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A quantified model-competition (QMC) mechanism for multiscale flows is extracted from the integral
(analytical) solution of the Boltzmann-BGK model equation. In the QMC mechanism, the weight of the
rarefied model and the weight of the continuum (aerodynamic and hydrodynamic) model are quantified. Then,
a simplified unified wave-particle method (SUWP) is constructed based on the QMC mechanism. In the SUWP,
the stochastic particle method and the continuum Navier-Stokes method are combined together. Their weights
are determined by the QMC mechanism quantitatively in every discrete cell of the computational domain. The
validity and accuracy of the present numerical method are examined using a series of test cases including the high
nonequilibrium shock wave structure case, the unsteady Sod shock-tube case with a wide range of Kn number,
the hypersonic flow around the circular cylinder from the free-molecular regime to the near continuum regime,
and the viscous boundary layer case. In the construction process of the present method, an antidissipation effect

in the continuum mechanism is also discussed.
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I. INTRODUCTION

For the flows around supersonic and hypersonic aircrafts in
near space, local rarefied regions often arise in the flow field
due to the large gradients in the shock waves and the boundary
layers. For microflows around micro-electro-mechanical Sys-
tems (MEMS), rarefied flows often exist around the boundary
of MEMS, since its characteristic length is comparable to the
molecular mean free path (m.f.p.). In similar situations, the
coexistence of the continuum flow and the rarefied flow in
a single flow field makes the flow behavior and mechanism
extremely complicated. In the researches and simulations of
these complex multiscale flows, numerical methods that can
cover the entire flow regime (including the continuum regime,
slip regime, transitional regime, and free-molecular regime) is
in strong demand.

Since the direct simulation Monte Carlo (DSMC) [1,2] and
the discrete velocity method (DVM) [3,4] are able to simulate
the rarefied flows, and the Navier-Stokes (N-S) solvers are
able to simulate the continuum flows, hybrid methods are de-
veloped, in which a flow field is decomposed into continuum
regions and rarefied regions with the corresponding solvers
working on it. For example, the modular particle-continuum
(MPC) method [5,6] couples the information preservation
(IP) DSMC method [7] with N-S solver, and the unified
flow solver (UFS) [3] couples the DVM with the gas-kinetic
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scheme (GKS) [8], which can be viewed as a N-S solver
with better nonequilibrium performance. The hybrid methods
should use empirical or semi-empirical criterion for domain
decomposition. In hybrid methods, the continuum region and
rarefied region are overlapped for better information exchange
[5,6]. The model inaccuracy of N-S equation and insufficient
particle number of DSMC in the overlap regions should be
addressed well. When DVM method is used as the rarefied
solver, the hybrid method should face the curse of dimension-
ality, which is adjoint to the discrete velocity space used in the
DVM.

To enlarge the cell size and time step of particle meth-
ods such as the DSMC, the analytical solutions of homoge-
nous Bhatnagar-Gross-Krook (BGK)-type model equations
are used to categorize the particles into free-transport particles
and particles participated in collisions [9,10]. Then, the ve-
locities of the particles participated in collisions are sampled
from the corresponding equilibrium distribution function. Up
to now, ES-BGK, Shakhov, and unified-BGK models are
used [11], and real gas effect is considered [12,13]. The
homogenous treatment of particle collisions leads to a first-
order numerical scheme in which the extra numerical vis-
cosity will harm the accuracy and the asymptotic-preserving
(AP) property in prediction of continuum and near-continuum
flows, especially in the boundary layer. To overcome this
drawback, the unified stochastic particle (USP) method is
proposed recently [14,15], in which the extra relaxation terms
toward a Grad distribution are added to both side of model
equation, and the transport process is coupled with the extra
relaxation process (this relaxation process can be viewed as
some kind of particle collision), leading to a correct viscosity
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and AP property. However, using the Fokker-Planck (FP)-type
Boltzmann model equation and the corresponding Langevin-
type stochastic differential equation, particle FP method is
proposed [16] and further extended to real gas, gas mixture
and dense gas [17-19]. Further, the ES-FP [20] and Cubic-FP
models [17] are developed to achieve the right Pr number, and
modifications are made to obtain the AP property [21].

For simulating flows in entire flow regime, several uni-
fied methods are proposed based on the BGK-type model
equation using the discrete velocity space in a deterministic
way, such as unified gas-kinetic scheme (UGKS) [22-24],
discrete unified gas-kinetic scheme (DUGKS) [25-27], gas-
kinetic unified algorithm (GKUA) [28,29], and the improved
discrete velocity method (IDVM) [30,31]. The free-transport
process and collision process of particles are coupled together
in UGKS and DUGKS, using the analytical solution of full
BGK-type model equation (not simplified homogenous one),
and the characteristic-line function, respectively. The coupled
transport process is not only consistent with the physical
nature, but also leads to the multiscale property. Therefore,
their cell size and time step are not limited by the mean free
path and mean collision time anymore, and can be chosen
according to the flow properties (such as the gradients of
the flow field) and Courant-Friedrichs-Lewy (CFL) condition,
respectively. Up to now, these methods are extended to real
gas [32], plasma gas [33], phonon heat transfer [34], radiation
transfer [35]. Recently, a unified gas-kinetic wave-particle
(UGKWP) method is proposed based on the same philosophy
of the UGKS method [36,37]. In the UGKWP, the parti-
cles are categorized into free-transport particles and particles
participated in collisions (named hydrodynamic particles in
UGKWP) using the analytical solution of full BGK-type
model equation. The particles participated in collisions are
merged into the macroscopic variables, and their contribution
to macroscopic flux are calculated from the time integral
part of the analytical solution. Both the information of free-
transport particles and macroscopic variables are updated in
the UGKWP. After the updating, the particles participated in
collisions are emerged from the macroscopic variables again.
In continuum limit, there is almost no free-transport particles,
then the UGKWP is equivalent to a N-S solver without the
statistical fluctuation associated with particles methods, and
the AP property is fulfilled directly.

