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1 Introduction

Gas mixture and plasma widely exit in the universe and are extensively applied in the
industry of aerospace, chemical, and nuclear engineering. Both gas mixture and plasma
transport have multiscale nature. For the gas mixture, the flow regime varies from rar-
efied to continuum regimes according to the Knudsen number. In the rarefied regime,
the fundamental governing equation is the multi-species Boltzmann equation [1], which
resolves the flow physics on the particle mean free path and mean collision time scales.
The complex five-fold integral collision operator of the Boltzmann equation makes
both mathematical analysis and numerical simulation difficult. Therefore, many kinetic
models have been proposed. For example, the McCormack model [2] linearizes the non-
linear collision term with the assumption for the distribution function to slightly deviate
from equilibrium. The collision term of Andries-Aoki-Perthame (AAP) model [3] is
approximated by a single relaxation term. Other modified models attempt to recover cor-
rect transport coefficients [4, 5]. Although the kinetic equation resolves kinetic scale flow
physics, the high dimension of the equation makes the computations expensive in practi-
cal 3D engineering applications. On the other hand, the hydrodynamic model, namely the
Euler or Navier-Stokes (NS) equations, is mostly used in the continuum flow regime. For
the plasma transport, the flow physics becomes more complicated. The plasma regime
varies not only from rarefied to continuum regimes according to the Knudsen number, but
also from the two-fluid to magnetohydrodynamic (MHD) regimes according to the nor-
malized Larmor radius and Debye length. In the rarefied flow regime with large Knudsen
number, the plasma physics is described by the kinetic Fokker-Planck-Landau equation
coupled with the Maxwell equation [6]. In the hydrodynamic regime at small Knudsen
number, the two-fluid hydrodynamic system coupled with Maxwell equation can describe
the plasma dynamics in an effective way, which takes into account the Hall effect, electron
inertia effect, and resistive effect, etc. [7]. In the highly magnetized flow regime where
the normalized Larmor radius approaches zero and Debye length is on the order of the
reciprocal of the speed of light, a single fluid ideal MHD can be used to describe the
large scale plasma physics [8]. For both multiscale gas mixture and plasma transport, the
hydrodynamic descriptions are more effective, but limited in the continuum flow regime;
while the kinetic models capture kinetic scale physics, but have complex form and high
dimensionality. Therefore, in order to capture flow physics in different regimes in a cor-
responding most efficient way, the construction of multiscale method for gas mixture and
plasma transport is highly demanded.

In general, the numerical methods for gas mixture and plasma transport can be catego-
rized into the deterministic and stochastic methods. The deterministic discrete ordinate
method (DVM) has great advantages in the simulation of low speed and small temper-
ature variation flow due to the absence of statistical noise [9]. In the past decade, many
deterministic numerical methods have been developed for multi-species gas mixture
[10-14], as well as plasma transport [15-18]. On the other hand, when dealing with the
high speed and 3D flow, the stochastic particle method shows great advantages in terms
of memory reduction and computation efficiency. The direct simulation Monte Carlo
(DSMC) method has been extended to gas mixture and chemical reaction [19]. For the
simulation of plasma transport, the particle-in-cell (PIC) method has been developed and
widely applied in industry [20]. For the traditional DVM, DSMC, and PIC methods, the
numerical cell size is usually required to be less than the particle mean free path and the
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Debye length, and the time step is required to be less than the mean particle collision
time. The constraints on the cell size and time step limit the application regime of the
traditional DVM, DSMC, and PIC methods and it becomes impossible to use them in
the continuum flow regime. In order to remove these constraints and develop the most
efficient methods in the corresponding regimes, the asymptotic preserving schemes have
been proposed that attempt to preserve the flow dynamics in the collisionless and the
Euler limiting regimes [10, 21].

The unified gas-kinetic scheme (UGKS) proposed by Xu et al. is a multiscale numer-
ical method for the simulation of gas flow [22, 23]. In the last decade, the UGKS has
been well developed and extended to the multiscale transports, such as radiative transfer
[24], plasma physics [16], gas-particle multiphase flow [25], neutron transport [26], etc.
The two important ingredients of the UGKS are: firstly, the evolution of velocity distribu-
tion function is coupled with the evolution of the macroscopic flow variables; secondly,
the numerical flux of the UGKS is constructed from the integral solution of the kinetic
equation which takes into account the accumulating effect from particle free stream and
collision up to a time step scale. The UGKS has been proved to be a second order uni-
fied preserving scheme that can accurately capture the NS solutions when the cell size
and time step being much larger than the particle mean free path and mean collision time
[27], the same as the traditional NS solvers for the direct discretization of the macro-
scopic equations. To further improve the efficiency of the UGKS in the simulation of high
speed flow, the unified gas-kinetic wave-particle (UGKWP) method has been proposed
and applied in the simulation of multiscale gas dynamics and photon transport [27-29].
The construction of the UGKWP method follows the same direct modeling methodology
of the UGKS: the evolution of individual microscopic particle is coupled with the evolu-
tion of macroscopic flow variables, and the multiscale particle evolution is controlled by
the same integral solution of the kinetic model equation. The purpose of this work is to
extend the UGKWP method to the field of multiscale gas mixture and plasma simulations.
The proposed UGKWP method shares the same multiscale property with the UGKS [16]
and DUGKS [17, 18]. The scheme preserves the collisionless limit in the rarefied regime,
and the corresponding NS and MHD solvers in the comtinuum flow regime. An appealing
feature of the UGKWP is that the computational complexity diminishes with the transi-
tion of the flow regime from kinetic to the continuum one. Especially, in the NS and MHD
regime, the UGKWP converges to hydrodynamic flow solvers.

The rest of the paper is organized as follows. The governing equations for gas
mixture and plasma transport are discussed in Section 2. In Section 3, the UGKWP
methods for gas mixture and plasma transport are proposed. The unified preserving
and asymptotic complexity diminishing properties of the UGKWP are discussed in
Section 4. The numerical examples are shown in Section 5, and the last Section 6 is the

conclusion.

