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Abstract. Simulating gas flow within the divertor, which is a crucial component in
nuclear fusion reactors, is essential for assessing and enhancing its design and perfor-
mance. Traditional methods, such as the direct simulation Monte Carlo and the dis-
crete velocity method, often fall short in efficiency for these simulations. In this study,
we utilize the general synthetic iterative scheme to simulate a simplified Tokamak di-
vertor model, demonstrating its fast convergence and asymptotic-preserving proper-
ties in complex three-dimensional scenarios. A conservative estimate of speedup by
three orders of magnitude is achieved by the general synthetic iterative scheme when
compared to the direct simulation Monte Carlo method. We further investigate the re-
lationship between pumping efficiency and factors like temperature, absorptivity, and
the Knudsen number, providing valuable insights to guide the design and optimiza-
tion of divertor structures.
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1 Introduction

Muclear fusion, a reaction process with immense energy potential, is considered a
promising source of future clean energy. Divertors are essential components in fusion
reactors, which enhance the efficiency and sustainability of fusion reactions by reducing
energy loss and impurity accumulation. For example, the Divertor Tokamak Test (DTT)
facility in Europe aims to conduct scaled experiments to develop divertor solutions com-
patible with the anticipated physical conditions and technological environment of the
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DEMO reactor. The pumping rate is one of the critical factors in the design of diver-
tor [1-3], and numerical methods are used to determine optimal pumping port config-
urations [4,5]. However, the complex structure of divertor results in a wide range of
Knudsen numbers (Kn, the ratio of mean molecular free path A to the characteristic flow
length L), and poses significant challenges in the numerical simulations, as the gas flow
should be described by the Boltzmann equation rather than the traditional Navier-Stokes
equations.

The Boltzmann equation can be solved by the stochastic direct simulation Monte
Carlo (DSMC) method [6] and deterministic discrete velocity method (DVM) [7]. The
DSMC uses simulation particles to mimic the streaming and collision of real gas
molecules, and there are only a few simulation particles in each spatial cell. Therefore,
it has become the prevailing method to simulate the rarefied gas dynamics as the us-
age of computer memory is acceptable. However, because the streaming and collision
are splitted, the cell size and time step must be smaller than the mean free path and
mean collision time of gas molecules, respectively, rendering the DSMC extremely time-
consuming in simulating near-continuum flows. In order to improve the computational
efficiency in the near continuous flow region, the N5-DSMC coupling method [8, 9] has
been proposed, that is, the NS equation and DSMC method are used in the near continu-
ous and rarefied flow regimes, respectively. However, in many engineering applications,
it is difficult to distinguish the boundary between them. In order to avoid such prob-
lems, scholars have proposed a series of new methods such as the time relaxation Monte
Carlo method [10, 11], the exponential Runge-Kutta method [12] and the asymptotic-
preserving Monte Carlo method [13]. In addition, scholars have also conducted in-depth
studies on stochastic methods. Fei ef al. used the Chapman-Enskog expansion to elim-
inate first-order numerical flux errors and proposed a unified random particle Bhatma-
gar—(Gross—Krook (BGK) method [14]; Pfeiffer ef al. introduced the exponential differenc-
ing BGK method, which applies implicit integration to the BGK equation [15]. Kim et
al. proposed a random particle Fokker-Planck method, which combined with stochas-
tic interpolation technology and achieve second-order accuracy under fixed CFL con-
ditions [16]. However, since the statistical averaging is needed, the DSMC is slow in
resolving small and /or transit flow fields. As a consequence, in the simulation of DTT
particle exhaust [1], 40 million spatial cells and 0.688 million CI’U core hours are required
to find the steady state, making the optimization of divertor difficult.

In DVM, in addition to the spatial discretization, the molecular velocity space is also
discretized [17,18]. Since each physical cell contains thousands of discrete velocity points,
the computer memory requirement can be hundreds times greater than that of the DSMC.
However, due to its deterministic nature, the statistic averaging process is eliminated,
making it faster than the DSMC in simulating low-speed and/or transit flows.

Early versions of DVM also separate the streaming and collision processes, leading
to large numerical dissipation similar to the DSMC. In the past decades, significant pro-
gresses are made by Chinese scholars to eliminate these deficiencies and boost the sim-
ulation efficiency by several orders of magnitude. For example, the implicit unified gas-
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kinetic scheme (UGKS) [19], the discrete unified gas kinetic scheme (DUGKS) [20], and
the generalized synthetic iteration scheme (GSIS) [21-23] have been proposed and ap-
plied to challenging multiscale engineering applications. In UGKS and DUGKS, the ana-
lytic solution of the kinetic equation is utilized to simultaneously handle streaming and
collision, and the limitation of spatial cell size is removed. In G5IS, the traditional DVM
is used to solve the kinetic equations, together with the macroscopic synthetic equations
to empower the fast convergence and asymptotic-preserving characteristics. As a con-
sequence, steady-state solutions can be obtained within dozens of iterations across the
entire range of gas rarefaction. Compared to the UGKS and its variants [2(), 24], the flux
evaluation in GSIS is much simpler, and more importantly, the macroscopic synthetic
equations are solved to the steady state (while that in UGKS is only solved for one-time
step), which significantly enhance the exchange of fluid information in the whole compu-
tational domain. As a result, if the same numbers of spatial cell and discrete velocity are
used, the G515 is faster [25]. For example, Tantos et al. have simulated two-dimensional
simplified DEMO using DVM [26], although the method is faster than DSMC, it is much
slower than the GS5I5 [23].