In both the analytical solution of BGK-type equation and
the time integral solution of the Langevin-type equation,
there underlies a model-competition mechanism between the
particle free-transport model and the continuum model, which
directly leads to the multiscale properties of the particle FP
method, the UGKS method, and the recent UGKWP method.
In this paper, enlightened from the construction process of
the UGKWP method, a quantified model-competition mech-
anism is found by conducting a close investigation of the
analytical solution of the BGK equation. With this quantified
model-competition mechanism, a simplified unified wave-
particle (SUWP) method is proposed, which combines the
collisionless DSMC method (as the rarefied model) with the
Navier-Stokes solver (as the continuum model). The weights
of rarefied model and continuum model are determined from
the quantified model-competition mechanism.

The remainder of this paper is arranged as follows: Sec. 11
is a quick review of the gas-kinetic theory and the BGK-type
Boltzmann model equation. Section III is an investigation
of the analytical solution, from which the quantified model-
competition mechanism is obtained. The SUWP method is
in Sec. IV. Section V is the numerical experiments. The
concluding remarks are in Sec. VI.

II. GAS-KINETIC THEORY AND BGK-TYPE MODEL
EQUATION

In the gas-kinetic theory, molecular motions are described
in terms of the distribution function f(x, &, t), which means
the number density of molecules with the velocity & that arrive
the location x at time f. For dilute gas, f is governed by
Boltzmann equation [38]

af af . df

ot +é ox +a E
where a is the acceleration of molecule. The left-hand side
of Eq. (1) is the free-transport part, while the right-hand side
is the fivefold nonlinear integral collision part. In most mul-
tiscale methods, the BGK-type Boltzmann model equation is
used in the following form:

y+§_f LA M =D

ot 3§ T

=C(f. ), ey

(@)

where the Boltzmann collision term in Eq. (1) is replaced by
a simple relaxation term on the right-hand side of Eq. (2).
Furthermore, t is the relaxation time defined as /p, where
n and p are the temperature-dependent dynamic viscosity
and the pressure, respectively. Moreover, g is the Maxwellian
distribution with the maximum local entropy, which is in the
following form:

= (oir) oo (5r) O

where n, ¢, u, T, k, and m are the number density, the
peculiar velocity defined as & — u, the macroscopic velocity,
the thermodynamic temperature, the Boltzmann constant, and
the mass of molecule, respectively.

In the gas-kinetic theory, the macroscopic mass density p,
momentum density pu, energy density plu|?/2 4 pe (here e
is inertial energy per unit mass), stress tensor s, and heat flux
q can be obtained from the distribution function f with the
following equations:

= (mf),
= (m&f),
pe = 3(m&-&f), )
s = —(mecef) + pl,

1 2
§p|u|

q=3(me(c-c)f),

where I is a identity matrix, and the operator (-) denotes an
integral over of the whole velocity space as the following:

()= ()dé. (&)
R3
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III. QUANTIFIED MODEL-COMPETITION MECHANISM

The analytical solution of BGK equation is in the following
form:

fx,§1) = %/0 g(x — & + &' &, z)e’%’d;’
+e T f(x—&,£,0). ©)

Here f(x — &, &,0) is the original distribution function at
time 0, and x — & is the original coordinate obtained by
tracing the molecules (with velocity &) back from x. x —
&t + &' is the trace of molecules from time O to time ¢, and
g(x — & + &', & 1) is the equilibrium distribution function
along this trace.

This analytical solution can be interpreted as

(1) A cluster of particles with velocity & located at x —
& at time O transport in their velocity direction. Their initial
number density is f(x — &, &, 0).

(2) When they arrive at location x at time #, due to the
intermolecular collisions, some molecules leave their original
trace and do not belong to this cluster anymore. While, some
molecules are not affected by intermolecular collisions. They
are still in this trace, and their portion is exp (—#/7).

(3) However, intermolecular collisions also replenish this
cluster with new molecules that emerge from other col-
lisions with post-collision velocity & These post-collision
molecules are determined from the equilibrium distribution
g(x — &t + &', &, t) along the trace.

The analytical solution [Eq. (6)] explicitly shows that
in a time interval (0, ), there are a exp(—¢/t) portion of
molecules are free-transport ones, and the others should ex-
perience at least one collision. As ¢ increases, the portion
of free-transport molecules decreases. ¢ is actually the scale-
dependent observation time. When ¢ is much larger than t,
such as in the case of continuum regime, there is almost
no free-transport molecule left. Since the portion of free-
transport molecules is depended on the observation time, the
analytical solution has a multiscale property.

The molecules participated in collision are named hydro-
dynamic molecules in Ref. [36]. This nomenclature is used
in this paper. To conduct a close investigation of hydrody-
namic molecules, a second-order Taylor expansion is used for
g(x — &t + &', £, t) in the analytical solution [Eq. (6)], which
is the equilibrium distribution along the trace. Denote the time
integral term in the analytical solution by A(x, &, ). With the
second-order Taylor expansion for g(x — & + &', €, t), it can
be written as

1 [! ad
h(X, E’ t) = _A {g(x’ E? 0) + (_Et + gt/) ° _g

T ox x.£0)

}e“#dt/. 7
(x,£,0)

By calculating the integral in Eq. (7), it becomes

ag
+1-2
ot

h(x, & t) = {(1 - e_%)g+ (€ Ft+e T — 7)€ %

_r 38
+(t+e T—1)— . (8)
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Here, all the information is located at (x, &, 0). To get a clear
physical picture, this equation is further rearranged as

t 0 9
h(x,ij,t)z{(1_e—r)[g_f<€,a_i+8_f'>}
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Here, the first term in the curly brackets are actually a distri-
bution (in square brackets) multiplied by a scale factor, and
this distribution corresponds to the second-order Chapman-
Enskog (C-E) expansion of the BGK equation. The second
term is an antidissipation term. The third term is a high-order
temporal term.

In the continuum regime, the relaxation time t whose
magnitude is in the same order with the mean collision time
is greatly smaller than the observation time ¢ (v < ¢ and
t/t — 00). Then, Eq. (9) is reduced to

oo 221 08)] 4 08
ot = {[oe(s 250 2)] 0] a0

Therefore, h(x, &, ) becomes the second-order C-E distribu-
tion plus a high order temporal term.