2 Governing equations for multi-species gas mixture and plasma transport
This section is about the governing equations to be used in the construction of the
schemes. The multi-species Boltzmann equation is first reviewed, and then the kinetic
model equation proposed by Andries, et al. [3] will be discussed, including its asymp-
totic behavior in continuum regime. The two fluid kinetic-Maxwell system, as well as the
Hall-MHD equations will be presented.
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2.1 Multi-species Boltzmann equation
A gas mixture composed of m species can be modeled by the multi-species Boltzmann

equations,

atfa +v- Vfa = Z Quk (f(x’ﬁ<) ’ (1)

k=1
where f, (¢, %, V) is the velocity distribution function of species &, and the collision between
species « and k follows the integral operator

Quk (farfi) = /R . /S i (f&fk - fﬁ)B""k (¥, - 1, [V,]) diadv* )

where f = fi (t, X, T/*),fé = fa (t, X, ﬁ’),fk*/ = fx (t, X, 17*/>. The post collision velocity v
and 7* follow
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where pqr = is the reduced mass, and 7 is the unit vector joining the centers of the

Mo +mi
two colliding spheres. The collision kernel B** depends on relative velocity v, = v — v*.
The macroscopic density pq, velocity Uy, temperature Ty, and energy E, of species « can

be calculated by taking the moments of the velocity distribution f;,
Po = Mghy = / fodV,  po i, = f vfdv,
R B3
T 1
“ 3ngkp

where m, and n, are the molecular mass and number density of species . For m species

T 1 - 3
/ (V - Ua) fav, E, = *:001|ua|2 + —nakpTy,
R3 2 2

gas mixture, the total density p, total number density #, total momentum pll, and total

energy E satisfy
m m
P = Zpa’ n= Zna;
a=1 a=1
" . 3)
pu:Zanar E:ZEw
a=1 a=1

Boltzmann equation is a fundamental equation that describes the mean free path level
flow physics, however, to numerically solve the five-fold collision operator is costly.
Simplified kinetic model equations are developed in the literature [30-33], including a
relaxation-type kinetic model proposed by Andries, et al. [3]. AAP model will be intro-
duced in the next section, based on which the numerical schemes for multi-species gas

mixture and plasma are constructed.

2.2 Kinetic model equation for multi-species gas mixture

The relaxation-type kinetic model equation that originally proposed by Gross and Krook
[34] has been widely used in the numerical simulation of rarefied gas dynamics due to
its simple formulation. Such BGK-type operator has been extended to model the multi-
species collision by Andries, Aoki, and Perthame [3], which can be written as

Bfor + 7 - Vifoy = g"‘T;f“, (4)

o



Liu and Xu Advances in Aerodynamics (2021) 3:9

where the post collision distribution function is a Maxwellian distribuion

3/2
My My o 2\2
= — -Uu » 5
8o = Pa <27TkT&k) exp( 2Up T (V oz) ) (5)

and the parameters T}; and i[; are chosen to recover the exchanging relations for Maxwell

molecules,

N
0 = U + ;Ta Z 2tk Xk (Ui — Uy ),

% k=1
m 2, T N4‘MXk”1k M 2
o = g o o = =
Ty = T G (fg = ) e 32 e (1 (0 ')
k=1

For Maxwell molecules, the interaction coefficient x and relaxation parameter 7 satisfy
1 N
= =) Yok Xak = 04227 (

1
agx(my + mr)) 2
)
T,
Y k=1

momy

where a is the constant of proportionality in the intermolecular force law [35]. The
advantage of AAP model is that it satisfies the indifferentiability principle, entropy con-
dition, and can recover the exchanging relationship of Maxwell molecules with such a
simple relaxation form [3].

Based on AAP model, Liu et al. proposed a BGK-Maxwell system for fully ionized
plasma transport [16], which can be written as

a - - -

f“+v~foa+ﬂa~Vxﬁ¥=g“ foc,

ot Ty

3B -

a—kaxE—O, @)
OE 2y B L1s

— —C X B= —j,

ot * 60]

where} = e(niili — neile) is the electric current, and the velocity distribution f, (¢, x, V)
of species « (o = i for ion and & = e for electron) is governed by a kinetic equation that
coupled with the Maxwell equations for electromagnetic wave. In the Maxwell equations,
E and B are the electric and magnetic field, ¢ is speed of light, and ¢ is the vacuum
permittivity. In the kinetic equation, the Lorenz acceleration 4, takes the form

. e(E+7 x B)

=
myg

where e is electric charge, and m; is the particle mass of species s. The post collision
distribution g, takes the same form of the AAP model as given in Eq. (5), however the
interspecies interaction coefficient x;. is determined by the plasma electrical conductivity
op [16]

nie(m; + me)

XieOp =
p 2mim,

8)

The hydrodynamic equations such as the Navier-Stokes equations, the Euler equations,
and magnetohydrodynamic equations can be derived in the continuum regime. The
asymptotic behavior of above kinetic model Eqs. (4) and (7) will be briefly discussed in
the next subsection.

Page 5 of 31
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2.3 Asymptotic behavior of the kinetic system

In this section, the asymptotic analysis is applied to give the corresponding hydrodynamic
limits of the AAP model and BGK-Maxwell equations. Given the reference length L,
temperature Ty, Mass M, number density n.,, and magnetic field strength By, the

following reference variables can be deduced,

Voo = v 2kpToo/Moos  too =Loo/Voos  Poo = MooHoos
Exo =BooVoor oo = eBoo Voo /Moo,  foo = moonoo/voso;
which are the reference velocity, time, density, electric field, acceleration, and velocity

distribution respectively. Based on the above reference variables, the AAP model can be

re-scaled as

32170[ +7- V}ja _ gozf_fa’
o

and the BGK-Maxwell system can be re-scaled as

oy = o~ 1= e
o +V'v5cfa+?”a'viﬁx=gaf Jo

o ;
E—i—V;CxE:O

at

£—~2V5€x§=~if,

ot AEF

where the variables with a tilde stand for the re-scaled variables, and especially 7 and XD

are the normalized Larmor radius and Debye length,

. eBoly - €0Moc V2, Moo Vo
r= , AD= 0 .
Moo Voo ne? eBso

For the sake of simplicity, the tilde is omitted in the following parts of the paper.
In the continuum regime, the AAP model recovers the Navier-Stokes and Euler

equationsas t — 0,
XK1 . . 7,x—>0 .
AAP model ——— Navier-Stokes equations ——— Euler equations.

