a radius of rs.
The interpretations for the seven parts are listed in
Table 1.
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Edges and corners are classified for further processing. The projec-
tion vector xc(new) of vxc on the corresponding edge of the sub-region is
calculated by Eq. (15), and the relative vector vxc(new) is calculated by
Eq. (16). The distance tnl between the center of the molecule and the
projection xc(new) is calculated by Eq. (17).

xC(new) = xC −

[
1

bi|vxC|
oi
gK

]

(15)

vxC(new) = xC(new) − cK (16)

tnl = |xC(new) − xS| (17)

If tnl> rs, the molecule is located in the sub-region R3x, indicating no
overlap with the triangular element.

The projection of vxc(new) on the adjacent two normal vectors ogk
were calculated by Eqs. (18) and (19) to determine whether the mole-
cule locates in the sub-region R2x.

pi− 1
xC =

[
vxC(new)

(
oi− 1
gK

)O](
oi− 1
gK

)O
(18)

pi+1
xC =

[
vxC(new)

(
oi+1
gK

)O](
oi+1
gK

)O
(19)

If Eq. (20) is satisfied, the molecule locates in the sub-region R2x and
overlaps with the triangular element.
⃒
⃒pi− 1

xC

⃒
⃒≤

⃒
⃒
⃒oi− 1

gK

⃒
⃒
⃒ ∧
⃒
⃒pi+1

xC

⃒
⃒ ≤

⃒
⃒
⃒oi+1

gK

⃒
⃒
⃒ (20)

Finally, the distance between the molecule and the adjacent two
vertices is calculated. If it is less than rs, the molecule locates in the sub-
region R4x, and overlaps with the triangular element. Otherwise, the
molecule locates in the sub-region R5x and does not overlap with the
triangular element. The Maxwell gas-wall interaction model was
employed to update the molecule velocity upon collision, whereas the
molecule retained its original motion trajectory in the absence of a
collision.

2.2.3. Molecule collides with triangular elements in HS region
In the HS region, where an event-driven scheme is adopted, it is

necessary to check whether a molecule will collide with a triangular
element in the future. The subparts are checked sequentially by moving
the molecule through each one. Once a collision with the triangular
element is detected, the corresponding collision time is calculated. The
collisions between molecules with surface/edges/vertexes of triangle
element are all checked by solving the quadratic equation with time and
the presence of positive root means the occurrence of the collision. The
algorithm flow chart is shown in Fig. 7, and the corresponding pseudo
code is shown in Sec. S1 of the supplementary material.

If the molecule locates in R7 which is outside the surface (Fig. 6a),
the time for molecule collides with the surface need to be calculated. The
collision time refers to the duration required for the molecule to reach
the position where the distance to the basic triangular element surface is
rs. The minimum positive root from the simultaneous equation (Eq. (22))
of the equation for triangular elements surface (Eq. (21)) and the motion
equations gives the collision time.

Ax+By+ Cz+ D = 0 (21)

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

at2 + bt + c = 0
a =

(
Avx + Bvy + Cvz

)2

b = 2
(
Avx + Bvy + Cvz

)
(Ax0 + By0 + Cz0 + D)

c = (Ax0 + By0 + Cz0 + D)2 − r2S
(
A2 + B2 + C2)

(22)

If the molecule locates in the subparts outside the edge (R6x or R3x),
the molecules need to be moved to the position that the distance to the
edges of the basic triangular element is rs. The coordination of the start
point of the edge is set to be L0 (la, lb, lc) and the direction vector is s= (m,
n, p). The collision time is then calculated by solving the simultaneous
equation between motion equation of molecules with the edge (Eq.
(23)).

If the molecule locates in the subparts in the corner of extended
triangular prism (R5x), the molecule needs to be moved to the position
that the distance to the corners of the basic triangular element is rs. The
time for the molecule collides with corner is then predicted in the same
way as predicting that of collision between two molecules.
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

at2 + bt + c = 0
a = SO2 + SQ2 + SS2

b = 2(SOSP + SQSR + SSSU)
c = SP2 + SR2 + SU2 − s2r2S

SO = nvz − pvy
SP = n(z0 − lc) − p(y0 − lb)

SQ = pvx − mvz
SR = p(x0 − la) − m(z0 − lc)

SS = mvy − nvx
SU = m(y0 − lb) − n(x0 − la)

(23)

If the molecule locates inside the basic triangular prism (R1), in the
semicylinder (R2x), or in the hemisphere (R4x), the distance between
the molecule and the basic triangular is less than rs, which means that
the molecule collides with the triangular element.

2.3. Platform and simulation settings

2.3.1. Simulation platform
The simulations in this work were performed on the Mole-8.5 E

platform using 2-socket Linux servers with 2 CPUs of Intel Xeon E5-2680
v2, and the specific software and hardware configuration of the server
node is summarized in Table 2.