In the free molecular regime, the relaxation time t is
greatly larger than the observation time ¢ (t > ¢ and ¢/t —
0). Then, h(x, &, t) becomes

B dg 0g ag og
ho 80 = {[_t<§' ax " 5)} +[(E' ax 5> }<x,s,0>

—0. (11)

The coefficients of the transport term (g) of the C-E distribu-
tion and the high order temporal term in Eq. (9) are zero. Since
the coefficient of the antidissipation term is opposite to that
of the dissipation term in C-E distribution, these two terms
are canceled, making a physical correct h(x, &, 1) = 0. This
is consistent with the physical nature that there is no colli-
sion (hydrodynamic molecules) in the free molecular regime.
Without the antidissipation term, a nonphysical dissipation
proportional to the observation time ¢ will exist in the flow
field permanently.

Combine the dissipation and antidissipation term and drop
the high order temporal term, i(x, &, t) can be finally written
as

t 8 a
k0= {(1 _e_r)[g_c“ste' o af)“ ’
x,§,0
( s(iZ)

where cyis [defined in Eq. (13)] is the coefficient of the
dissipation term after combined with the antidissipation term.
The subscript “vis” stands for viscous since the dissipation
term leads to the viscous flux in the N-S solver in the later

analysis.
t et
Cyis = 1 — (—) — . (13)
T 1 — e

The value of cy;s is unity in continuum regime and zero in the
free molecular regime.
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So far, the mechanism can be extracted from the analytical
solution of the BGK equation is quite clear. For time scale
(observation time) ¢, exp (—¢ /T) portion of molecules are free-
transport molecules; 1 —exp (—¢/t) portion of molecules
participate in collisions and follow a modified C-E expansion
in Eq. (12). The free transport molecules follow the free
transport mechanism (rarefied model), and the hydrodynamic
molecules follow a modified hydrodynamic mechanism (con-
tinuum model) since their distribution is a modified C-E
distribution.

The macroscopic flux can be calculated from
((§-n)Y¥f) [the operator is defined in Eq. (5)], where
¥ = (m,m&, m&-£/2) are the microscopic conservative
variables, n is the normal direction of a cell interface, f is
defined at the central point of the interface. Therefore, set x
the central point of the interface whose normal direction is
n, the macroscopic flux Fyyqgo caused by the hydrodynamic
molecules is expressed as follows:

thdro = <(§ : n)l/fh)
=(l—e~ {((E -n)yg) (14)

+ Cvis<(§'n)l/ff<§' g—i + %’»}

Since the two integrals in Eq. (14) are the inviscid flux and
viscous flux of the N-S equation. Fpyaro can be finally written
as

Fiyaro = (1 — €7 )(Fxs.iny + CvisFxs.vis)- (15)

Here, “inv” stands for inviscid. Since [1 — exp (—#/7)] is the
portion of the hydrodynamic molecules, Eq. (15) means that
the flux caused by hydrodynamic molecules is in the form of
N-S flux except a scale dependent coefficient cy;s is multiplied
to the viscous flux.

For numerical methods, the observation time ¢ is the
numerical time step Afr. The weight of the rarefied model
and the weight of the continuum model can be defined as
follows, which are actually the proportions of free-transport
and hydrodynamic molecules, respectively:

o
Wfree = € 7,

N (16)

Whydro = 1—e ~.
The flux caused by the free-transport molecules Fy.. is di-
rectly obtained from their straight line motions. The flux cause
by the hydrodynamic molecules Fyyqr, is in a modified N-S
form:

Fhydro = Whydro (NS, inv + CvisFNs vis)s a7

where the scale dependent coefficient cy;s is multiplied to the
viscous flux, and cy;s is defined as

A w,
Cos =1 — (—)w; (18)

T Whydro

Finally, the philosophy of the quantified model-competition

(QMC) mechanism can be summarized explicitly as follows:
(1) During the time step Af, wge portion of molecules

are the free-transport ones. Wpygro = 1 — Wree portion of

molecules are hydrodynamic ones that participate in inter-
molecular collisions.

(2) The behavior the free-transport molecules is the
straight free motion, and their macroscopic behavior is ob-
tained by the direct summation of the molecular information
(rarefied model). The hydrodynamic molecules follows the
modified C-E expansion [Eq. (12) with ¢ replaced by Atf],
and their macroscopic behavior is governed by a modified N-S
mechanism [continuum model, Eq. (17)].

(3) The weight of rarefied model and the weight of con-
tinuum model are the proportions of molecules governed by
them, respectively.

IV. SIMPLIFIED UNIFIED WAVE-PARTICLE METHOD

This section is about the simplified unified wave-particle
method (SUWP) that use the QMC mechanism for multiscale
flow simulations. Like other flow solvers, the physical space
and time in the SUWP are the discrete ones. In discrete physi-
cal elements (cells), both the information of the free-transport
molecules and the information of the macroscopic variables
are recorded and renewed. The SUWP solver is composed by
the following three parts:

(1) Stochastic particle solver for free-transport molecules
(the collisionless DSMC is used in this paper).

(2) N-S solver for the macroscopic behavior of hydrody-
namic molecules.

(3) Functions for QMC mechanism (including informa-
tion exchange between the two solvers).

A. Functions for QMC mechanism: Categorization and
supplementation of molecules

At the start of each time step (the left-hand side of Fig. 1),
there are two kinds of information included in discrete cells:
the initial molecular information and the total macroscopic
information. In the previous time step, some portion of
molecules were categorized as free-transport molecules in
each cell. When they finally arrived at certain cell at the end
of this previous time step, they were recorded as molecules
belonging to this cell. Therefore, the initial molecular infor-
mation at the start of each time step is actually the individual
information of the free molecules those were categorized in
the previous time step. The individual molecular information
includes its coordinate, mass and velocity. The total macro-
scopic information at the start of each time step are the
macroscopic variables (mass, momentum and energy) for both
free molecules and hydrodynamic molecules.