According to the Chapman-Enskog theory [1], the distribution of AAP model can be
expanded as
fOt =g Ta (atgoz +v- Vx_u) +0 (7-'2) ’ )

where g is the Maxwellian distribution of the averaged quantities of all species that are
evaluated from Eq. (3). The zero-th order expansion with respect to 7, gives the Euler
equations [3],

0o + V- (PaZ[) =0,

3 (pU) +V - (pL + pUL) = 0, (10)

QE+V - (EU+pl) =0,
and the first order expansion gives the Navier-Stokes equations [3],

0cpa + V - (pall +Ja) =0,

0r (pi[)—i—V-(p]I—f—pﬁ&—i—o):O, (11)

YE+V-(EU+plU+o-U+§)=0.
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The mass diffusion flux 704 is

m
- Vi (ngkgT)
Jo = — ZLakLy
k=1 “«

and the shear stress o and heat flux g satisfy

o =—pu (in1+ (v.u)" - %v : Z[ﬂ) ,

-)—§k TZH:]—k—KVT
q—zB kilmk x4

with the viscous coefficient i = kgT Y [_ Tak#k> and the heat conduction coefficient
K = %k%T Yo, % The Prandtl number of the AAP model is one, which means the
model cannot preserve the correct relaxation of both stress and heat flux. To fix the
Prandtl number, the ellipsoidal statistical model is proposed by Brull [4]. The mass flux

coefficient matrix L is a symmetric matrix [3]
L=-WM-«D7IQ, (12)
with

2/(1'](
My=-Y —*% _p if i=k
ij Z m; +Wlkpk

K #i (13)
M = Ajxpi if i#k
and
PiPk
Qi = pibix — lp . (14)

In the mass flux, the Soret and the Dufour coefficients are equal to zero, which stand
only for Maxwell particles. For more general potentials, this does not hold. Moreover, for
Maxwell particles, the mass diffusion coefficient are not consistent with that derived from
the Boltzamnn operator.
The BGK-Maxwell system converges to the two-fluid system and magnetohydrodynam-

ics systemast — Oandr — 0,

o<1 . .

BGK-Maxwell equation t—<<1> two-fluid system <L MHD equations.

Xie™
In the continuum regime with 7, < 1 and x;e ~ 1, the distribution of BGK-Maxwell
system can be expanded as

fa=ga—ra(8tga+17-vx a)—I—O(fZ),

where g, is the Maxwellian distribution of the macroscopic quantities of species a. The

first order expansion gives hydrodynamic two-fluid equations

3cpa + Vi - (pally) =0,

o (paila) +V, - (pailaila + pol — o (Ij[a)) = % (E—f— i, x é) + Sy, (15)
0tEy + Vi - ((Eoz + Pa) Ij[oz — Ma0 (i[u) Z[ + KquxT) = %Z[u 'E+ Qu»

where the strain rate tensor o (Ij[ ) is

- - - 2
0 Uy = (Valli + (Vslla) ") = SeivalliL (16)
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The viscosity 1y and the thermal conductivity «x, can be expressed by the relaxation
parameter 7, as

5
o = TohgkTy, Ko = ro,f—BnkBT.
2 m

In above two-fluid system, S; = —S, and Q; = —Q, are the corresponding momentum
and energy exchange between electron and ion,
2mym o N
S = Z #nm){ar (Ur - uoz) ’

p my + m,

dmgym, 3 3 m, - o
Q= X g STy~ ShaTu+ 5 (0 T)°).

In the magnetohydrodynamic regime with m, < my;, the first order with respect to r, the
zero-th order with respect of 7, and m./m; of the two-fluid system give the Hall-MHD

equations,

9o + Vs - (pU) =0,
0y (pljl) +V,- (,oljllj[ +pl) = A3c*V, x Bx B,
9o + Vi - (Eq + po) Uy) = 23¢*nll - (Vx x B x B),

- - 17)
9B+ V, xE=0,

s> 5 o 7= r - o
E4+UxB= —j +-232V,xBxB,
o n
—— [N —
Resistive term Hall term
where j = en;U; — en.U, is the current density, and 0 = M is the electrical
MiMe Xie

conductivity. In the limit where Ap = ¢! and r — 0, one gets the ideal MHD equations,

9p + Vi - (pU) =0,
Bt(,oljl)+Vx-(ij[Ij[+p1) =V, x BxB,

OHE+ Vs (E+pU) =U- (Vs x BxB),
9B+ Vy x (U x B) =0.

(18)

The asymptotic limiting equations of the AAP model and BGK-Maxwell system are given
in the above discussion. In the next section, the unified gas-kinetic wave-particle method

for gas mixture and plasma transport will be proposed.

3 Unified gas-kinetic wave-particle method

3.1 UGKWP method for multi-species gas mixture

The unified gas-kinetic wave-particle method is a multiscale numerical method that
preserves the asymptotic limits of the AAP model. The UGKWP method couples the
evolution of the velocity distribution f, and the macroscopic quantities W,. The evolu-
tion of microscopic distribution and macroscopic variables will be given in the following
subsections.

3.1.1 The evolution of microscopic velocity distribution function

Similar to the UGKWP method for single species gas [27], in current scheme the velocity
distribution function is partially represented by an analytical distribution g and par-
tially represented by stochastic particles Pyx = (Wlak, Xoks 170,1(), which are shown in Fig. 1.
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Fig. 1 The diagram of particle updating procedure: 1. Sample particle free streaming time t.4; 2. Stream
particles and update macroscopic quantities; 3. Rebuild velocity distribution

Here m, is the mass of simulation particle Pk, which represents a cluster of real gas par-
ticles of species «, and X4k, Vek stand for the position and velocity of simulation particle
Pyk. The evolution of the microscopic velocity distribution function follows the integral
solution of the kinetic Eq. (4). With initial condition f; (0,%,V) = fu0 (¥, V), the integral
solution at (¥, t) can be written as

t
= [ ) .
0

where the equilibrium distribution is integrated along the characteristics ¥ = x+v(¢' —¢).
Substituting the second order Taylor expansion of equilibrium

G (%, 0,9) =g (&, 7)+Vagy (% £,7)- (¥ %) +01ga (%1,7) (/=)0 ((fc/—?c)z : (t’—t)2> :

into the integral solution, the numerical multiscale evolution solution for simulation
particle can be obtained,

fuGt?) = (1— e ) g (567) + ¢V fog (G0 7), (20)

where

.- .- te /7 s - .-
g; (x, t, V) :ga (x, t, V) —+ (l_eet/l' — T) (Btga (x, t, V) +v- Vx o (x, t, V)) . (21)

A physical interpretation of Eq. (20) is that a particle has a probability e /7 to free stream
in a time period [0, ¢], and has a probability (1 —et/ r) to interact with other particles
and reach a velocity distribution g;. The free stream particles are kept and the collisional
particles get re-sampled from distribution g;". The cumulative distribution function of
the free streaming time ¢ is