2.3.2. Simulation settings
Simulations of uniform flow, flow around a cone and IRVE were

conducted to validate the boundary conditions and the description of
complex walls by triangular elements method, as experimental data are
available for comparison. All these three simulations employed

Table 1
Division of the infinite thin layer extended from the triangular element.

Locations Region Extra description

Inside the basic triangular prism R1 Distance to the triangular element is less than rs
Inside the shell between basic triangular prism and extended triangular prism R2x Semicylinder, distance to the edge of the triangular element is less than rs

R3x Outside R2x, distance to the edge of the triangular element is larger than rs
R4x Hemisphere, with distance to the vertex of the triangular elements less than rs
R5x Outside R4x, distance to the vertex of the triangular element is larger than rs

Outside the extended prism but inside the finite thin layer R6x Distance to the edge of the triangular element is larger than rs
Outside the finite thin layer R7 Distance to the triangular element is larger than rs

Note: where x can take 0, 1, or 2 that represent the three edges or vertexes of the triangular element shown in Fig. 6.
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dimensionless numbers, using molecular mass, HS diameter, and time
step to normalize other parameters. The simulation of flow around a
porous particle in rarefied gases were further carried out. Initially, the
molecules were uniformly distributed within a cubic simulation domain,
and their velocities were assigned as the sum of a thermal velocity (with
spherical distribution) and the flow velocity vector.
Uniform flow field. Uniform flow in the SR without obstacles was

simulated using the boundary settings described in section 2.1 and
compared with the traditional boundary conditions. The simulation
parameters are listed in Table 3 and the translational velocity was
adjusted to reach the Ma of 0.0 and 13.0. Ma = 0.0 means that the

translational velocity was set at zero and the flow was driven by thermal
diffusion. PID control was added at the CR to regulate the molecular
density at the outlet. The pressure, temperature, and velocity distribu-
tion along the flow direction calculated from different boundary con-
ditions were compared. The molecular volume fraction η in the SR was
calculated and compared with the preset molecular volume fraction ηset.

The translational velocity was then adjusted to realize theMa at 0.0,
0.13, 1.3, and 13 respectively to validate the applicability of the
boundary conditions at differentMa. The length-to-diameter ratio of the
SR Lx/Lywas changed at differentMa and the molecular volume fraction
at steady-state conditions were calculated and compared with the preset
molecular volume fraction.
Flow around non-spherical objects. To demonstrate the adapt-

ability of this approach in geometrically complex objects, highMa flows
around a conical particle and an IRVE were then simulated. The ge-
ometry ratio of the simulation zone was set to 15D: 20D: 20D (D is the
characteristic length of the system, where for a cone it is taken as the
base diameter) to eliminate the influence of obstacles on the flow field
(Zhang et al., 2016b), and the parameter independence tests for domain
width are presented in Fig. S2 of the supplementary material. The x-axis
was defined as the flow direction. The completely decoupled inlet-outlet

Fig. 7. Algorithm flow chart for checking the collisions between molecules and triangular elements in the HS region. TE is the abbreviation for triangular element.

Table 2
The computation platform and software configurations.

Item Detail

Platform Mole-8.5 E
CPUs Intel Xeon E5-2680 v2 (2.80 GHz, 10 cores)
Host Memory 64 GB DDR3 1333 MHz
OS CentOS release 6.3 (Final) Kernel:2.6.32-279.el6
Compiler GCC:4.4.6 Intel compiler:14.0.0

Table 3
Parameters for simulation of uniform flow.

Number of molecules, N Volume fraction, η Mass, m HS diameter, dHS PP diameter, dPP Temp., kBT Velocity, v PP time step, Δt

50 × 50 × 50 0.0082 1.0 1.0 1.008 8.33 × 10− 4 0.0 1.0
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boundary conditions with PID control were applied at x-direction.
Non-periodic boundary conditions were used in y- and z-directions.
Triangular elements method was used to approximate the wall of the
static bodies.

(1) Flow around a conical particle

The discrete triangular elements were used to resolve the cone wall
and compared with the analytically derived model. The ratio of wall
temperature Tw and the flow temperature at infinite distance T0 was set
at 0.01, 0.1, and 1. The thermal accommodation coefficient α was
changed in the range of 0.7–1.0 to find the appropriate simulating
temperature at which the calculated drag coefficient changes mono-
tonically with α. Additional simulation parameters are listed in Table 4.

The drag coefficients at different Kn (Keel et al., 1972) were calcu-
lated at the chosen temperatures under complete and partial diffuse
reflection conditions (α set to 1 and 0.4) respectively. The Ma was
maintained at 7.6 and the remaining simulation parameters are pro-
vided in Table 5.