The aim of the present work is twofold. First, to use the G5IS to show that rarefied gas
flows in divertor can be efficiently simulated. Second, to perform numerical simulations
over a wide range of Knudsen number, temperature, and surface absorptivity to test the
performance of the divertor.

The rest of the paper is structured as follows: Section 2 introduces the divertor geom-
etry and flow configuration. Section 3 details the kinetic model and numerical method
used. Section 4 validates the convergence of both spatial and velocity space discretiza-
tions. Section 5 systematically analyzes the impact of Knudsen number, absorptivity, and
temperature on pumping speed. Finally, conclusions are presented in Section 6.

2 Statement of the problem

The computational paradigm employs the latest DTT divertor [5], simulating 20° toroidal
sector in Fig. 1{a}, out of the 18 sectors in total that form the entire DTT divertor ring. The
origin model incorporates the inner surface of the vacuum vessel, the pumping duct, the
poloidal gap, the toroidal interstice between the target and the divertor, as well as the
toroidal magnetic coils and coolant conduits integrated within the divertor assembly. In
this paper, we consider a simplified version of the divertor in Figs. 1(b) and 1(c), without
considering the magnetic coils, the cooling pipes and the toroidal /poloidal gaps.

Meutral deuterium gas enters the simulation domain through the inner and outer
entry gaps in Fig. 1(b). These inlets are modeled as surfaces with specific capture coef-
ficients [1], that is, approximately 35% and 65% of the deuterium gas enters through the
inner and outer entry gap, respectively. The flux of deuterium entering the divertor can
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Figure 1: (a) Original geometry of the divertor obtained from Ref. [1]. (b.c) The top and bottom views of the
simplified geometry {dimensions in mm).

be Expressed as:

@, =££ﬁ o 2.1)
4 m i

where A is the area of the inner and the outer entry gap, kj is the Boltzmann constant;
@, m, and T are the density, molecular mass, and temperature of the gas, respectively. In
typical operations, it is estimated in Ref. [1] that the number densities at the inner entry
gap is 1 x 10! m ? and outer entry gap is 1.857 x 10 m 3,

The gas undergoes both inter-molecular collisions and interactions with the internal
walls. Upon impacting with the walls, gas particles are reflected diffusely, where the
wall temperature is maintained at 293 K. When gas molecules encounter the two lateral
boundaries in Fig. 1{b), they undergo specular reflection back into the simulation domain
to mimic the toroidal symmetry [27].
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Beneath the divertor lies an absorption pump, which is located in the middle of the
bottom of the divertor, see the blue area in Figs. 1{(b) and 1(c). Gas molecules have a
probability of being absorbed, with a specified pump probability {. That is, gas particles
impinging on this surface have a probability { of being absorbed and a probability 1
of being diffusely reflected back into the divertor region. In the DTT, it is estimated that
the pump probability ranges from 0.05<{ <(.3.

In the design of the divertor, the efficacy of the absorption pump can be effectively
gauged through the evaluation of parameters such as mass flow rate and pumping speed.
From Eq. (2.1), we know that the inlet flux is determined by number density and temper-
ature, while the outlet flux is primarily influenced by the outlet absorptivity. For a given
set of density, temperature, and absorptivity {, the mass flow rate and pumping speed of
the divertor are uniquely determined. This paper delves into the interplay between the
Knudsen number, temperature, absorptivity, and the consequential impact on the mass
flow rate of the absorption pump. By unraveling these relationships, valuable insights
are gleaned to enhance the deflector’s design and operational efficiency.

3 Numerical method

In this section, the gas kinetic model, the velocity discretization, the gas-surface boundary
condition, and the G515, are introduced.