Therefore, the information at the start of each time step
is incomplete, lacking of the individual information for the
hydrodynamic molecules, since the transport of hydrody-
namic molecules are modeled by their macroscopic (ag-
gregate) behavior governed by N-S equation in the QMC
mechanism, and their individual information are deleted
for computational efficiency. In this paper, the macroscopic
mass, momentum and energy in cell are defined as Q =
[0, pu, p(lu?/2 + €)2], where Q is the cell volume.
The macroscopic variables of free-transport molecules, hy-
drodynamic molecules and total molecules are denoted by
Qtrees Qnydro> and Qoar, respectively. Since Qo is recorded
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The free molecules arrived at this cell
during the last time step

o ©
The macroscopic o ®
variables °
composed of ® o
hydro-dynamic o ©

The macroscopic variables of
hydrodynamic molecules arrived at
this cell during the last time step

The initial information in cell at
the present time step

Hydrodynamic
molecules follow

molecules

Free molecules
follow the free
o trapsport o

mechagism
o ® The free molecules

° e4¢———— from the initial free-
transport ones

The free molecules
eeo ~emerge from the initial
hydrodynamic ones

The categorization of molecules

at the present time step

FIG. 1. The categorization of molecules.

in cell, and Qg can be obtained by summing up the ini-
tial molecular information in cell, the macroscopic variables
of hydrodynamic molecules can be obtained as Qnyaro =
Qiotal — Qfree- Then, the individual information of the hydro-
dynamic molecules are recovered by sampling them from
the Maxwellian distribution determined by their macroscopic
variables Qpydro in a classic DSMC way [1,2].

After all the individual information of molecules are recov-
ered, these molecules are categorized into new free-transport
and hydrodynamic ones in this time step (the right-hand side
of Fig. 1). From QMC mechanism, there is wgee portion of
molecules are free-transport ones. In Refs. [36,37], the first
collision time 7. = 7 In(n) is defined, where 5 is a random
number in (0, 1). For each molecule, 7. is used to test whether
it collides or not during the time step. If z. > At, then the
molecule is categorized into free-transport one, else, it is

-
N

[ Argon Shock Wave (Ma=8.0)

o
)

y, Velocity an(é> Temperture
©

i
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0.4 v 9 Density (UGKS)
o — — — — Temperature (UGKS)
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® () [suoescEBEBEEececees® BE0ECEa00EE00enEnEE0E0
g L
S |
o I EEEETI R RN R B |
0'2-30 -20 20 30

10 ) 10
x coordinate (m.f.p.)

(a)

categorized into hydrodynamic one. The mathematical expec-
tations of such test are Wwyree and Whydro- In continuum regime
and near-continuum regime, there is almost no free-transport
molecule existing in the flow field (wgee — 0) since At > 1.
Therefore, there is no need to recover all the initial hydrody-
namic molecules and only select a very small portion from
them as the free-transport molecules in this time step. Instead,
given Quygro and the weight wpyaro, free-transport molecules
in this step can be directly sampled from whydroQnydro Without
t. test. The free-transport molecules in this step can also
come from the initial free-transport molecules. Therefore,
Wiree portion of free-transport molecules can be obtained by
conducting the 7. test to the initial free-transport molecules,
while the portion of initial free-transport molecules that are
categorized as hydrodynamic molecules in this time step, are
deleted from computer memory.

[ Argon Shock Wave (Ma=10.0)

-
N

BEDE0a0aEE0g, , 9 Saae

y, Velocity ang Temperture
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g T T T T T T T g
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FIG. 2. Argon shock wave structures (lines are the benchmark solution from UGKS, symbols are the present SUWP numerical solutions),

(a) Ma = 8.0, (b) Ma = 10.0.
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FIG. 3. Profiles of Sod shock-tube at ¢ = 0.15 with Kn = 10~!. The SUWP solution is shown in symbols and the reference UGKS solution
is shown in solid lines. (a) Density, (b) velocity, (c) temperature, (d) pressure.

After the categorization of molecules, the free-transport
molecules transport freely in the flow filed, and their individ-
ual information is updated by the collisionless DSMC. The
macroscopic flux caused by the hydrodynamic molecules are
calculated by Eq. (17). And the total macroscopic variables
are updated using the following equation:

Kmax

Q:lo-‘t_all = Q:lotal + ( ’tlr:és - ?ree) — At Z (thdl‘O)Sks (19)
k

where n denotes the present time step, and n 4 1 denotes
the next time step, k is the index of cell interface, kpy.x is
the number of interface in this cell. Qf.. is the macroscopic
variables of free-transport molecules at the present time step
after the categorization. Q;‘r'gf is the molecules belong to this
cell at the end of the present time step. Without loss of
generality, the normal directions of all interfaces are pointing

outside.

Finally, the process of SUWP can be written as follows:

(1) Get Qgee by summing up the initial molecular infor-
mation from the molecules which were categorized into free-
transport ones and arrived at this cell during the last time step.
Get the macroscopic variables of the initial hydrodynamic
molecules from Qpyaro = Qrotal — Qfice-

(2) Calculate wiree and Whydro-

(3) Sample free-transport molecules from wWhydroQnydro
(one source of the free-transport molecules in this time step).

(4) Conduct the 7, test on initial free-transport molecules,
and only retain those pass this test (f, > At, another source of
the free-transport molecules in this time step).

(5) Now the information in cells includes the individual
molecular information of free-transport molecules that are
categorized in this time step, and the total macroscopic vari-
ables for all molecules in this cell (ready for transport).

(6) The motion of the free-transport molecules in this time
step are calculated using a collisionless DSMC method. The
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FIG. 4. Profiles of Sod shock-tube at # = 0.15 with Kn = 1073, The SUWP solution is shown in symbols and the reference UGKS solution
is shown in solid lines. (a) Density, (b) velocity, (c) temperature, (d) pressure.

transport of hydrodynamic molecules in this time step are
modeled by the N-S mechanism, and their flux is calculated
from Eq. (17).

(7) At the end of this time step, the coordinates of free-
transport molecules are updated, and they are assigned to new
cells if they have transported across the cell interfaces. The
total macroscopic variables in cells are updated using Eq. (19)
by given the free molecular information and the macroscopic
flux from hydrodynamic molecules.