(2) IRVE in rarefied gas

The cone in Fig. 4 was replaced with the IRVE. The aerodynamics
were simulated by HS-PPM and DSMC, respectively. DSMC simulations
were carried out using the SPARTA software (version 18Jul 2022)
(Plimpton et al., 2019). The literature (Moss et al., 2006) found drag
coefficients were calculated by SPARTA based on same parameters
including Larsen-Borgnakke statistical energy model and variable hard
sphere molecular model to validate the accuracy of SPARTA. HS model
was further used in DSMC simulation to validate the applicability of
HS-PPM in simulating IRVE under rarefied conditions. The drag co-
efficients calculated from the above two methods were compared. The
simulation parameters are listed in Table 6.

(3) Flow around a porous particle

The structure of the porous catalyst (for demonstration tests,
regardless of the catalyst types) was utilized. It has an average solid
volume fraction of 72.05%, from which the spherical particles of 1–3 μm
were randomly selected for flow simulations. Specifically, the flow
around a spherical porous particle with a diameter of 2 μm was simu-
lated and the detailed characteristics of the flow field were presented.
The simulation parameters are listed in Table 7.

3. Results and discussions

The uniform flow simulation (Section 3.1) serves to validate the new
inlet/outlet boundary conditions with PID control, as there is no solid
wall. The cone flow (Section 3.2.1) validates the triangular element wall
method together with the new boundary conditions by comparing with
analytical wall treatment and experimental drag coefficients. The IRVE
simulation (Section 3.2.2) also validates the combined framework for a
realistic complex geometry against DSMC results. The porous particle
simulation (Section 3.3) is presented as a demonstration of capability,
not a formal validation.

3.1. Performance of boundary conditions in uniform flow

Uniform flow simulations were conducted using four boundary
condition schemes: the zero gradient boundary conditions with PID

control proposed in this work, the traditional free stream inlet/outlet
conditions (Zhang et al., 2016), the implicit boundary conditions
without adding collision (Akkaya et al., 2015), and the implicit
boundary conditions with adding collisions (Akkaya + Coll). The
introduction of PID control does not compromise simulation efficiency
compared to other boundary settings.

The boundary conditions proposed in this work require the propor-
tional, integral, and derivative coefficients of the PID controller. Fig. 8
(a) shows an example for tuning the PID coefficients at Ma = 0.13. The
three PID coefficients were first set to − 1, − 1, and − 1, and the volume
fraction fluctuations around the preset value were simulated. Owing to
low-frequency, large-amplitude oscillations of the volume fraction, it is
necessary to increase the integral coefficient and reduce the derivative
coefficient. It can be seen that with parameter tuning, the volume
fraction of the system gradually approaches the preset value (red dashed
line) and stabilized when the parameters were set to − 1, − 10, and 0.
Subsequently, each parameter was individually varied by 10% and 20%
to check the sensitivity of the parameters in Fig. 8(b). It shows that a
20% variation leads to considerable fluctuations, yet the volume fraction
(single time step, without time-averaged) still remained within 1.3% of
the preset value. This indicates that the results from this work are not
sensitive to the small variation of the chosen PID coefficients.

Fig. 9 shows that, unlike the traditional free stream inlet/outlet
condition, both the present method and the implicit boundary condi-
tions successfully achieved a uniform translational velocity (Fig. 9c and
d) along the flow direction without significant pressure difference
(Fig. 9a and b). The discrepancy of the fluctuations of temperature
(Fig. 10a and b) and molecular volume fraction ηfluc (Fig. 10c and d)
along the flow direction predicted by the improved model presented in
this work are also similar to that from the implicit boundary conditions,
suggesting that the developed boundary settings with PID control ach-
ieve reasonable flow field in the uniform flow situation. The traditional
free stream inlet/outlet boundary conditions lead to significant distur-
bances in pressure, velocity, temperature, as well as molecular volume
fraction due to the coupling between the inlet and outlet (Figs. 9 and
10).

The influence of coupling between inlet and outlet gets more sig-
nificant under low Ma conditions indicated by the clear fluctuations in
Figs. 9(a) and 10(a, c). At low Ma condition (Fig. 10c), the molecular
volume fraction η from this work and the implicit boundary conditions
with adding collisions (Akkaya + Coll) fit the preset values well along
the flow direction. While the implicit boundary conditions without
adding collisions (Akkaya et al., 2015) result in lower η, and the tradi-
tional free stream inlet/outlet conditions (Zhang et al., 2016) present
apparent fluctuations at both the inlet and outlet due to lack of molec-
ular balance. The differences among the four boundary conditions
decrease at highMa (Figs. 9b and 10b and d) since the flow field at high
Ma is dominated by the translational velocity. Further tests of the
boundary settings developed in this work as varying the length to
diameter ratios from 0.5 to 8 show that the deviation of the calculated
molecular fraction in the SR from the preset values are within ±1%
(Fig. 11), suggesting that this newly developed boundary conditions
could realize reasonable flow field at wideMa ranges. Fig. 11 also shows
that the deviation from preset value gets less significant at higher Ma
conditions.