F(tf < t) = exp(—t/1), (22)
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from which # can be sampled as £y = —7 In(n) with 1 a uniform distribution n ~ U(0, 1).
For a time step At, the particles with r > At will be collisionless particles, and the par-
ticles with s < At will be collisional particles. The procedure of updating particles in
UGKWP method is

Step 1: Sample free streaming time ¢y 4 for each particle Py, and stream particle Py for
a time period of min(A¢, tf,4x);

Step 2: Keep collisionless particles, and remove collisional particles. Calculate the total
conservative quantities of collisional particles \/Vf‘a from the updated conservative
quantities \?Vi,a as ﬁVlha = ﬁVm — VVLP o

Step 3: Rebuild the microscopic velocity distribution. Calculate the analytical distribution

g.¢ and re-sample collisional particles from distribution g; /|

In the above particle updating procedure, the total conservative quantities of collisionless
particles in cell 2; are denoted as V_&lp , and the total conservative quantities of collisional
particles in cell 2; are denoted as Wh In the distribution rebuilding process, the Wh

is divided into g} ¢ = (1 — e At/ )g and g+f e AT gj, corresponding to the
collisional and collisionless particles in the next time step from ¢ to t"*1. The distribu-

+f

tion g ¢ is recorded analytically, and the distribution g, * is re-sampled into stachastic
particles. Above discussion gives the evolution of particles, and in the next subsection we

will give the evolution of the conservative variables.

3.1.2 The evolution of macroscopic quantities

The evolution of macroscopic quantities is under the framework of finite volume scheme.
The cell averaged conservative variables \?Vi,a = (,o,;a, Dia i[i,a, pi,aEi,a) on a physical cell
Q; are defined as

-

W.
eyl

/ W (X)dx.
The finite volume scheme of Wm follows
Wi = W = 3 g+ S (W = W), @)

where [ € 9Q; is the cell interface with center X and outer unit normal vector 7. And

s«n+1 __ n+1 _n+17; *n+1 n+1 *n+l
VVta (ploz "O U LO( E

of conservative varlables Fs,a at X, can be written as

) are calculated from Eq. (6). The numerical flux

tnt1
Foo = fv Agfo (Xs, T, V)\deudt

where U = (1, v, % (172 + 52)) is the conservative moments of distribution function with &
the internal degree of freedom. The time dependent distribution function f;, (Xs, £, V) at cell
interface is constructed from the integral solution of kinetic equation as given in Eq. (19).
The above UGKWP flux for conservative variables can be split into the equilibrium flux

ZZA81 , o
Ey = /V ns{ / —(- t)/r o (2,1 v)dt}\l-’dEdt, (24)

and the free streaming flux

f tnt1
Fo = v /v nge” /fao(xo, )\deudt (25)
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First, the equilibrium flux F can be calculated directly from the macroscopic flow field.
Assume x; = 0 and ¢ = 0, the equilibrium g can be expanded as

8o (;C: Z T;) =goo t+ ngO,a X + ath,at; (26)

where goy = g4(0,0,7). The initial equilibrium go, and its spatial and time derivatives
can be obtained from the micro-macro consistency
/gal_I:’dE = / 2 vdE +/ g WdE, /nga\fldE =V, W, (27)
v-ii>0 v-i<0

and compatible condition
/atga\_l;dE = —/a.vx +VdE, (28)

where g/, and g, are the equilibrium distributions according to the reconstructed left and
right side conservative variables at cell interface Wé, \7V§ ,and V, ﬁVa is the reconstructed
spatial derivative of conservative variables at cell interface. In this paper, the van Leer
limiter is used to achieve a second order accuracy in space reconstruction. Substituting
the reconstructed equilibrium distribution Eq. (26) into the equilibrium flux Eq. (24), we
have

Ey = /17 -1 (C1gow + CoV - Vigoo + C30:80,0) VAE,
where the time integration coefficients are

Ci=1-2(1-¢20%),

At
272 272
Cy=—1, + % — —At/tq ““iz,),
2 «T N T I
1 72
C3=-At— & (1 — e AT,
3= ATt (1720

Next we consider the free stream flux F{, «- As stated in the last subsection, the initial
distribution is represented partially by an analytical distribution g;°, and partially by
particles, and therefore the free stream flux Psf « is also calculated partially from the recon-
structed analytical distribution as P! w» and partially from particles as F{ . The initial
analytical distribution g;° is reconstructed as

Zoa (%9) =&o + Vaoy - %, (29)
which gives

B — / b7t (Cagd, + Coi - Viagl,) WAE,

where the time integration coefficients are

Ta —At/T, —At/z,
Ci1=—(1—¢ ) — Ate o
1= )
At T, At AP At
Cs = te A/t — L (] — g7 Al/T) 4 = o= Al

At 2

The net particle flux F{, ? is calculated as

1 > N
Pf,g = At Z WPk,a - Z ka,oz ’

kePaQ?. o kePan__ o
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where \prk,a = <mk,a, Mo Vi 5 Mk Vs a), Pyq- o is the index set of the particles stream-
ing out of cell €2; during a time step, and P;q+ , is the index set of the particles streaming
into cell €2;. Finally, the finite volume scheme for conservative variables is

+1 _ W, fnw Sp Y+l ypntl
W = Wi 3 oA 32 i AL P S (Wi = W),

(30)

To solve VV"H from Eq. (30), the following two linear system needs to be solved. The first

is the m x m linear system for m species velocity vector V"+1 (LI"+1 U"+1, . Ij[l”rzl),
AV = B,

where By, = ,OWUL” — Zs o] L\I5|Fly, and Fly is the momentum flux ons o L\l Fed
Yo o7l Ll |Ff,raw + ‘ét Ffp The matrix A; read

(Ao p:l;l + 2At Z //LaﬁKaﬁ}’lngl

=1
pta
(Aap = —2Atuaﬂkaﬂnf;1~

The second m x m linear system is for m species internal energies e"+1 =

n+1 _n+1 n+1
(ezl ’eLZ » € )

L,m
C*Vl-’rl _ Di
where
1 2 Atp o/ 2 L 2
+1 +1 ! +1 +1
Dig =EZQ—Z|Q||I| Fly = 5ot Q) + 2 ((UZ;Z ) - (a ))
Atpjy +1_ ) +1 20080 (it )2
- (Tt = )+ awnt Z ek (bt - )
’ fra
wittha is the energy flux of ) __ IQI|l |Fed > ISZI|l IPfr’ + ‘Qt Pf’p and
4nn+1
+1 +1 LB
(Ciaa =M}y + Atn}y Z“"‘ﬁk"‘f’m g
i
4n"+1
_ +1 ip
(Cap = —At”lza l/«aﬂ/faﬂm~

Under the assumption of non-vacuum solutions (o, > 0), each system admits a
unique solution. The evolution of the microscopic velocity distribution and macroscopic
quantities compose the UGKWP method for multi-species gas mixture.