3.1 The kinetic model

Kinetic model equations simplified from the Wang-Chang & Uhlenbeck equation [28] are
usually adopted in numerical simulations to describe the dynamics of molecular gas in
the whole range of gas rarefaction. The model equation applied in this work is initially
developed by Rvkov [29] and recently extended to reflect the proper relaxations of energy
and heat-flux exchanges between translational and internal modes [30]. Two velocity dis-
tribution functions (VDFs), fu(t,x,&) and f,(f,x,&), are used to describe the translational
and internal states of gas molecules, where t is the time, x ={x1,x2,x3) is the spatial co-
ordinate, and = (£,2,£3) is the molecular velocity. We assume the internal degrees of
freedom is d,. The macroscopic quantities, such as the mass density p, flow velocity u,
deviatoric stress ¢, translational and rotational temperature T; and T,, translational and
rotational heat flux q; and g,, are obtained by taking moments of VDFs f; and f;:

3 2 2 2
(P.r o, o, EP-RT‘h l}'i) = [(la gf cC— ?Ir E; EC) _fﬁdéff

d
(%ort, 0)= [ ond,

where ¢ = ¢ —u is the peculiar velocity and 1 is the 3 x 3 identity matrix. The total tem-
perature T is defined as the equilibrium temperature between the translational and inter-

(3.1)
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nal modes: T=(3T;+d,T;)/(3+d,). The pressure related to the translational motion is
= pRT;, while the total pressure is p=pRT, with K =kg /m being the gas constant.
In the absence of an external force, the evolution of VDFs is governed by the following
kinetic equations:
af{l FEV = &ur fo | 80— 8o

Zir
(3.2)
a Tr
f‘J +§.' vfl gif fl é.lz f’nr

where terms in the left {rlght}-haudumde describe the streaming (collision); T and Z, 1
are the elastic and inelastic collision characteristic time, respectively, with Z, being the
rotational collision number. The elastic collision conserves the kinetic energy, while the
inelastic collision exchanges the translational and rotational energies. Here we choose
Z,=10/3 and the collision time is determined by

= 33
Ft =)

where p is the shear viscosity. The power-law inter:molecuhr potential is considered, so
that the viscosity can be expressed as w(T) =p(To) (T:/ To)", with w the viscosity index
and T the reference temperature. Here, we choose w=0.74.

The reference distribution functions are given by:

_ (;)3” ( L) Ly e (i ?)
80=P\37rT,) ®P\"2rT )| T 15RT.p \2RT, "2/

() (s [+ o (aer—3)
80-=P\ozrr) P\ 2rT)|'‘15RTp \2RT 2|’

(3.4)
—d"RT T : )qur'fex ( c )
SU=o MU\ 5oRT) RT,CF\ 9RT )’
dr 1 qu L c
=—RTep +
LT (2;-;1&?) RT P( ERT)
with g, q1 being linear combinations of translational and internal heat fluxes:
qo| _ (2=3An)Z:+1  =3AxZ: | | (3.5)
Uh! _Artzr _Arrzr"i'l i ! I

where A = [Ay, Air, A, Arr] is determined by the relaxation rates of heat flux. In this
paper, Ay = 0.786,4;, = —0.201,A,; = —0.059, and A, = (0.842, as extracted from the
DSMC [30]. Thus, in the continuum flow regime, the transitional and rotational thermal
conductivities x; and x; can be derived from the kinetic model by the Chapman-Enskog

expansion as [30]:
=)
K | _ M| Ax Ap 5
|ixrj|_2|:f‘1:rr Arr] |:dr:| {36}
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Note that the collision terms in Eq. (3.2) becomes zero when the equilibrium state is
reached, i.e., when the VDFs take the following form:

) 1 352 L.Z
fﬁq(P:“-T]':F’(zHRT) E"P(‘ﬁ)’ (3.7)

I Idr a A
fillou,T)= 5 RTf, (p,u,T).

3.2 The discretization of velocity space and quadrature

In DVM, the continuous velocity space ¢ is discretized, where the way of discretization
and the corresponding quadrature significantly affect the numerical accuracy and effi-
ciency. Here, three types of velocity discretization are considered.

* The Newton-Cotes quadrature with uniform discretization of the truncated velocity
space. Since after the normalization of the molecular velocity by +/ RT, the equilib-
rium VDF is close to exp( - &2/2), the velocity space is truncated to the region of

[2,b] = [—5+/RT,5+/RT], and the quadrature of the function g (e.g., the product of
VDF and velocity moments) can be approximated as

b N
f g(8)dg~) g(&)ws, (3.8)
i r_l

where the integration point £;=a+-h(i—1), withh=(b—a)/(N-1) and i=1,2,--- | N;
w; is the i-th weight, which can be set to i when the trapezoidal rule is applied. The
cross product method can be applied when evaluating three-dimensional integra-
tion.

* The Gauss-Hermite quadrature.

f " g(@)dz= f exp(—2) ffg]’gz dﬁ”Zg{e g .69

where ¢; and w; are the nodes and weights of the Gauss-Hermite quadrature. Since
this quadrature has the highest algebraic accuracy, i.e., the integration error is zero
when ¢(¢&)exp(£?) is a polynomial of & with order less than or equal to 2N — 1, the
(Gauss-Hermite quadrature can effectively reduce the number of discretized veloc-
ity for low-speed near-equilibrium flows [31, 32]. The cross product method can be
applied when evaluating three-dimensional integration.