Above comparison shows that the boundary settings proposed in this
work are capable to provide reasonable density, temperature, pressure,
as well as velocity fields in uniform flow at both low and high Ma
conditions. The periodic boundary conditions can generally provide
stable flow properties but significant fluctuations occur in free stream

Table 4
Parameters for simulation of flow around a cone under cold wall surface.

Knudsen number, Kn Reynolds number, Re Half cone angle, θ Base diameter, D HS diameter, dHS Temperature ratio, Tw/T0 Volume fraction, η Velocity, v

0.278 126 10◦ 7.448 1.0 0.010 0.050 0.400
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inlet/outlet condition where the decoupling of inlet and outlet is
essential (Zhang et al. in Figs. 9 and 10). While traditional implicit
boundary conditions can be used with specified outlet properties, their
applicability is restricted to the idealized scenario of uniform flow. In
practical applications, the characteristics of the outlet flow field remain
entirely unclear, revealing a key limitation of traditional implicit
boundary methods. The boundary settings proposed in this work possess
the advantage of implicit boundary conditions that avoid the instability
at both the inlet and outlet. On this basis, molecular collisions were
introduced at both ends to regulate pressure balance, and PID control
was supplemented to mitigate the outlet fluctuations. This combined
approach successfully generated a uniform flow, characterized by a
pressure-independent translational velocity and negligible streamwise
gradients in temperature and number density. These results indicate that
the newly developed boundary conditions are capable of providing
reasonable flow field for uniform flows and can be used in more realistic
situations with unknown outlet properties.

3.2. Validation of combined framework

The boundary conditions developed above and the introduction of
triangular elements enabled HS-PPM to simulate more complex

multiphase systems. We simulated high Knudsen number flow from two
distinct perspectives: flow around supersonic flying objects and porous
nano particles. While the latter was directly simulated to reproduce the
real flow field from an atomic level, the former was scaled down by
maintaining the same dimensionless numbers, Re, Kn, and Ma, for the
simulations and experiments, so as to reduce computational cost.

Owing to the lack of nano/micro-scale experimental data for direct
comparison, we validated the improved model against macro-scale
experimental data at the same dimensionless numbers, specifically for
flow around a conical particle and IRVE.

3.2.1. Simulation of flow around a conical particle
Simulation of the flow around a conical particle was carried out and

the cone surface was described by both analytically derived model and
the discrete triangular elements method developed in this work. A sys-
tematic comparison was conducted between simulation and benchmark
experimental results. Cold wall condition was widely adopted in the
supersonic speed wind tunnel experiments under rarefied flows (Bailey
& Hiatt, 1972; Keel et al., 1972; Moss et al., 2006; Voronin & Zhdanova,
1987; Yamamoto et al., 2006). Generally, the thermal accommodation
coefficients are assigned boundary values of 0 and 1 to establish theo-
retical extremes in simulations, and the rationality is confirmed if the

Table 5
Parameters for simulation of the flow around a cone under isothermal wall conditions.

Knudsen number, Kn Reynolds number, Re Half cone angle, θ Base diameter, D HS diameter, dHS Volume fraction, η Velocity, v

1.0 11.33 9◦ 4.38 1.0 0.02534 0.1155
0.8 14.16 9◦ 5.49 1.0 0.02529 0.1154
0.6 18.88 9◦ 7.37 1.0 0.02519 0.1154
0.4 28.32 9◦ 10.98 1.0 0.02534 0.1154
0.2 56.65 9◦ 21.39 1.0 0.02597 0.1157

Table 6
Parameters for simulation of the IRVE.

Altitude (km) Knudsen number, Kn Reynolds number, Re Mach number, Ma Base diameter, D Temp., kBT0 Volume fraction, η Velocity, v

125 1.74 1.81 1.98 20.0 1.33 × 10− 4 3.35 × 10− 3 0.0299
120 1.064 3.35 2.24 40.0 1.33 × 10− 4 2.78 × 10− 3 0.0338
115 0.574 7.16 2.58 40.0 1.33 × 10− 4 5.08 × 10− 3 0.0392
110 0.257 18.9 3.06 100.0 1.33 × 10− 4 4.53 × 10− 3 0.0464
105 0.103 53.9 3.49 100.0 1.33 × 10− 4 1.11 × 10− 2 0.0544

Table 7
Parameters for simulation of flow around a porous particle.