3.2 UGKWP method for plasma transport

In this subsection, the UGKWP method for plasma transport will be proposed, which is
the UGKWP method for multi-species coupled with the electromagnetic field. We split
the BGK-Maxwell equations into the transport equations and the interaction equations.
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The transport equations including the electron ion transport and electromagnetic wave

transport can be written as

atf&_i_?/.vxfa:glx_fa,
T

aé+v E=0

e x E =0,

ot *

oE -

——CZVxXBzo,

ot

and the interaction equations are

for + (E+va) Vfa =0,
OE 1 - (31)
a izD/'

In the next two subsections, the numerical evolution equations for the transport
equations and interaction equations will be presented respectively.

3.2.1 Evolution equations for the transport equations

In the transport equations, the electron and ion transports are decoupled from the
electromagnetic wave transport. The numerical evolution equation for the electron
and ion transport is the UGKWP method presented in Section 3. The Yee-grid based
Crank-Nicolson scheme proposed by Yang el al. is used as the evolution equation for
the electromagnetic wave transport [36]. The semi-implicit discretization of transverse
electric wave equation on Yee mesh can be written as

Atc?
1 1 1
B (syo) =B (g ) + 35 (B8 (epy) = B2 (o)

Atc? . ;
+ TAJ/ (BZ (xH‘%’ijr%) _BZ (xl'+%:yj,%>> B

(32)

Atc?
+1 +1 +1
B (i) =B (soy) = 57 (B2 (i) =B (5 i)

At .
gyl CICRER R CREY);

(33)

And the semi-implicit discretization of magnetic wave equation is

B! (xi+%,yi+%) Bn+1< X1 Vin )+ 2AAty (En+ (x[+%’yj+1> — gl (xi+%’yj)>
2 6 ) 17)

S (5 () 5 (1)

(85 (rov3) = 55 (30341

2A%
At
2Ax

(34)
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Substituting Egs. (32) and (33) into Eq. (34), an implicit equation for B, can be derived as
2 A2 )
c“At 1 c“ At

[1 - (Dax + DZy)} BT (xi+%’yj+%> = [1 + (Dax + DZy)] B; (xi+%’yj+%>

+f (ELE)),

which can be effectively solved by Douglas-Gunn algorithm. The advantage of the Yee-

grid based Crank-Nicolson scheme is that the divergence constraint of the Maxwell
equation is numerically preserved; the dispersion and dissipation error is lower than
the FDTD method; and the scheme is unconditionally stable, which removes the CFL

constraint on time step.

3.2.2 Evolution equations for the interaction equations
Taking conservative moments on Eq. (31), one gets the macroscopic interaction equations

-

u I,
pull _ et (54 75,
ot r

9E 1 -

ot 1123/'

The implicit discretization of the macroscopic interaction equations gives the following
linear system,

. . At . . .
p;’l“rluin-‘rl _ pln-‘rluln — r n;’H—l (E}’l+1 + Ul'n+1 X BVI+1>,
- - At . - .
pgl+1uerl+1 _ pen+1ugt - _ ; ng+1 (En—H + Ugt+1 x Bn+1) , (35)

- R NI -
+1 _ n+1 n+1
E}’l —En_ _7)“2r (]L +]Z )7
D

from which the electromagnetic field and macroscopic flow variables are updated to £"*1,
and the velocity of the simulation particles is updated by

- - Atey (- - >

VZ,ZI =V, +— (E”+1 + Vkg X B”+1> .

Myt

The evolutions of the transport equations and interaction equations compose the
UGKWP method for plasma transport.

4 Analysis and discussion

4.1 Unified preserving and asymptotic complexity diminishing properties of UGKWP
method

In this section, the multiscale property of the UGKWP method will be discussed, and the

computational complexity will be estimated. Guo et al. proposes the unified preserving

property which assesses the order of accuracy of a kinetic scheme in continuum regime

[37]. Crestetto et al. proposes the asymptotic complexity diminishing property of a kinetic

scheme which assesses the computational complexity of a kinetic scheme in continuum

regime [38]. In the following proposition, we show that the UGKWP method is a second

order UP scheme and an asymptotic complexity diminishing scheme.

Proposition 4.1 Holding the mesh size and time step, the UGKWP method satisfies:

1 The scheme is consistent to the collisionless Boltzmann equation as the local

relaxation parameter T — oo.
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2 The scheme becomes a second order scheme for the Navier-Stokes equations

T — 0.
3 The total degree of freedom of the scheme Ny — N, Jf" ast — 0, where Njf’ is the

freedom of the hydrodynamic equations.

Proof 1 In the collisionless limit, we have

fhfolo tra = Tlggo (=7 In(n)) — oo. (36)
Therefore, all particles will be streamed for min(At, f7,) = At. And the UGKWP
method solves collisionless Boltzmann equation in collisionless regime.

2 In the continuum regime when t — 0, we have

- - te /T o - -
o (@%67) =g (B1,7) + (l—e—'f/f - r) (Oega (% 8,7) + V- Vaga (%,£,7))
=gy (% 6,7) — 7 (0ga (% £,7V) + 7V Vaga (£,2,V)) + O (efm/r)
=g (% 67) — 7 (38 (%, 6,7) +7V- Vag (%,£,7)) + O (z?)
The analytic flux F5” of macroscopic variables, namely the equilibrium flux and
free streaming flux by analytic distribution function satisfies
Fg" = + F)"
= / v-n (Clg(),a +Cov- ngo,a-i—Cgatg(),a) \_I:’dE-i-/ v-n (C4g$ + Cs5v- Vy ;) VdE
= / v-n ((Cl + C4) goa + (C2 —1C4 + Cs) V- Vigoo + (C3 — tCy) atgo,a) UdEs
- - - 1 - —
:/V n (go,a — V- Vigou + (zAt - r) 8tg0,a> VdE + O (e At/’)
- 5 o= 1 -\ 7
:/v -n (go,a — V- Vygo + <2At — r) atgo) VdE + O (12)