B. Collisionless DSMC solver

For the free-transport molecules in SUWP, their transport
processes are calculated by the collisionless DSMC solver.
The particle tracing method on unstructured mesh is similar
to that in Ref. [37], expect a straddle test is used for compu-
tational efficiency in the present two-dimensional case. The
tracing process is listed as follows:

(1) Given the iteration time At, the destination of a free-
transport molecule (initially at X, With velocity &) can be
directly obtained from Xepng = Xgiae + EAz. (forming a line
segment Xstartxend)-

(2) loop all faces of the cell to test whether XgarXend inter-
sects with one of them [Eq. (20)]. If there is no intersection
between Xg.rXeng and the faces, then this molecule is in the
present cell (process ends). If intersection is detected, then
break the loop and move to step 3.

(3) Calculate the intersection point Xiyer and move the
molecule to it. Then, this molecule belongs to the adjacent
cell. Calculate the remaining time f#.eman Of the molecule
(after been moved to Xiyer). Then move to step 4. Notice
that if the intersection face is a solid wall, the molecular
velocity is changed according to the wall boundary condition
[1,2](after hitting the wall, its velocity is denoted by &,,,;,), and
its destination is changed tO Xend = Xinter + &yanfremain. Also
notice that if the intersection face is other boundaries of the
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flow field, such inlet, outlet, farfield, the molecule can be
deleted (process ends).

(4) loop all faces (expect the intersection face with Xjper
on it) of the cell to test whether XjnerXeng intersect with it
[Eq. (20)]. If there is no intersection between XgrXend and
the faces, then the molecule is in the cell (process ends). If
intersection is detected, then break the loop, and move back
to step 3.

To determine whether a particle transports across certain
cell interface, the following straddle test of two segments (a
particle trace and a cell interface in two-dimensional space) is
used. Two segments (denoted by AB and CD) should fulfill
the following two inequations to intersect with each other (x
is the coordinate vector)

{(x4 —x¢) - xp — xXc)H{(xp — x¢) - (xXp — X¢)} <O,

{(xc —x4) - (xp — x)H(Xp — X4) - (Xp — X4)} <O,

(20)

which means points A and B are on the different sides of
segment CD (the first equation), and points C and D are on
the different sides of segment AB (the second equation).

In this paper, the unstructured quadrilateral meshes are
adopted in the two-dimensional test cases, and the emerging
particles should be spread into these quadrilateral meshes
uniformly. To avoid using the acceptance-rejection rule which
is used on quadrilateral meshes and is time consuming, the
quadrilateral is divided into two triangles, and the particles can
be spread directly into these two triangles without using any
acceptance-rejection rule. Therefore, the sampling process
into a quadrilateral mesh cell is changed into a sampling
process into two triangular mesh cells denoted by 7; and
Tp, whose areas are S4 and Sp respectively. Given 7 is the
random real number sample in (0, 1). If n < S4/(S4 + SB),
then a molecule is sampled into Ty, else it is sampled into
Tp. After the target triangle is chosen, the coordinate of this
molecule is obtained by the direct sampling method [37], and
this molecule is spread into this triangle.
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FIG. 6. Ma = 5 flow around cylinder at Kn = 10. (a) Density, (b) u-velocity, (c) v-velocity, (d) temperature.

C. Navier-Stokes solver

In the SUWP, the classical N-S solver is used for
calculating the macroscopic flux of the hydrodynamic
molecules without change, except a scale-dependent
coefficient is multiplied to the viscous flux [Eq. (17)].
Notice that during the entire N-S calculations, the physical
variables (density, velocity, and temperature) are from the
total macroscopic variables Q-

At the present stage, the inviscid flux in Ref. [39] is used. It
is the weighted summation of the flux of Kinetic Flux-Vector
Splitting (KFVS) method and the totally thermalized transport
(TTT) method [40]. In this paper, both the mathematical
forms of KFVS flux and the TTT process are rearranged in
a classical computational fluid dynamics (CFD) way. Here,
the normal direction of the cell interface is from its left side to
its right side. The macroscopic velocity in normal direction
and two tangential directions are denoted by u, v, and w,
respectively. The KFVS flux K is rearranged as follows:

1 1
Kinass =§(,0LML + PRUR) + E(PLMLUL — PRURNR)

1
+ z(pLGL — prOR),

1 1
Kamon =3 [(preg + pr) + (priig + pr)] + 5[ (o014, + pr)me
, 1
— (orug + pr)NR] + E(pLuLeL — PrUROR),
1 1
Kymon =§(,0LMLUL + PRURVR) + E(pLuLULnL — PRURVRNR)
1
+ E(IOLULQL — PRVROR),
1 1
Kmon =§(PLuLwL + PRURWR) + E(pLuLwLnL — PRURWRR)

1
+ E(prLOL — PRWROR),

1 1
Kenergy ZE(pLuLhL + prughg) + E(K)LuLthL — PRURNRTR)

Al ) (- 7))

(2D
where the subscript “L” and “R” represent the left- and right-
hand sides of the cell interface where the flux is calculated. n
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FIG. 7. Ma = 5 flow around the cylinder at Kn = 1. (a) Density, (b) u-velocity, (c) v-velocity, (d) temperature.

and 6 are defined as

(22)

where the subscript “o” can be “L” or “R.”
The TTT flux T is the simple Euler flux using the averaged
values

Tnass = Pi,

Tamon = Pil” + P,

Tymon = PiiD, (23)
Tymon = DU,

Tenergy = Ph,

where the averaged values can be obtained from the following
TTT process:

_ 1 1
0= E(/)L + pr) + E(anL — PRNR),

1 1
pu = E(PLML + prug) + E(pLeL — PrOR)

1
+ E(pLuLnL — PRURTR),

_ 1 1
PV = E(pLUL + PrVR) + E(pLULnL — PRURNR), (24)

1 !
ow = z(prL + prwr) + z(prLnL — PRWRMR),

1 !
0e = z(,oLeL + prer) + Z(pLuLeL — PRUROR)

1
+ E(pLeLUL — PRERNR),
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FIG. 8. Ma = 5 flow around the cylinder at Kn = 0.1

with the aid of i = pu/p, v =pv/p, w=pw/p, T =
pe/Cy,and h = C,T.