Sim. Domain Volume fraction, η HS diam., dHS Temp., T0 Velocity, v PP time step, Δt Sim. Duration

4μm × 6μm×6 μm 8.18 × 10− 6 10 Å 1123 K 100 m/s 10 fs 40 ns

Fig. 8. Tuning process and sensitivity analysis of PID coefficients (Ma = 0.13). (a) Adjustment of the proportional, integral, and derivative coefficients of PID
controller in the boundary conditions; (b) Sensitivity analysis about the influence of the PID coefficients on stability.
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drag coefficient measured in experiment fall within this simulation
range. However, Fig. 12 shows that the drag coefficient does not always
change monotonically with the thermal accommodation coefficient and
the trend depends on the ratio of wall temperature relative to the free

stream (Tw/T0). At Tw/T0 = 0.01, the drag coefficient initially increases
with the thermal accommodation coefficient in the range of 0.7 to 0.9,
and subsequently decreases as the thermal accommodation coefficient is
further increased. At higher wall temperatures, the relationship between

Fig. 9. Comparison of average pressure and molecular velocity along the flow direction at Ma = 0.0 and Ma = 13.0 calculated from different boundary conditions.
(a) Pressure,Ma = 0.0; (b) pressure,Ma = 13.0; (c) velocity,Ma = 0.0; (d) velocity,Ma = 13.0. For easier comparison, the variation in velocity atMa = 13.0 is shown
in the fluctuation relative to the preset velocity. Ma = 0.0 means that the translational velocity was set at zero and the flow was driven by thermal diffusion.

Fig. 10. Comparison of temperature and molecular volume fraction fluctuations around the preset value along the flow direction at Ma = 0.0 and Ma = 13.0. (a)
Temperature, Ma = 0.0; (b) temperature, Ma = 13.0; (c) molecular volume fraction, Ma = 0.0; (d) molecular volume fraction, Ma = 13.0. Ma = 0.0 means that the
translational velocity was set at zero and the flow was driven by thermal diffusion.
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drag coefficient and thermal accommodation coefficient gradually
changes to a monotonic trend. At Tw/T0 = 1, the maximum drag coef-
ficient was achieved at the complete diffuse reflection condition where
the thermal accommodation coefficient equals to unity (Fig. 12). This
finding indicates that assuming thermal accommodation coefficients of
0 or 1 fails to encompass the full range of possible drag coefficients,
leading to discrepancies between simulation and experiment. Conse-
quently, the influence of wall temperature must be considered.

It is widely accepted that the drag coefficient is presented as a
function of the Kn when the rarefaction effect is involved (Figliola et al.,
2022; Mailler et al., 2023; Tao et al., 2017; Tao & Guo, 2017). The wind
tunnel experiments at high Ma and transition flow (Kn in the range of
0.1–1) conditions was carried out by Keel et al. (1972) and the experi-
mental found drag coefficients of nitrogen flow around a conical particle
are represented by the black line in Fig. 13.

Fig. 13 shows the drag coefficients from HS-PPM and DSMC (the
parameter independence tests are presented in Fig. S1 of the

supplementary material) at both partly diffuse reflection (α = 0.4) and
complete diffuse reflection (α = 1) conditions in the transition flow
range (Kn = 0.1–1). For HS-PPM, the experimental found drag co-
efficients show close agreement with the simulation results at α = 1 at
low Kn conditions (Kn = 0.1–0.4), indicating the complete diffuse
reflection collision between molecule and wall. As further increasing the
Kn, the fraction of specular reflection increases and the experimental
value locates between the α= 1 and α= 0. The drag coefficient at varied
thermal accommodation coefficient in the range of 0.4–1 with an
increment of 0.1 was simulated at Kn = 1, and the experimental found
drag coefficient fit the α = 0.6 was observed. Fig. 13 also proves the
experimental values fall entirely within the parameter range of HS-PPM
(blue region); however, for DSMC, the maximum drag coefficients (red
region) are still lower than those observed in experiments (perhaps
owing to the relatively high density of the gas employed in this exper-
iment), further demonstrating the superior accuracy of HS-PPM.

Fig. 11. Variation of η under different Lx/Ly ratios at Ma equals to 0.0, 0.13,
1.3, and 13.0. The shadows in the figure represent the fluctuation range (min-
max) of molecular volume fraction. Ma = 0.0 means that the translational ve-
locity was set at zero and the flow was driven by thermal diffusion.

Fig. 12. Drag coefficient at different thermal accommodation coefficient and
wall temperature (Kn = 0.278, Ma = 24).

Fig. 13. Comparison of drag coefficients from simulations and wind tunnel
experiments. Experiments (black line), HS-PPM (blue line and region), and
DSMC (red line and region) at complete diffuse reflection condition (α = 1)
(square symbols) and partial diffuse reflection condition (α = 0.4) (circle
symbols) in the transition flow range (Kn = 0.1–1). The wall temperature for
the experiments and simulations was equal to the free stream. The statistical
errors across all groups were maintained below 1.1%.