The sampled particle mass in the UGKWP method is e=24/* ,oé’ 2, and therefore the
net free streaming flow contributed by particles passing through the cell interface,
F{, % ~ O (e~24/7), diminishes. As T — 0, Eq. (30) exponentially converges to

- - At - o _ N _ 1 _ .
‘/Vi}:ljl :W/i}:la - Z @|ls| / v-n (g()s,ot -7 (3tgo,s +v- ngO,s) + 2At3tg0,s) VdE
B i

At /o *1+1 yrn+1
+ 7 < i - "vi,a )

(37)

It can be observed that the numerical flux of conservative variables is consistent
with the Navier-Stokes flux given by first order Chapman-Enskog expansion
Eq. (9). Therefore in the continuum regime, the UGKWP method converges to
Eq. (37), which is a second order gas-kinetic Navier-Stokes solver [39], i.e., the
same as the direct macroscopic NS solver in smooth flow region.

3 Ast — 0, the total mass of simulation particle e/ p"Q, — 0, and therefore the
number of simulation particles N, — 0 in continuum regime. As t — 0, the total
degree of freedom Ny = N}’ +N, — N}’, and the UGKWP method is an
asymptotic complexity diminishing scheme.

Page 15 of 31
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4.2 Asymptotic preserving property of UGKWP method for plasma transport

Property 4.1 states that the UGKWP method for plasma transport preserves the two
fluid model in the hydrodynamic regime. In this subsection, the behavior of the UGKWP
method in the highly magnetized regime is discussed.

Proposition 4.2 In the highly magnetized regime as r — 0, Ap = ¢~ %, the linear system
Egq. (35) is consistent to the magnetohydrodynamic equations.

Proof The Crank-Nicolson scheme for electromagnetic wave propagation gives
E B = Atc*V x B+ O (A£%, AX?).
The implicit discretization of the macroscopic interaction equations Eq. (35) gives
- . At - .
j:?+1 +j‘r;+1 _ 7klzjcz (En+1 _ En)
=rVxB+0 (At2, sz) ,
and therefore the total momentum equation gives
n+1g7m+1 ntlim _ DT a1 | ol g+l
U —p U:—[(]i +Jj. )XB ]
r
= AtV x B x B+ O (A%, Ax?),

which converges to a consistent MHD scheme.

5 Numerical tests

Five numerical tests are carried out in this section to verify the performance of the
UGKWP method in various flow regimes, including three 1D and two 2D tests. Firstly, the
shock structure of binary gas mixture is calculated to show the capability of the UGKWP
method in capturing the highly non-equilibrium state inside the shock layer. The second
test is the Landau damping and two steam instability, showing that the scheme can accu-
rately capture the interaction between plasma and electromagnetic field. The Brio-Wu
and Orszag-Tang tests verify the performance of the UGKWP method in different flow
regimes. In the last, the scheme is applied to the magnetic reconnection problem to study
how the electron-ion collision affects the reconnection rate. The code is sequentially oper-
ated on a single core of an i7-7660U CPU. The computational efficiency of the UGKWP
method is lower than that of the UGKS in the one dimensional and rarefied regime flow
calculations. For the simulations of two- and three-dimensional flows, especially close to
the continuum regime, the UGKWP method is much more effective than the UGKS.

5.1 Shock structure of binary gas mixture

Normal shock structure is a standard test for verifying the scheme in capturing the non-
equilibrium effect in rarefied regime. In this test, the Mach number is set as M = 1.5, the
mass ratio of gas mixture is mp/m4 = 0.5, diameter ratio dg/d4 = 1, and the component
concentration of B is xz = 0.1. The hard sphere model is used and the reference mean
free path is defined by

1

Aog = ———.
oo \/indinl
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For each component, the upstream and downstream conditions are related through
Rankine-Hugoniot condition. The cell size is chosen to be Ax = 0.5A, and the CFL
number is 0.95. The mass of simulation particle is 71,4 = 5 X 103, which corresponds
to around 200 simulation particles per cell. The normalized density, velocity and temper-
ature are compared to the reference UGKS solution [40], as shown in Fig. 2. The UGKWP
results well agree with the UGKS solution, which shows the capability of the UGKWP
in capturing the non-equilibrium flow physics. The velocity space of the UGKS is set as
[—10/2KgT,/my, 10/2KET, /my] for each species « and discretized into 100 velocity
grids each. The computational time for the UGKS is 200s to reach a steady state at the

dimensionless physical time £ = 250. The computational time for the UGKWP is 5mins,
including 100 physical time to average the solution.

5.2 Landau damping and two steam instability

The Landau damping and two steam instability are two classical phenomena that
have been well studied theoretically, and therefore we choose these two cases to test
the accuracy of the UGKWP method in capturing the interaction between plasma and
electromagnetic field. First we consider the Landau damping, which is about the Vlasov-
Poisson system perturbed by a weak signal. The linear theory of Landau damping can be
applied to predict the linear decay of electric energy with time [6]. The initial condition

of linear Landau damping is

Solx,u) = % (1 + a cos(kx)) e_%, (38)
with @ = 0.01. The length of the domain in the x direction is L = 27 /k. The background
ion distribution function is fixed, uniformly chosen so that the total net charge density for
the system is zero. When perturbation parameter « = 0.01 is small enough, the Vlasov-
Poisson system can be approximated by linearization around the Maxwellian equilibrium.
The analytical damping rate of electric field can be derived accordingly. Numerical cell
number in physical space is N, = 256, and the particle number in each cell is N, = 1000.
We test our scheme with different wave numbers and compare the numerical damping
rates with theoretical values. For wave numbers k = 0.3 and k = 0.4, the evolution of

o UGKWP T,
A UGKWPT,
UGKS T,
— — — - UGKST,

0.8 I 0.8

UGKWP p,
UGKWP U,
UGKWP p,
UGKWP U,

o
(]
Temperature
o o
E (]
—T T T T

Density & Velocity
o
'S

0.2 0.2

Fig. 2 Results of the shock wave in a binary gas mixture. Left figure shows the normalized density and
velocity. Right figure shows the normalized temperature. Symbols show the UGKWP solution and lines show
the reference UGKS solution
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Fig. 3 Results of Landau damping. Red line shows the time evolution of the electric energy calculated by the
UGKWP method, and the black lines give the theoretical prediction of the electric energy decay rate

the L? norm electric field is plotted in Fig. 3. It can be observed that the decay rates and
oscillating frequencies w = 1.16, 1.29 agree well with theoretical data.