* When the cylindrical coordinates are used, the velocity points in the x-z plane are
transformed from &, and &- to &, and 8. In the &, direction, the distribution function
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is defined on (0,+e¢), and we employ the Gauss-Laguerre quadrature:

“ _ [~ s
| s@zaz=[ el
x;.ﬂfl/ﬂ —g{\;’_x} exp(—x)dx

2 /o exp(—x]
vl oglyvm)  dloeld)
T exp(—x;) _Z;' 3 axp( 28 (3.10)

where x1; and w; are the nodes and weights in the Gauss-Laguerre quadrature, and
i = /X;. In the £, direction, the Gauss-Hermite quadrature of order N, is used,
while in the # direction, the Newton-Cotes quadrature is applied with Ny uniform
sections. Eventually, the integral in the cylindrical coordinates are:

[f sdz= | 8 [ st@nesazizas

g
=z =T ;r,g_.- d F
Nﬂﬁizexp(--e%nﬁ il

N Ng
y
Z]Zl ZS(% jo0) — ék]exp &y (3.11)

3.3 The wall boundary conditions

The Boltzmann kinetic equation describes the gas-gas interaction. To fully determine
the rarefied gas flows, the gas-surface boundary condition should be specified. In the
present paper, the diffuse, absorption and toroidal symmetry boundary conditions will
be considered.

First, the diffuse boundary condition is applied at the wall, where gas molecules are
reflected diffusely from the moving wall in thermodynamic equilibrium. The velocity
distribution of gas molecules at the moving wall is given by:

B 2 = (3.12)
iy fgqipwathﬂxTwa]I}a "'g{ 0, :

where f;, is the VDF of gas molecules incident on the wall, T,y is the wall temperature,
and the density g, is determined by the non-penetration condition:

f n-&fpndé= —f n-Z 1Y (owan, 0, Tyear A2 (3.13)
g =0

Rl
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Figure 2: A schematic diagram of two-dimensional polar coordinate velocity discretization.

Similarly, the boundary condition for the internal degree of freedom is given by

f'l,r'.lzr H'g:'-_’“,
fiwan=9 7 5 (3.14)
'QE RTwaI]fg {Pwallrﬂr Twali :Ir n g < (.

Second, the absorption boundary condition is applied at the absorption pump, i.e, the
blue area in Fig. 1(b,c).

fﬂ.h:r n g =,
fl’?,pump = J—
{1_5}_'([.: (Iﬂwai]rﬂrn\rall}r "'g"fﬂ,

(3.15)
{ fl.r'nr “‘géﬂ,
fl,pumpz

(1=0) % RTwanfy (Owalt, 0, Twan), 1-E<0.

The implementation of the diffuse and absorption boundary conditions is elaborated in
Ref. [33].

Third, the symmetry boundary condition is applied on the lateral walls in Fig. 1(b),
with the help of cylindrical coordinates to avoid the interpolation in the velocity space.
Since the 207 sector is simulated, we discretize the velocity space in the # direction uni-
formly, with A# =10, see Fig. 2. As shown in Figs. 1(b) and 1(c), the front lateral wall
projected in the xz plane has the polar angle of —107, hence the symmetry boundary
condition reads

f(,.8,8,)=f(&,—20°—8,&,), B€[-10°170], (3.16)

while at the back lateral wall in Figs. 1{b) and 1(c), with the polar angle being 10° when
projected to the xz plane, the boundary condition reads

f(2.8.8,)=f(&,20°-6,¢,), 6€[-170°,10°]. (3.17)
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3.4 The GSIS

After the velocity discretization, the kinetic equation can be solved by the iteration
scheme in the finite volume framework [25]. Since the two kinetic equations in Eq. (3.2)
have the same structure, to keep the presentation simple, we use the VDF f to stand
for either f) or fi. Also, as here we focus on the spatial discretization, the index for the
velocity discretization does not appear in the VDF.

Given the VDF and the macroscopic quantities in the n-th iteration step, the VDF at
the (#+1)-th step can be obtained as

nebl g 1 . R
f, fr £ ¥ Z ;“ﬂ_}r- 15‘}.:5_' f 3 (3.18)

At i jENLi) Tr'”

where

1 1

Here, V; is the volume of the i-th cell, 5;; is the area of this cell and the Af is the time step.