Fig. 14. Comparison of drag coefficients using both analytically description
and the triangular elements description.
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The resolution of triangular elements method was tested by
comparing the drag coefficients in flow around a cone at the same
condition using both analytically description and the triangular ele-
ments description with the number of facet varied in 100–2000
(Fig. 14). It can be seen that when the number of triangular element is
approximately 100, the drag coefficients from the triangular elements
method are always lower than that from the analytical derivation of
cone. The discrepancy gradually decreases with increasing the number
of triangular element, and the difference is negligible when the number
of facet exceeds 1000. This suggests that triangular elements method
with sufficient number of facet can provide equal-level resolution as the
analytically method.

The efficiency of the analytical model and triangular elements
methods was evaluated at varied thermal velocity conditions. The
simulation parameters are listed in Table S2, and the number of colli-
sions and computing time for gas phase flow without and with cone
described by analytically resolved model and triangular elements

method were presented in Fig. 15. For easier comparison, single-process
simulations were carried out in these three cases and the collision
number and time cost in 2000 steps were averaged after running for
10,000 steps and reaching steady state. The size of the cone is negligible
and its impact on gas collision can be neglected, hence only the number
of collisions and time costs for gas collisions in uniform flow simulation
are shown for comparison (yellow in Fig. 15). It is found that the
triangular elements method increases the per-step computational cost by
a factor of ~1.25 relative to the analytical wall description for the cone
geometry. Nevertheless, its key advantage is universal applicability to
arbitrarily complex surfaces where analytical description is impossible.
Therefore, the improvement in “efficiency” refers to geometric versa-
tility rather than the absolute speed only. Further combination of the
analytical method and triangular elements method in the future offers a
fresh approach to balance the accuracy and efficiency and realize ver-
satile simulation of complex solid particles.

3.2.2. IRVE in rarefied gas
Simulations on the basis of exactly the same flow are limited by the

computational costs, whereas the dimensionless numbers enable the
modeling of larger systems with relatively lower costs. Based on the
same Re, Kn, andMa, the fly of the reentry vehicle at 110 km height was
scaled and simulated using HS-PPM with developed boundary condi-
tions and triangular elements method to describe the surface of the
reentry vehicle (Fig. 16a). The temperature field and flow field in
Figs. 16 and 17 show obvious shock wave characteristics, indicating that
the high speed gases deflect along the cone surface of the inflatable
bladder of IRVE. The thickness of the shockwaves is in similar dimension
with the bladder (Fig. 16). In the areas close to the vertex of the
inflatable bladder, temperature and density suddenly change to more
than three times of the free stream (Fig. 16b). However, the temperature
and flow density around the centerbody structure remain consistent
with those in the free stream (Figs. 16b and 17b), suggesting that the
inflatable bladder could effectively protect the centerbody structure of
the IRVE. Benefiting from the sheltering effect of the inflatable bladder,
the number density on the leeward keeps low (Fig. 17b) but the tem-
perature is 2–3 times of the free stream temperature (Fig. 16b), sug-
gesting that the length of the centerbody can be further adjusted to avoid
the high temperature effects.

The distributions of molecular volume fraction η, temperature T, and
heat flux J along the central axis in the flow direction are presented in
Fig. S3 of the supplementary material. Both distributions are normalized
by the free stream for better comparison. The stagnation point locations

Fig. 15. Performance of flow around cone using analytically resolved model
and triangular elements method at different thermal velocities. The scatters
with solid lines represent the time needed to calculate the collisions between
gas particles (orange), between gas particles and cone surface in geometric
method (green), and between gas particles and cone surface in triangular ele-
ments method (purple). The columns show the number of collisions and the
colors are assigned in the same way as the time.

Fig. 16. Temperature distribution of reentry vehicle simulated by HS-PPM. (a) temperature field around the reentry vehicle with the details of the structure; (b) the
magnification of the temperature field near reentry vehicle.
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for density and temperature are inconsistent, whereas the minimum
point of the heat flux curve aligns with the temperature, and the
maximum corresponds to the density. The J/J0 of DSMC at 110 km is
8.37 (Moss et al., 2006), which is comparable with our results. Although
it is widely accepted that the drag coefficient can be directly compared
under identical Re, Kn, andMa conditions, a precise comparison of flow
field profiles—such as heat flux, density, or temperature—requires the
introduction of additional dimensionless numbers, which are not
considered in this work yet. This necessity may explain the discrepancy
arising in heat flux.

The drag coefficients calculated by HS-PPM and DSMC at different
flight altitudes (corresponding to different Kn) are compared and shown
in Fig. 18. DSMC simulations carried out in this work using SPARTA
(Plimpton et al., 2019) perfectly reproduced the drag coefficients from
literature based on the Larsen-Borgnakke energy model and variable
hard sphere model (Fig. 18a). Fig. 18(b) shows that the drag coefficients
fromHS-PPM and DSMC are close when 0.1< Kn< 1 (where the relative
error remained below 1.8% throughout the 105–120 km altitude range),
indicating the consistency between improved HS-PPM and DSMC in
transitional flow where the drag coefficient still depends on Re, Kn, and
Ma, implying the continuum hypothesis. Thus, the optimized HS-PPM
was validated and demonstrated acceptable accuracy for investigating
rarefied gas flow aerodynamics.