So far, the inviscid flux on the cell interface can be calcu-
lated using

Finv = BK 4+ (1 - B)T, (25)
where
B = tanh(CM). (26)
PR — DL

Here tanh is the hyperbolic tangent function, and C is chosen
as 10 according to Ref. [39].

In this paper, the second-order reconstruction is
considered. The gradients of conservative variables
o, pu, p(lul>/2 +¢) are calculated by the least square
method. The Venkatakrishnan slop limiter [41] is adopted to
the gradients.

The viscous flux Fy; is calculated by the central scheme.
The physical variables and their gradients at the cell interface
for calculating the viscous flux are obtained by conducting a
weighted average of the central values of two neighbor cells.
Up to now, the framework of flux calculation is the same with

. (a) Density, (b) u-velocity, (c) v-velocity, (d) temperature.

the classical CFD way. Finally, the modified N-S flux can
be obtained from Eq. (17). In gas-kinetic theory, the BGK
model equation corresponds to a unity Prandtl (Pr) number.
The Shakhov model equation [42] has the same mathematical
form of BGK, but it has a modified equilibrium distribution
to get a right Pr number. In SUWP method, both wg. and
cyis are the same for BGK and Shakhov (since they have the
same relaxation time), and the only difference is the viscous
flux for Shakhov model has the right Pr number. In the test
cases of this paper, to be consistent with the reference results,
Pr = 1 is adopted.

When t approaches infinity (free molecular flow limit), cyis
becomes zero, and the continuum mechanism has no contri-
bution to the dissipation (it becomes the Euler mechanism).
At the free molecular flow limit, the dissipation is totally
from the free-transport mechanism. In earlier particle methods
based on BGK-type equation, particles follow the Maxwellian
distribution after collisions, or follow other equilibrium distri-
butions depending on the chosen model equation. After colli-
sion, these particles transport freely. Since the free-transport
of particles from Maxwellian distribution leads to the Euler
mechanism without dissipation, the earlier particle methods
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FIG. 9. Ma = 5 flow around the cylinder at Kn = 0.01. (a) Density, (b) u-velocity, (c) v-velocity, (d) temperature.

can predict the rarefied flows with large Knudsen (Kn) number
well. While for flows with small Kn number, where the
dissipation in continuum mechanism can not be neglected,
they often have the problem of inaccurate viscous behavior. In
USP method, this viscous problem is repaired by forcing some
particles emerging from a Grad distribution which becomes
second-order C-E distribution in continuum limit with N-S
viscous term in it. When t approaches zero (continuum limit),
the flow is totally dominated by continuum mechanism. At
the same time, cy;s is unity, and the dissipation mechanism
recovers the N-S mechanism completely.

D. Boundary condition

The boundary condition (BC) of SUWP combines the BCs
of DSMC and N-S methods, which is actually a weighted
average of them in flux calculations. Given the macro-
scopic variables on boundaries, the weight of free transport
molecules wgee and the weight of hydrodynamic molecules
1 — wgee can be obtained.

1. Inlet and outlet boundary conditions

In SUWP, the mass flux of free transport molecules across
the inlet or outlet boundary is

u? RT
Fpsmc = Wiree 0 €XP 5T )V 27

Uy u,
+?[1 +erf(¢2RT>]}’ @n

where the subscript n stands for the normal direction.
The mass of free molecules moving into the flow field is
FpsmcAtS. If weee 1S set unity, then Fpsyec becomes the
ordinary DSMC one [1,2]. The later procedure is identical
to the conventional DSMC: The normal particle velocity &,
is sampled from the distribution £,gp using the acceptance-
rejection rule, and the tangential velocities are sampled di-
rectly from g,p, where gp and gop are 1D and 2D Maxwellian
distributions, respectively. The location of a particle at the
boundary interface (denoted by AB) is x4 + r(xg — x4) (r is
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FIG. 10. The density distribution along the stagnation lines of Ma = 5 cylinder, (a) Kn = 10, (b) Kn =1, (¢) Kn = 0.1, (d) Kn = 0.01.

a random real number between O and 1), and its remaining
time after going into the flow field is r Az. For hydrodynamic
particles, the N-S flux at boundary interface can be directly
used where the inviscid flux is multiplied by (1 — Wy ), and
the viscous flux is multiplied by cyis(1 — Wiree )-

2. Wall boundary condition

Being same with the DSMC, at the wall boundary, the
free molecules hit the wall and bounce back. Since the full
accommodation wall is used in this paper, the particles reflect
according to the Maxwellian distribution and are sampled
from

£y = /2RTyany/— log (r1),
&1 = v/2RTyany/— log (1) cos (21r3), (28)
& = \/2RTwall\/_ log (r7) sin (27 r3),

where 7y, rp, and r3 are random real numbers between 0 and
1, the subscript ¢1 and 2 are two tangential directions, and
Twan 1s the wall temperature. For hydrodynamic particles, the
nonslip BC in N-S method can be directly used, where the
inviscid flux and viscous flux are multiplied by their weights
(Weree and 1 — wgee). This treatment is the same with that of
the inlet and outlet BCs.

E. Difference to the UGKWP method

UGKWP is strictly based on the model equations, and its
algorithm is designed that it can strictly recover the UGKS
method which have been proved to be validate for flows
in all flow regimes. Specifically, the time integral solution
[Eqg. (6)] of the BGK equation is further integrated over the
numerical iteration time to get the fluxes of distribution and
the macroscopic conservation variables. In the present SUWP
method, the QMC is directly obtained from the time integral
solution [Eq. (6)] with the time scale being represented by
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FIG. 11. The u-velocity distribution along the stagnation lines of Ma = 5 cylinder, (a) Kn = 10, (b) Kn =1, (¢) Kn = 0.1, (d) Kn = 0.01.

the numerical iteration time. Using the simple weights, the
collisionless DSMC solver and the ordinary N-S solver can
be coupled together in every discrete cell to predict multiscale
flows without changing their algorithms.

The flux in UGKWP is caused by the motions of three
types of molecules: (1) free transport molecules, (2) the col-
liding (hydrodynamic) molecules that transport freely across
the cell interface before their first collisions, (3) the other
molecules which collide first and then transport across the
cell interface. In SUWP, molecules are categorized into only
the free transport ones and the colliding (hydrodynamic) ones,
which are solved by the DSMC and the N-S solvers, respec-
tively. Being compared to the UGKWP, the particle transport
process in SUWP is coarse and simple.