Once a larger perturbation with « = 0.5 and k = 0.5 is applied, the linear theory
breaks down, and the nonlinear phenomenon occurs. The evolution of the electric energy
calculated by the UGKWP method is shown in Fig. 4a. The linear decay rate of electric
energy is approximately equal to y; = —0.287, which agrees well with the values obtained
by Heath et al. [41]. The growth rate predicted by the UGKWP method is approximately
yo = 0.078, which is between the values of 0.0815 computed by Rossmanith and Seal and
0.0746 by Heath et al. [42].

Next we consider the linear two stream instability problem with initial condition

o

v

fl,v,t=0) = (1 + 5V2) (1 + o ((cos(2kx) + cos(3kx)) /1.2 + cos(kx))) e 2,

2
7327
(39)

Electric energy
=, ©
)] E—

. Electric energy,
o

I
o

&

A
0

P IR I N S NN S SR NS SR | (A ST TN S (TSNS ST U RN S NN |
10 20 30 40 50 10 20 30 40 50
Time Time

Fig. 4 Left figure shows the result of nonlinear Landau damping, Red line shows the time evolution of the
electric energy calculated by the UGKWP method, and the black lines show the reference solutions. Right
figure shows the result of two stream instability. Red line shows the time evolution of the electric energy
calculated by the UGKWP method, and the black line gives the theoretical prediction of the electric energy
increase rate
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v
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Fig. 5 Contour of the velocity distribution of the linear two stream instability at t = 70. Left figure shows the
WENO result and right figure shows the UGKWP solution

with @ = 0.001 and k = 0.2, and the nonlinear two stream instability problem with initial

condition

_ 2 2
fv,t=0) = (uL[)) + exp (—M>:| (1 4+ a cos(kx)),

1
— = lexp(=
21/,:«/271[ p( 2v% 21/%
(40)

with « = 0.05, U = 0.99, v = 0.3, and k = 2/13. The length of the domain in the
x direction is L = 27” The background ion distribution function is fixed, uniformly to
balance the charge density of electron. For the linear two stream instability a linear growth
rate of electric field can be theoretically predicted [6]. The UGKWP method is applied
to simulate this two stream instability problem with physical cell number N, = 512 and
simulation particle number N, = 1000 per cell. The time evolution of electric energy
is shown in Fig. 4b, and good agreement between the UGKWP solution and theoretical
result can be observed. For the linear case, the distribution function contours in the phase
space at ¢ = 70 are shown in Fig. 5. And the contours of the nonlinear case at £ = 70
are shown in Fig. 6. The UGKWP results are compared with the WENO results [15]. Due
to the statistical noise, deviation can be found in the distribution functions calculated by
WENO and UGKWP. The overall resolution of the UGKWP is higher than the WENO
results due to the Lagrangian nature in the particle method.

Fig. 6 Contour of the velocity distribution of the nonlinear two stream instability at t = 70. Left figure shows
the WENO result and right figure shows the UGKWP solution
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B = (0.75,1.0,0);E = 0 B = (0.75,-1.0,0); E = 0
Fig. 7 Initial condition for the Brio-Wu shock tube problem

5.3 Brio-Wu shock tube

The Brio-Wu shock tube is originally designed for MHD solvers in continuum regime.
Here we calculate the Brio-Wu problem in rarefied (Kn=1), transitional (Kn=10"2), and
continuum (Kn=10"%) regimes. The same initial condition as the Brio-Wu one is given in
Fig. 7. The ion to electron mass ratio is set to be 1836, and the ionic charge state is set
to be unity. The normalized Debye length is Ap = 0.001, the normalized Larmor radius
is r = 0.001, and the normalized speed of light is 1000. The grid points in physical space
are Ny = 1000. For the UGKS, the velocity space is discretized into 32 grids and for the
UGKW?P, the simulation particle mass is set as 71, = 107>, which corresponds to about
100 particles per cell. The UGKWP solutions in rarefied, transitional, and continuum flow
regimes are shown in Figs. 8, 9, and 10 and compared with the reference solutions of the
UGKS. In the MHD regime, the UGKWP solution is shown in Fig. 11 and compared to

o lon (UGKS)
o lon(UGKS) L lon (UGKWP)
lon (UGKWP) A Electron (UGKS)
Electron (UGKS) 3 Electron (UGKWP)
Electron (UGKWP) 06k

>

Velocity

(a) Density distribution (b) X-velocity distribution

o lon (UGKS)
lon (UGKWP)

A Electron (UGKS)
Electron (UGKWP)

Ton (UGKS)
fon (UGKWP)

A Electron (UGKS)
Electron (UGKWP)

Pressure

Temperature
S

0.8
L 1 E 1
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8

(C) Pressure distribution (d) Y-magnetic field distribution

Fig. 8 Multiscale Brio-Wu shock tube problem with Kn=1and r = 10~3. Lines show the UGKWP solutions
and symbols show the reference UGKS solutions
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Fig. 9 Multiscale Brio-Wu shock tube problem with Kn=10"2 and r = 1073. Lines show the UGKWP solutions
and symbols show the reference UGKS solutions
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Fig. 10 Multiscale Brio-Wu shock tube problem with Kn=10"% and r = 102, Lines show the UGKWP
solutions and symbols show the reference UGKS solutions
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Fig. 11 Multiscale Brio-Wu shock tube problem with Kn=10"* and r = 0. Lines show the UGKWP solutions
and symbols show the reference MHD solutions

the reference ideal-MHD solution. In the rarefied regime, due to statistical noise, slight
deviation can be observed between the UGKWP and the UGKS solutions, especially in
the solutions of the magnetic field in the transitional regime, as shown in Fig. 9d. In the
continuum regime, the UGKWP solution agrees well with the reference solution. It can be
observed that the statistical noise significantly reduces as Knudsen number decreases due
to the asymptotic complexity diminishing property of the UGKWHP. In the rarefied regime
with Kn=1, the computational time for the UGKWP is 70mins with 50 times averaging,
which is about 100 times slower than the UGKS. In the continuum regime with Kn=10"%,
the computational time for the UGKWP is 5s without averaging process, which is about
10 times faster than UGKS.