As altitude increases and Kn> 1, the flow shifts to the free molecular
flow regime where continuum-based traditional fluid mechanics
methods gradually fails. Although trillion-scale MD is already possible,
it is still far behind the requirement for direct MD simulation of IRVE by
several orders of magnitudes. HS-PPM is therefore limited to the low Kn
conditions where the dimensionless-number-based scaling law is
reasonable. However, HS-PPM can be used in combination with DSMC
in a manner that HS-PPM provides accurate flow field near the wall
while DSMC simulates the bulk gas flow. The boundary settings pro-
posed in this work can be used for the transition between HS-PPM and
DSMC, while the next section will demonstrate the ability of HS-PPM in
the simulations of complex walls such as porous particles. This unfolds a
fresh perspective in balancing the overall efficiency and the accuracy of
detailed characteristics such as shocks waves close to the aircrafts, and
could apparently support the development and optimization of aircraft
in the aerospace field.

3.3. Applications: flow around a porous particle

The improved model was subsequently extended to simulate the flow
past porous nano-particles which have more complex hierarchical
structures. It should be noted that the simulations of porous particle are
used solely for demonstration the capability of the improved HS-PPM
rather than a fully validated results, and the current model can be

universally applied to transport phenomena (including flow, diffusion,
and heat transfer) in similar nano/microscale complex structures. The
gas flow around a spherical porous particle with a diameter of D = 2 μm
was simulated under nano/micro flow conditions, as shown in Fig. 19.
The radius of the gas molecules is 5 Å, the size of the simulation domain
is 2D: 3D: 3D, the velocity along the flow direction is 100 m/s (this is
extremely high for typical nanoflow but possible for some aerospace
applications), and the temperatures of the gas and wall are 1123 K, other
simulation parameters are listed in Table 7. Fig. 19 shows that under a
low flow velocity (Ma = 0.13, Re = 0.03, and Kn = 7.20), the density
field in the central cross-section along the z-axis is nearly uniform and
the flow at both the inlet and outlet are stable.

Furthermore, the distributions of temperature and number density
along the xy-plane and yz-plane were obtained by slicing through the
central planes along the z-axis and x-axis, respectively. In Fig. S4 of the
supplementary material, the blue regions in the nephograms represent
the cross-sectional profiles of the porous structures. Analysis of the
density field reveals that at a low flow velocity (Ma = 0.13), most re-
gions exhibit relatively uniform density. However, the density inside the
porous particle shows different trends on the xy-plane, the density is
approximately 20% higher on the windward, while that is slightly lower
on the leeward. This phenomenon is attributed to the resistance
encountered by the gases as they traverse the catalyst channels. In
contrast, the temperature field is relatively homogeneous, with fluctu-
ations of approximately 10% around the average temperature on both
the xy-plane and yz-plane.

We then varied the particle diameter from 1 μm to 3 μm and quan-
tified the difference in drag coefficients between the spherical porous
particles and their spherical analogues. The theory of flow around a
sphere is well-established: the drag coefficient follows Stokes' law for
Kn < 0.01, and becomes independent with Kn at high Kn values
(Kn > 100) (Cheng et al., 1988), adhering to the free-molecular limit.
However, there is a lack of theoretical formulas for the intermediate
Knudsen number range. Consequently, a semi-empirical slip correction
factor CC for the drag coefficient based on the Cunningham framework
was introduced (Allen& Raabe, 1985; Sun et al., 2018). Specifically, the
drag coefficient is generally determined by the Knudsen-Weber formu-
lation of the slip correction factor, whose general formula is given by Eq.
(25). Here in Table 8, we present the parameters of CC from represen-
tative literatures (Allen & Raabe, 1985; Davies, 1945; Sun et al., 2018).

CD =
24

ReCc
=

24
̅̅̅̅πγ
2

√
Ma
KnCc

(24)

Cc = 1+ Kn
[

A1 +A2 exp
(

−
A3

Kn

)]

(25)

Fig. 17. Density distribution of reentry vehicle simulated by HS-PPM. (b) is the magnification of the temperature field near the reentry vehicle in (a). The number
density is shown in dimensionless number relative to the density of the free stream.
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As shown in Fig. 20, while the variation of CD with Kn seems irreg-
ular, a distinct linear relationship between CC and Kn emerges after the
conversion of CD to CC through formula transformation. Therefore, a
linear fitting was directly applied, resulting in the relationship:
CC = 3.493*Kn + 2.102. The red and black dashed lines in the figure
represent the curves of CC and CD obtained by applying this fitting for-
mula, which are in good agreement with the original data points.