V. NUMERICAL EXPERIMENTS

A. Shock wave structure

The shock wave structure case is a benchmark case for
the validity and accuracy of multiscale numerical methods
in nonequilibrium flow simulations. A normal shock wave

is a discontinuity from macroscopic point of view, across
which the physical properties change precipitously. While the
profiles of a normal shock wave are actually smooth from
microscopic point of view. Molecules in the shock wave are
a mixture of the ones before the shock wave, where flow is su-
personic or hypersonic with a relatively low temperature and
the molecules after the shock wave, where the flow is subsonic
with a high temperature. Since the molecular collisions in the
thin shock wave (about twenty m.f.p.) are insufficient, the
distribution function will be far from the equilibrium for large
Mach (Ma) numbers. Given the heat index w and molecular
scattering factor «, the m.f.p. of variable soft sphere (VSS)
model can be written as

mep = - KT H (29)
BV 2mp

where S is a gas-model depended coefficient defined as

g Setet)

= . (30)
40 (5 — 2w)(7 — 20)
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FIG. 12. The temperature distribution along the stagnation lines of Ma = 5 cylinder, (a) Kn = 10, (b) Kn =1, (¢) Kn = 0.1, (d) Kn = 0.01.

In this section, the Argon gas is chosen as the working
gas. The benchmark solutions from UGKS [36] chooses the
Variable Hard Sphere (VHS) molecular model for Argon, so
it is adopted in the present SUWP calculation. Since o = 1
will reduce the general VSS model to the VHS model, o =
0.81 and o = 1.0 are chosen. The upstream and downstream
boundaries are determined by Rankine-Hugoniot condition.
The cell Kn number Kn. (the reference length is chosen as
the cell length) is set 2.0 to resolve the profiles, and the CFL
number is set 0.5. The iteration time in the test cases of this
paper is calculated by

Af = CFL—_fmin___ (31)
(u+3YRT)

where Ly, is the minimum cell length in computational
domain, u 4+ 3./yRT is chosen from the initial condition, and
the maximum value is used.

Figure 2 illustrates the profiles of the shock waves with
Ma numbers 8 and 10, where the density, velocity, and

temperature are normalized as follows:

N P — Pup

h=—,
Pdown — Pup

~ U — Udown

= —"" (32)
Uyp — Udown

i T=Ty ’
Tdown - Tup

where the subscript “up” and “down” stand for the upstream
and downstream, respectively. The x coordinate in the shock
wave is normalized by the m.f.p. of upstream boundary. It
can be seen from Fig. 2 that the numerical solutions obtained
from SUWP match well with the benchmark solution from the
UGKS method.

B. Sod shock-tube

The sod shock-tube case with different Kn numbers (10~!,
1073, and 107°) are used to examine the validity of SUWP
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der flow at Kn = 0.01.

in unsteady multiscale flow simulations covering the transi-
tional, slip and continuum flow regimes. The computational
domain is [—0.5, 0.5]. Being same with the benchmark solu-
tion from Ref. [36], the VHS model with w = 0.81 is used.
The reference length is chosen as the length of flow domain.
The m.f.p. for Kn number is from the initial condition on the
left half of the domain. The computational domain is discrete
into 100 cells, and the CFL number is set 0.5. The initial
condition is

(1,0, 1), x <0,

(.. p) = { (0.125,0,0.1), x > 0. (33)

The density, velocity, temperature, and pressure profiles with
different Kn numbers at ¢t = 0.15 are illustrated in Figs. 3, 4,
and 5. The profiles calculated by the SUWP match well with
those from the benchmark solution. In this case, the number
of free-transport molecules emerging from the macroscopic
variables is adjusted to make the total number of particles
in the cell is around 300. For Kn = 0.1 case, the weight
of the particle method is large, and stochastic fluctuation
can be seen in the profiles (Fig. 3). For Kn = 107> case (in
continuum regime), the weight of the particle method can be
neglected, and no obvious stochastic fluctuation can be seen
in the profiles.

C. Hypersonic flow around cylinder

The hypersonic flow around cylinder with four Kn numbers
(10, 1, 0.1, 0.01) is calculated using SUWP in this section.
Since the Kn number is from 10 to 0.01, the free molecular,
transitional, and slip flow regimes are covered by this test
case.

The working gas is Argon with w = 0.81 and y =5/3.
The Mach number is 5.0. VHS model for intermolecular
potential is used (VSS model with = 1). The radius of the
cylinder L is chosen as the reference length (L. = L). The
reference temperature is Ti.f = To,. Subscript co represents
the inflow physical variables in this case. The reference den-

sity and velocity are pref = Poo and Urer = /2R Tef, TESPEC-
tively. The computational domain is enclosed by a circle with
aradius of 15L. The domain is decomposed into 75 x 62 cells,
where 75 cells are used in the radial direction and 62 cells
are arranged along the wall of cylinder. The height of the cell
adjacent to the wall boundary is 0.05, and its length is 0.1.
The CFL number is chosen as 0.5 for all Kn numbers. The
number of free molecules emerging from the hydrodynamic
macroscopic variables is set 100 multiplied by the rate of their
mass to the total mass in cell. (To limit the particles number
in a single mesh cell, it is set that the total mass in a mesh
cell can be split into 100 particles at most. Therefore, when
emerging some particles from macroscopic variables, their
number should be 100 multiplied by their mass portion.)

The flow fields (the contours of density, u-velocity, v-
velocity, and temperature) at Kn number 10, 1, 0.1, and 0.01
are illustrated in Figs. 6, 7, 8, and 9, respectively. In the
Kn = 10 case where the flow is governed by free-transport
mechanism, the flow is smooth and shock wave can not be
identified in the flow field. When Kn number decreases, the
bow shock becomes obvious, and its structure becomes clear.
At Kn = 0.01, the structure of bow shock is already the same
with that in the continuum regime. Since as the Kn number in-
creases, the free-transport mechanism prevails gradually, then
molecules can take their information to a large distance with-
out collision. This leads to a large regime influenced by the
solid wall (cylinder). This phenomenon can be seen from the
temperature contours easily [Figs. 9(d), 8(d), 7(d), and 6(d)].