5.4 Orszag-Tang vortex

The Orszag-Tang Vortex problem was originally designed to study the MHD turbulence
[43]. In this work, the problem is calculated in rarefied (Kn=1) and continuum (Kn=10"*%)
regimes to verify the multiscale and asymptotic complexity diminishing property of the
UGKWP. The initial condition for the current simulation is

mi/me = 25,n; = ne = y*,P; = Pe =y, By = sin(2x),

Uiy = Uex = — SIN(Y), Ujy = Uey = sin(x),
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where y = 5/3 and r = 0.001. The computation domain is [0,27] x[0,27] with a
uniform mesh of 200 x 200 cells. For the UGKWP, the mass of simulation particle is
my = 10~%, which corresponds to around 100 particles per cell. For the UGKS, the veloc-
ity space is discretized into 32 x 32 velocity grids. The UGKWP result in rarefied regime
is shown in Fig. 12 which is compared with the UGKS solution, and the UGKWP result
in continuum regime is shown in Fig. 13. A better agreement and lower noise can be
observed in the continuum regime due to the asymptotic preserving and the asymptotic
complexity diminishing property of the UGKWP. In the MHD regime, the UGKWP solu-
tion with Kn=10"% and r = 0 is shown in Figs. 14, 15 and 16, where in Fig. 16b the
UGKWP pressure distribution along y = 0.6257 is compared with the MHD solution
[44]. The computational time of the UGKWP in the rarefied regime is 200mins with 10
times averaging, which is 5 times slower than the UGKS. In the continuum and MHD
regime, the UGKWP takes around 2mins in computational time, which is close to the
efficiency of hydrodynamic solver, and is significantly faster than the UGKS.

5.5 Magnetic reconnection

Magnetic reconnection is an important phenomenon that transfers magnetic energy into
flow energy by topological change of magnetic field. In this test case, the UGKWP method
is used to study the reconnection phenomenon in different flow regime, and study how
the particle collision affects the collision rate and topology change of magnetic line. The

Fig. 12 The results of the multiscale Orszag-Tang vortex problem withKn = 1and r = 1072 att = 1.
Contour lines show the UGKWP solutions and contour floods show the UGKS solutions
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Density

Fig. 13 The results of the multiscale Orszag-Tang vortex problem with Kn = 10~* and r = 103 at t = 1.
Contour lines show the UGKWP solutions and contour floods show the UGKS solutions
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Fig. 14 The UGKWP results of the multiscale Orszag-Tang vortex problem with Kn = 10~ and r = Oat t = 1
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Fig. 15 The UGKWP results of the multiscale Orszag-Tang vortex problem withKn = 107#and r =0 att = 2

simulation uses the same initial condition as the GEM challenge problem [45]. The initial
magnetic field is given by

B(y) = By tanh(y/\)é,,

and a corresponding current sheet is carried by the electrons
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Fig. 16 The UGKWP results of the multiscale Orszag-Tang vortex problem with Kn = 10~% and r = 0 at
t = 3. Sub-figure (a) shows the UGKWP pressure contour, and sub-figure (b) shows the comparison of the
UGKWP and MHD pressure distribution along y = 0.625x
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N B N
Je = —Tosechz(y/k)ez.

The initial number densities of electron and ion are
ne = n; = 1/5 + sech?(y/1).

The electron and ion pressures are set to be

5By
P; =5P, = EI’IO’),
where By = 0.1, m; = 25m, and A = 0.5. The computational domain is [—Ly/2, L, /2] X
[-Ly/2,Ly/2] with L, = 87, L, = 4, which is divided into 200 x 100 cells. Periodic
boundaries are applied at x = £L,/2 and conducting wall boundaries at y = £+L,/2. To
initiate reconnection, the magnetic field is perturbed with 8B = €, x Vi, where

¥ (x,y) = 0.1Bg cos (2mx/Ly) cos (ny/Ly) .

Two Knudsen numbers are considered, Kn=10"2 in the transitional regime and Kn=10"*
in the continuum regime. The magnetic field topology as well as the distribution of flow
variables in transitional regime is shown in Figs. 17-18 at wp;t = 15 and wp;t = 30, and
the magnetic field topology in continuum regime as well as the magnetic reconnection
rate is shown in Fig. 19. In the continuum regime, the topology of the magnetic field
is symmetric, while in the transitional regime a magnetic island appears in the middle
region at w,t = 15 and merges into the big right island at w,t = 30. Due to the magnetic
island, two x-shape reconnection points form and the reconnection rate in the transitional
regime is significantly increased at 15 < wyt < 30. After w,t = 30 when the middle
magnetic island merges with the right one, the reconnection rate slows down to the same

reconnection intensity as in the continuum regime, which is shown in Fig. 19b.

6 Conclusion

In this work, we extend the unified gas-kinetic wave-particle method to the field of multi-
species gas mixture and multiscale plasma transport. The construction of numerical
scheme for multiscale transport is based on the direct modeling methodology [23], where
the flow physics is modeled on the cell size and time step scales. In the unified framework,
the evolution of microscopic velocity distribution function is coupled with the evolution
of macroscopic quantities in a discretized space. The evolution solution of microscopic
distribution function is modeled from the accumulating effect of particle transport and
collision within a time step, from which numerical fluxes for both macroscopic flow vari-
ables and particle distribution function are obtained. The intrinsic governing equation
underlying the unified scheme depends on the local cell's Knudsen number. A smooth
transition from the kinetic particle transport to the continuum hydrodynamic flow evo-
lution can be recovered seamlessly with the variation of the cell's Knudsen number. For
the multispecies and plasma transport, the UGKWP has the properties of second order
unified preserving as well as the asymptotic computational complexity diminishing. In
plasma transport, the UGKWP method provides a smooth transition from PIC method
in the kinetic scale to the MHD flow solvers in the continuum regime. All kinds of MHD
equations, such as the two fluid models and ideal MHD, become subsets of the UGKWP
modeling. Compared to the discrete velocity method (DVM), the UGKWP is much effi-
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Fig. 17 The UGKWP results of magnetic reconnection with Kn=1073 at wpit =15
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Fig. 19 Sub-figure (a) shows the magnetic field at wp;t = 30 in continuum regime with Kn=10"*%. And
sub-figure (b) shows the reconnected flux in transitional regime with Kn=10"3 and in continuum regime
with Kn=10"%

cient in the numerical simulation of highly non-equilibrium and high-dimensional flow
problems, especially for the high speed flows. In conclusion, the UGKWP method has
great potential to solve multiscale transport problems in rarefied flow [27, 28], radiative
transfer [29, 46], and plasma physics.
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