This is the traditional DVM. 5ince the reference distribution function is evaluated at
the n-th iteration step, it has large numerical dissipation at low spatial resolution. There-
fore, in G5IS, the macroscopic synthetic equations are used to guide the evolution of the
VDE Firstly, by modifying Eq. (3.18), we obtain the VDF at the intermediate iteration step
n+1/2:

f;z-l l.-"?__f;; ) 1

S’-* _ f:u o
i i .
At Vi

1/2¢
L G s=ry

feN{i) I

(3.20)

Secondly, we solve the following macroscopic synthetic equations to get the macroscopic
quantities at the {n+1})-th iteration step:

9% -

54' ‘i’{pu}—ﬂ,

;{pu} + V- {puu)+V-P=0,
e (3.21)
— (pe)+V - (peu) +V-(P-u+qi+g.) =0,

dt

a - dpRT-T

o +V-(peuutg,)=—" -
a.t {PFF_] |{I‘,';IEII u +"?r} 2 ZrT

Here, ¢, =d,RT,/2 and ¢ = (3RT; +1?) /24 ¢, are the specific total and internal energies,
respectively; the pressure tensor P is given by P= g1+ o. For general rarefied flows, the
constitutive relation of the macroscopic equation should not only include Newton's law
and Fourier’s law of viscosity and heat flux, but also consider the higher-order rarefied
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effect:

ﬂ_,”.];:ﬂ_;:'réé_l‘_f(rf_ )flrrll.-" do - U:ﬁ;f{

IinT
41 1 n+l/2 nH.-"l
+ f cc? do— 4
9y =9 NsF fo NSFJ (3.22)
HnT P
i+1 41 1,2 4172
9  =qnset _/ cfy " Tdv—a, nsF
HoT,,
where the Navier-5Stokes constitutive relations are given as:
T 2
onsp=—p | Vu+Vu' — ;}‘F-HI .
‘ (3.23)

gensp=—1V T,
e NSF— = iI‘EJ'1':":'T1I-|F'

Thirdly, the VDF at the (n+1)-th step is given by:

mel1r2 Ty -t .I,I T nt
G =t gl W) fE (WY,
i (3.24)

4 -+ d n = - n [ n
]I!:11 1/2 _ RTI!.-'fow H]I ZRTHJF*,.I{WLIII

2
where W ={p,u,T;}. The detailed implementation of the GSIS method can be found in
our recent paper [25].

4 Convergence test and numerical efficiency

Convergence tests in both spatial and velocity spaces are carried out in GSIS. The simu-
lation parameters are adopted from Ref. [1]: the number densities at the inner and outer
entry gaps are 1x10%! m 3 and 1.857 x 10°! m 3, respectively. The gas temperature is
maintained at 293 K. Using a reference length of 1 dm, the Knudsen number

A u(Ty) [aRTy
Kn—L: P.:]L \rll 5 (4.1}

is (1.0426. Larger Knudsen number can be obtained by proportionally reducing the two
number densities at the inner and outer entry gaps. The absorptivity is { =0.3.

Due to the complexity of the divertor’s structure, a combination of structured and
unstructured grid cells is employed, with 95% of the grid cells being hexahedral. At the
junctions of these hexahedral grid cells, some tetrahedral grid cells are used. There are
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Figure 3: (a) The projected mesh in the middle section at z=10. (b} The mesh independence test under the

Cartesian coordinate system and Kn=(L0426. The background cloud is the normalized density by using 360,000
grid cells, while the black line is using 240,000,

6,268 grid cells in the middle section, with each grid having an area of approximately
1 em?, see Fig. 3(a). We run the numerical simulations with 240,000 and 360,000 physi-
cal mesh elements, and find that the two results overlap, see Fig. 3(b). This means the
grid convergence is achieved and subsequent calculations employ 240,000 physical mesh
elements.

We test the velocity mesh independence in the Cartesian coordinates, where the lat-
eral walls in Fig. 1(b) are assumed to be solid walls with the diffuse gas-surface inter-
action. Firstly, we use the Newton-Cotes quadrature with 40 x40 x 40 discrete velocity
points and 30 x 30 x 30 discrete velocity points, and find both results overlap. These solu-
tions are used as reference, see the black lines in Fig. 4(a). Then, we gradually replace the
Newton-Cotes quadrature by the Gauss-Hermite quadrature, with reduced number of
discretized velocities. Eventually we find that applying 10-point Gauss-Hermite quadra-
ture in each velocity direction is adequate the capture the flow field, see red lines with
points in Fig. 4(a). The computer resources are summarized in Table 1. It is seen that, i)
the GSIS can find the steady-state solution within 100 iterations, ii) the simulation time
(core hours=CPU cores = wall-clock time) can be reduced by about two orders of mag-
nitude when the Gauss-Hermite quadrature is applied, and iii) the simulation time with
(3515 is 20 times less than the DVM when using Newton-Cotes quadrature and the Gauss-
Hermite quadrature.