A final comparison of the drag coefficients for flow around a sphere
and a porous particle is presented in Fig. 21. It can be observed that the
drag coefficient for the porous particle is significantly reduced due to the
introduction of internal channels. Furthermore, the drag coefficient
varies unsmoothly with Kn, which arises from the random cut of the
spherical sub-region from the entire catalyst (the average volume frac-
tion is 72.05%). Unlike the solid spheres, whose drag coefficient in-
creases with Kn, porous spheres exhibit an opposite tendency as Kn rises.
This behavior occurs because an increase in Kn corresponds to a
reduction in sphere diameter, whereas the pore size distribution remains
unchanged. As a result, the ratio of sphere-to-pore diameter gradually

decreases. Therefore, it is essential to maintain a fixed ratio of sphere-to-
pore diameter for further in-depth analysis.
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The theoretical drag coefficient in the free-molecular limit (i.e., at
infinite Knudsen number) for a smooth sphere (Schaaf & Chambr�e,
1961), given by Eq. (26), was also calculated. As shown in Fig. 21, with
decreasing sphere diameter, the drag coefficient for the sphere gradually
increases with Kn and approaches the theoretical limit, which is
consistent with experimental findings. However, a discrepancy exists

Fig. 18. Drag coefficients simulated by DSMC and HS-PPM at different flight
altitudes. (a) Reproduction of the literature found drag coefficient by DSMC
using SPARTA software; (b) Comparison between the drag coefficients from
DSMC and HS-PPM. The statistical errors across all groups were maintained
below 0.5%.

Fig. 19. Simulation setup of the flow around a spherical porous particle and the density field around the xy-plane.

Table 8
Parameters for Cunningham-based slip correction factors.

Authors А1 A2 А3

Millikan, 1923 2.418 0.812 0.447
Davies, 1945 2.514 0.800 0.550
Michael et al., 1985 2.284 1.116 0.500
Hutchins et al., 1995 2.462 0.938 0.589
This work 3.493 1.102 0

Fig. 20. Variation of drag coefficient and CC with Kn for flow around a sphere.
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between our fitted limit (31.64) and the theoretical drag (36.63), which
is similar to the findings reported in other literatures (Allen & Raabe,
1985; Davies, 1945; Sun et al., 2018) (with extreme values ranging
between 32 and 34) as shown in the figure. This can be attributed to two
main factors: Firstly, our simulations were conducted within a finite
computational domain, whereas the theoretical value is derived for an
infinite space. While this spatial blocking effect of boundary walls di-
minishes with increasing Kn and becomes negligible in the free molec-
ular flow (Goswami et al., 2020; Schaaf& Chambr�e, 1961), the variation
in Kn across our simulation means that the drags at lower Kn are more
affected by spatial blocking. This enhancement will lead to a further
increase in the slope of the fitting curve, bringing it closer to the theo-
retical limit. Secondly, due to the limited range of Kn investigated, the
fitting was performed using a linear function, which fails to capture the
exponential term present in the Cunningham-based equation. A more
accurate result would require fitting across a broader range of Knudsen
numbers.

4. Conclusions

This work achieved net transport of rarefied gas in the absence of a
driving pressure gradient in flows over geometrically complex particles
and objects. The zero gradient boundary conditions were accomplished
through a completely decoupled inlet and outlet as well as a PID control
at outlet, and the wall geometry was described by triangular elements to
further broaden the applicability of HS-PPM for the realistic multi-phase
flow scenarios. The comparison between the zero gradient boundary
conditions and the traditional boundary conditions in uniform flow at
both high and low Ma (0.0–13.0) validated the reliability of the newly
developed boundary settings. The accuracy of the triangular elements
method was verified by both experiment and simulation results for flow
around a conical particle (Kn = 0.2–1.0). And the consistence between
the drag coefficients fromHS-PPM and DSMC of flow around IRVE under
rarefied conditions at low Kn conditions (Kn= 0.1–1.7, transitional flow
regime that close to continuum flow regime) also validated the accuracy
of the improved HS-PPM models.

The inlet/outlet boundary condition and triangular elements method
were further adopted in simulating high Kn gas flows such as the flow
around a micro-meter-scale porous particle. HS-PPM successfully pro-
vided the temperature and density distribution inside the pores as well
as around the particle. Compared to a solid spherical particle of identical
size, the porous structure lowers the drag coefficient, while the value
observed remains within a reasonable range. This suggests that the

optimized HS-PPM provides not only detailed mass and heat transfer
properties for the flow at micro scale, but also reliable results for
simulating the aerodynamics under rarefied conditions based on the
dimensionless numbers. It is anticipated that more accurate and efficient
simulations can be achieved to support the design and optimization of
aircrafts and porous catalysts with the future development in the
coupling between HS-PPM and DSMC. In addition, the PID coefficients
in zero gradient boundary conditions were manually fine-tuned and
their quantitative relationship with operating conditions was not
investigated, automatically tuning the PID coefficients is therefore
promising in further widening the application of HS-PPM in our future
work.
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