The density, velocity, and temperature profiles along the
stagnation line are plotted in Figs. 10, 11, and 12, respectively.
The results calculated by the present method are compared
to those from the DUGKS code in Ref. [43]. The SUWP
results match well with those from the DUGKS. At Kn =
0.01, the profiles calculated by SUWP deviate slightly from
the DUGKS results. That may because that the transient
statistical fluctuation amplify the effect of the slop limiter
and more numerical viscosity is added into the scheme.
As the Kn number decreases, the profiles of the physical
variables becomes thin, and same sharp structures appears in
the profiles at Kn = 0.01. This phenomenon is consistent with
the observation of the flow field.

Being the same with UGKWP, as cell Kn number de-
creases, the model molecules in cell will decrease. It is good
property for computational efficiency. In Fig. 13, the number
of model molecules in cell are illustrated at the transient time
after the flow achieving the steady state. It can been seen that
the number of model molecules in the cells close to the front
of cylinder are only within the range from 20 to 40.

The computational time of the SUWP and explicit UGKS
are compared in Table I. The speedup ratios in these cases
with Kn = 0.01, 0.1, 1, and 10 are from 37.4 to 21.7. As Kn
number increases, the free transport particle numbers in the
flow field increases. Since the computational cost of SUWP is
mainly spent on the sampling, deleting and tracing operations
for particles, the increasing number of free transport particles
leads to a decreasing speedup ratio.

D. Viscous boundary layer

Since the SUWP is designed that it is can be reduced to
the N-S solver with a correct dissipation, the continuum flow
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TABLE I. Computational time of UGKS and SUWP for hyper-
sonic cylinder flow.

Case UGKS* SUWP® Speedup Ratio
Kn = 0.01 52.3 hours 1.4 hours 37.4
Kn =0.1 52.3 hours 1.5 hours 34.8
Kn=1 52.3 hours 2.1 hours 24.9
Kn =10 52.3 hours 2.4 hours 21.7

*UGKS adopts 5000 steps first-order calculation for stable perfor-
mance and 35 000 steps second-order calculation for numerical
accuracy, and adopts 100 x 100 discrete velocity space.

®SUWP adopts 30 000 steps for flow evolution and 10 000 steps for
averaging, and sets the number of emerging particles in cells as their
mass portion multiplied by 100.

passing a flat plate is simulated in this section. The com-
putational domain is [—50, 100] x [0, 100], and rectangular

30

25

g | e s |

20

0-20

-20 0 20 40 60 80 100

mesh with 150 x 65 cells are utilized. The height of the cell
adjacent to the plate is 0.02, and its length is 0.1. The CFL
number is set 0.5. The inflow Ma number and Reynolds (Re)
number are 0.1 and 103, respectively. According to the inflow
condition, Az/t > 1. Therefore, wge. approaches zero and
Whydro approaches unity. The smallest value of the total mass
for the model molecules sampled from the hydrodynamic
macroscopic variables is set as 10™* of the total mass in
cell. Below this value, no molecule need to be sampled (flow
is in continuum regime, it does not need the free-transport
mechanism). Therefore, at the initial time, there is no model
molecule in the flow field. Since the density field is almost
a constant in this case, there is also no model molecule
needed to be sampled in the evolution process. In this case,
the SUWP is reduced to a classic N-S solver. The mesh,
density contours, u-velocity contours, and v-velocity are il-
lustrated in Fig. 14. As illustrated in Fig. 15, the u-velocity
and v-velocity profiles match well with that from the Blasius
solution.
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FIG. 14. The mesh and flow field of the viscous boundary layer at Ma = 0.1 and Re = 10°. (a) Mesh, (b) Density, (c) u-velocity, (d)

v-velocity.

013304-17



SHA LIU, CHENGWEN ZHONG, AND MING FANG

PHYSICAL REVIEW E 102, 013304 (2020)

6 —
I x=10
sb - --- x=20
P = x=40
- o Blasius
L
x [
o> [
So3f
e |
> L
Py
L
0 L T T T T ]
0 0.2 0.4 0.6 0.8 1

6.—
I x=10
sk T x=20
e x=40
i 0 Blasius
4k
x [
o~ [
od,xs_
e |
> |
Py
L
0 I T TR IR R ER—— T
0 0.2 0.4 0.6 0.8 1 1.2
0.5
vRe, “/u,

FIG. 15. The velocity profiles in the viscous boundary layer at Ma = 0.1 and Re = 10°. (a) Normalized u-velocity, (b) normalized v-

velocity.

VI. DISCUSSION AND CONCLUSIONS

In this paper, a quantified model-competition (QMC)
mechanism is extracted from the integral solution of the
Boltzmann-BGK model equation, and a simplified unified
wave-particle method (SUWP) is proposed with the aid of this
QMC mechanism. The validity and accuracy of the present
SUWP method are verified through a series of multiscale test
cases. The SUWP combines the stochastic particle method
and the continuum N-S method in the algorithm level. Both
stochastic particle and N-S calculations are conducted in a
single discrete cell, while their weights are quantified by the
QMC mechanism. At the free-molecular limit, the SUWP is
reduced to the stochastic particle method. Because the number
of free molecules in a single cell is very small in the near
continuum regime, the SUWP needs only a few amount of
model molecules in such situations. At the continuum limit,
the SUWP is reduced to the pure N-S solver completely.

Compared to the deterministic methods which use discrete
velocity space and are very efficient for low speed flows in all
flow regimes when implicit schemes are adopted, the wave-
particle-based methods, such as UGKWP and the present
SUWP, use the particles to represent the distribution of free
transporting particles in the velocity space. This treatment
helps the schemes to avoid the dimensional crisis and can

be viewed as a kind of automatic adaptive velocity space.
Therefore, like DSMC and stochastic particle methods, they
are very efficient in high-speed and high-dimensional flow
simulations. Furthermore, since the number of free transport
molecules in SUWP and UGKWP decreases as Kn number
decreases, their computational efficiencies are high for small
(or locally small) Kn number flows.
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