We also test the velocity mesh independence in the cylindrical coordinates, where
the lateral walls follow the symmetry boundary condition. When Kn=0.0426, we em-
ploy 36-point Newton-Cotes quadrature in the f direction and 10-point Gauss-Hermite
quadrature in {,. We also apply the 40-point Newton-Cotes quadrature in the ¢, direc-
tion to obtain a reference solution, see the black lines in Fig. 4(b). Then, we replace the
Newton-Cotes quadrature by the Gauss-Laguerre quadrature in the &, direction, and find
that 18-point Gauss-Laguerre quadrature in ¢, vields results (red dotted lines) identical
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Figure 4: [a) Velocity mesh independence test under the Cartesian coordinate system and Kn=(0.0426, when
the lateral walls are diffuse. The black lines refer to the streamlines when the discrete velocity points are
303030, and the red dotted lines are the streamlines when the discrete velocity points are 10x 10 = 10 when
using Gauss-Hermite guadrature. (b) and (c) Velocity mesh independence test under the cylindrical coordinate
tem, when the |ateral walls follow the symmetry boundary condition and Kn=0.0426 and 4.26, respectively.
he black lines refer to streamlines when the discrete velocity points are 36 < 10 < 40, which uniformly disperse in
polar coordinate for x-z plane and Gauss-Hermite quadrature for y-direction. The red dotted lines represent the
streamlines after transforming the uniform dispersion in the z-direction in the velocity space dispersion mede
of the black line into the Gauss-Laguerre quadrature dispersion. [d) The local Knudsen numbers when the
absorptivity is {=0.8 and the temperature is 300 K.

to the reference solution. When Kn=4.26, we establish a reference solution using 20-point
Gauss-Hermite quadrature in ¢, and 36-point Gauss-Laguerre quadrature in ¢, see the
black lines in Fig. 4(c). We observe that identical results (red dotted lines) can also be
obtained when using 36 x 10 x 18 discrete velocity points. In the numerical simulation,
the G515 needs 128 cores, 88 iteration steps, and total 44 core hours to find the solution.
Compared with the DSMC simulation [1], where 40 million spatial cells and 0.688
million CPU core hours are used, the GSIS can be faster by about 4 orders of magnitude’.

tMote that we employ the cylindrical coordinates to precisely implement the symmelry boundary conditions
at the two lateral walls, which is less efficient compared to Cartesian coordinates. For example, if the full
divertor geomelry (360°) were simulated using Cartesian coordinates instead of the 20° section shown in
Fig. 1, with the 1010 x 10 Gauss-Hermite quadrature, the core hours required would be 418 =72, In
contrast, the DSMC method would require 18 = (L688 million core hours, which is slower by five orders of
magnitude. Simulating the full-scale divertor is advantageous, however, since in reality, perfect toroidal
symmetry is not always achieved.
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Table 1: Tests of velocity mesh independence in the Cartesian coordinates. NC30x GH30:x GH10 means that the
MNewton-Cotes guadrature with 30 uniform grids are used in the £, direction, 30 Gauss-Hermite nodes are used
in the §_,_,. direction. and 10 Gauss-Hermite nodes are used in the £, direction. The Knudsen number is 0.0426,

and the convergence criterion is the relative difference in density and temperature between two consecutive
iterations is less than 1077,

discrete velocity CPU cores  times (s) iteration step core hamrs-_l
INC40« NC40 = NC40 (DVM) 960 26593 1133 7091
NC40 x NCa =< NC40 B4} 1996 94 354
NC30 = NC30 < NC30 640 1308 02 232
NC30x NC30 = GH10 320 695 92 fil
NC30xGH10=GH10 256 199 98 14
GH10=GH10 = GH10 (DVM) 128 4067 1897 144
GHI10= GH10 = GH10 128 118 6d 4

This huge reduction of computational time is due to i) the asymptotic-preserving prop-
erty of the G5IS, which allows use of coarse spatial grids, ii) the fast convergence property
of the G5IS, which finds the steady state solution within 100 iterations, and iii) the deter-
ministic nature of the GSIS, which does not suffer from the statistical error. It should be
noted that the magnetic coils and the cooling pipes are not considered in the simplified
geometry in Figs. 1(b) and 1(c). Even if they are added, the number of the spatial grids in
(515 would at most increase by 10 times, and the G5IS can still be faster than the DSMC
by 3 orders of magnitude.

5 Roles of Knudsen numbers, absorptivity and temperature

In this section, we employ the G5IS with the cylindrical coordinates in the molecular ve-
locity space to study the flow fields within the divertor and analyze the pumping speed
under various absorptivity, temperature, and Knudsen numbers. All results are normal-
ized using the following parameters:

2kg T

To=To, Our=\= " Prr=poRTy. (5.1)
The local Knudsen number is defined in terms of the local density gradient as:
Kngy = ! (5.2)
eIV ‘

where [ is the local mean free path. Fig. 4(d) show the local Knudsen number in logarith-
mic form when the gas temperature is 300 K and the absorptivity is (0.3. It is seen that
the local Knudsen number spans approximately 4 orders of magnitude, from continuous
flow to transition flow. Due to the limitations of the grid and time step size, the compu-
tational cost of the DSMC method will be greatly increased in continuum-flow problems.
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Figure 5:  The normalized density distributions at the midsection (z=0) when Kn=4.26. The cloud image and
black dotted lines are calculated using NS, while the red dotted lines are calculated using GSIS.

At the same time, from Fig. 5, it is seen that when the Knudsen number is 4.26, there is
a significant difference between the density distribution of the middle section calculated
by NS and GSIS, which means that the NS equations are no longer applicable in rarefied
flows.

5.1 Role of Knudsen number and absorptivity

We first consider the case where the temperature of the inlet gas and the surface temper-
ature is Ty =300 K. The coordinate systems in all results are shown in Figs. 1(b) and 1(c).
Fig. 6 shows the pressure distribution in the midsection (z =0) of the divertor at varying
Knudsen numbers and absorptivities. Because the flow velocity is much smaller than the
sound speed, the gas flow exhibits minimal temperature fluctuations inside the divertor.
Hence, the pressure can be deemed directly proportional to density. As the Knudsen
number rises, the pressure variation within the divertor gradually increases, rendering
the flow characteristics more intricate. As the absorptivity rises, both the pressure vari-
ation and the extent of the low-pressure zone increase. Fig. 7 illustrates the pressure
distribution at the outlet pump, which is seen in Figs. 1(b) and 1(c). With the increase
of Knudsen number, the pressure difference increases, and the pressure distribution be-
comes more complex. As the absorptivity increases, the pressure decreases, which means
more gas escapes from the outlet pump.

The reduced density and pressure at the pump opening imply higher mass flow rate
at higher absorptivity. Figs. 8(a) to 8(c) show the velocity distribution in the y-direction,
across the divertor cross-section (z=0). The outlet pump is located within the range of
1850 < x << 2250. In this region, as x increases, the gas speed first increases and reaches
its maximum near x = 2000, then it decreases and reaches its minimum value around
x=2150. Finally it gradually increases. The Knudsen number has small impact on the
magnitude of the flow velocity, however, increasing the absorptivity will significantly
enhance the velocity, thereby increasing the mass flow rate of the pump.
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Figure 7: normalized pressure distributions at the absorption pump, which is located in the middle of the bottom
of the divertor, see the blue area in Figs. 1(b) and 1{c). The absorptivity from the left column to right column
is 0.05, 0.1, 0.3, respectively. The Knudsen number from the top row to bottom row is 0.00426, 0.0426, 0.426,

respectively.
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Figure 8! (a-c) The normalized velocity in the y-direction of midsection (z=0). (d) The normalized mass flow
distribution along the central axis (z=0) of the absorption pump for different Knudsen numbers [absorptivity=
0.3). Both the gas temperature at the inlet and the wall temperature are 300 K,

Fig. 8{d) shows the distribution of mass flow rate pu-n along the central axis of the ab-
sorption pump, assuming a constant absorptivity of (.3, where n represents the outward
normal vector at the pump opening. The maximum mass flow rate occurs at approxi-
mately x,, = 195(), which is slightly to the left of the location where the speed is at its
peak. For x < x, the mass flow rate increases monotonically with x. Conversely, for
X > Xy, a monotonic decrease in the mass flow rate is observed only at large Knudsen
numbers, such as Kn=4.26. At smaller Knudsen numbers, such as Kn=0.426 and 0.0424,
a local minimum in the mass flow rate is present, that is, when x increases, the mass flow

rate first decreases and then increases.

5.2 Role of inlet temperature

We now raise the gas temperature to Ty = 1000 K, while keep the wall temperature at
300 K. Fig. 9 depicts the spatial distribution of temperature and pressure. Significant
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Figure 9: The normalized temperature and pressure distributions at the midsection (z=10) and pump opening
under different absorptivity when Kn = 0.054. The inlet gas temperature is 1000 K, while the wall temperature
is 300 K.

temperature differences are observed near both the inner entry gap and the outer entry
gap, highlighting the complex thermodynamic phenomena within the system and the
evolution of temperature gradients across different regions. Fig. 9 also shows the pres-
sure distribution at the outlet pump. The pressure profile manifests itself in a strip-like
configuration that stretches from left to right, with a noticeable disparity observed be-
tween approximately one third of the area on the left side compared to the right side.
Notably, a higher gas density emanates from the left side of the outlet pump, indicating
a nonuniform distribution of pressure across the outlet.

Fig. 10(a-c) shows the velocity profile u, in the middle section (z=0). Compared
to Figs. 8(a) to 8(c), the speed also reaches its maximum velocity around x = 2000, and
the velocity increases with increasing gas temperature. Also, the velocity becomes much
more sensitive to the Knudsen number. Fig. 10(d) shows the mass flow rate along the
central axis (z = () of the absorption pump for different Knudsen numbers. The peak
mass flow rate appears around x = 1940, rather than at x = 2000 where the gas speed is
maximum. This is because the gas density at the pumping opening drops significantly
as x increases; see the third row in Fig. 9. Compared to Fig. 8(d), the mass flow rate
varies significantly with the Knudsen number, indicating the significant impact of gas
temperature on mass flow rate.



1554 W. Lietal. / Commun. Comput. Phys., 39 (2026), pp. 1536-1558

e =
- -
D_
-0.02)
z 2-0.04t
8 8
S -0.04f s B
-0.08F
-0.06} = = = = Kns054
i em KN2EA
1600 1800 2000 7500 2400 1600 1800 2000 5500 2400
{a) Z=0.05 (b} £=0.1
i
D2
iy
-0.05 mu.1 8 T g
-
> Bo.18)
g-0.1 2
2 R T
= o r *y
015 oz T
s WA LR o S T
_u_E_ r "._‘__1. N e =
1 i I 0.08k i L el o
1600 1800 2000 2200 2400 1900 2000 L2100 2200
{c) =03 (d} Mass flow rate

Figure 10:  [(a-c) The normalized velocity in the y-direction of axial section. (d) The normalized mass flow
distribution along the central axis (z=0) of the absorption pump with absorptivity=0.3. The inlet gas temper-
ature iz 1000 K, while the wall temperature is 300 K.

5.3 The pumping speed

The pumping speed is an important parameter in the design of divertor, which is defined
as the mass flow rate over the average gas density:

(5.3)

$.()= mass flow rate  [;pu-ndS
PY27 average density  ([.pdS)/S’

where v is the velocity of the gas, 5 is the area of the pump, and » is the outward normal
vector of the pump surface.

In Fig. 11(a), a direct correlation is observed between the mass flow rate through the
absorption pump and the Knudsen number at various absorptivity. The results indicate
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Figure 11: {a) The normalized mass flow under different absorptivity and Knudsen number when gas tem-
perature is 300 K. (b) The normalized mass flow under different temperature and Knudsen number when the
absorptivity is 0.3. () The normalized mass flow under different absorptivity and temperature when Kn=0.0426.
{d) Pumping speed under different absorptivity and Knudsen number.

that as the Knudsen number increases, the gas within the divertor tends to become rar-
efied, leading to a gradual decrease in the mass flow rate through the absorption pump.
This trend is further accentuated with higher absorptivity. However, the pumping rate
shows minimal variation with changes in the Knudsen number when absorptivity is
small. This suggests that the efficiency of the absorption pump is significantly influenced
by the rarefaction of the gas within the deflector, particularly under the conditions of
increased Knudsen numbers and absorptivity. The findings underscore the importance
of considering the Knudsen number and absorptivity in optimizing the performance of
absorption pumps in rarefied gas flow environments.
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Fig. 11(b) shows that when the absorption rate is 0.3, the mass flow rate changes with
Knudsen number at different temperatures. It can be seen that at low Knudsen number,
increasing temperature significantly improves the mass flow rate of the pump, and this
effect gradually decreases when the Knudsen number increase.

Fig. 11(c) shows the mass flow through the absorption pump under different absorp-
tivity and temperature. With an increase in absorptivity, the mass flow rate shows a
trend of logarithmic increase, and the increase of the temperature significantly increased
the mass flow rate through the absorption pump.

Fig. 11(d) shows the correlation between pumping speed and absorptivity at various
Knudsen numbers. It is seen that for higher absorptivity, there is a slight reduction in
velocity with an increase in the Knudsen number. At elevated temperatures, the mass
flow rate through the absorption pump increases, while the pumping speed decreases.
This indicates that the impact of temperature elevation on density distribution is more
pronounced.

6 Conclusions

We have simulated a simplified version of the latest three-dimensional divertor using a
general synthetic iterative scheme, with the velocity space discretized in cylindrical co-
ordinates. Due to its asymptotic-preserving nature and rapid convergence, and given
that the gas flow inside the divertor is much lower than the sound speed, the simulation
efficiency of GSIS is significantly higher than that of the traditional DSMC method. Us-
ing this efficient numerical method, we have analyzed the flow fields inside the divertor
across a wide range of Knudsen numbers, absorptivity levels, and gas temperatures. The
simulation results indicate that higher absorption rates lead to a substantial increase in
mass flow rate and pumping speed through the absorption pump. Additionally, increas-
ing the gas temperature also significantly enhances the mass flow rate. The numerical
method and findings provide valuable tools and insights into the performance of the
new Tokamak model under various conditions, supporting the ongoing development of
nuclear fusion technology.
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