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Abstract. In previous work, we developed the unified gas dynamics scheme (UGKS)
and its corresponding time-implicit variant IUGKS) for neutron transport. The multi-
scale characteristics of these schemes are particularly well-suited for transport equa-
tions, which show good performances in large-scale conditions. However, only the
isotropic scattering model equation was considered in these studies, which does not
meet the application requirements in complex engineering cases. In this paper, we ex-
tend our studies of isotropic neutron IUGKS to encompass the transport equation with
arbitrary anisotropic scattering. We first clarify the construction principle of IUGKS-
PN scheme according to the general form of anisotropic scattering models. However,
the construction of the scheme is complex and the versatility is not strong. To ad-
dress these challenges, a more concise scheme IUGKS-AM is proposed based on the
isotropic IUGKS framework, in which the higher-order moments of the neutron dis-
tribution function are estimated. We theoretically analyze the asymptotic property of
IUGKS-AM, and verify the numerical performances in anisotropic model by numeri-
cal experiments. Finally, several complex anisotropic scattering models are computed
by using the numerical scheme, demonstrating its general applicability. This study
significantly enhances the practical utility of multi-scale neutron transport UGKS in
engineering applications.

AMS subiject classifications: 82D75, 76P05, 65M08
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1 Introduction

In previous works, we developed the unified gas kinetic scheme (UGKS) and the cor-
responding time-implicit scheme (IUGKS) for neutron transport simulations [1,2]. The

*Corresponding author. Email addresses: tan_shuang@iapcm.ac.cn (S. Tan), sun_wenjun@iapcm.ac.cn
(W. Sun), wei_junxia@iapcm.ac.cn (J. Wei)

http:/ /www.global-sci.com/cicp 1363 ©2026 Global-Science Press



1364 S. Tan, W. Sun and J. Wei / Commun. Comput. Phys., 39 (2026), pp. 1363-1404

results show that IUGKS achieves ideal accuracy and efficiency in the calculation of three-
dimensional isotropic neutron transport equation, including the multi-group model cal-
culations. In this paper, we further enhance the computational capabilities of IUGKS
by extending it to accommodate anisotropic scattering models for practical applications.
The transport equation form with general collision term is,

1 0¢(x,t,Q,E)
v(E) ot

- / / S(x,E')f(E— E,Q-Q)p(x 1,0, EAE'dQY +q(x, 1,0, E).

+Q-Vo(x,t,0E)+X(x,E)p(x,t,Q,E)

Here the scattering phase function f(x,Q),E’ — Q,E) relys on the angle between Q and
Q.

For single-scale SN methods, researches have been conducted on the computation of
anisotropic equations [3]. The SN methods employ the splitting approach to deal with
the convection and collision terms, and updates the transport equation by the source
iteration method. By introducing the anisotropic scattering function directly into the col-
lision term, the corresponding anisotropic numerical scheme can be constructed. The
anisotropic collision term does not affect the calculation of the convection term, which
is usually the core of numerical scheme construction. Despite the simple constructions,
the SN schemes usually suffer from numerical stiffness issues. Therefore, the accelera-
tion methods are needed to improve the convergence speed of the scheme. The common
used acceleration methods include high-order/low-order (HOLO) [4], diffusion synthe-
sis acceleration (DSA)/transport synthesis acceleration (TSA) [5, 6], quasi-diffusion (QD),
multi-grid method [7], etc. These methods have shown good performances in isotropic
scattering simulations. But for the anisotropic models, due to that the scattering term has
a significant effect on the spectral radius of the iterative equation, the acceleration method
needs to be modified to maintain effective convergence. In practical three-dimensional
high-order scattering models, these acceleration methods still present certain complexi-
ties and difficulties in the algorithms and code.

The mathematical properties of the neutron transport equation vary with the strength
of the collision term. In the free transport region with weak collision, the equation is hy-
perbolic, while in the diffusion region with strong collision, the equation is parabolic.
Therefore, transport is a typical multi-scale process. The corresponding numerical
scheme should have asymptotic preserving (AP) properties. When the grid size or time
step is fixed, and the Knudsen number approaches zero, a numerical scheme with AP
properties can automatically recover the solution of the diffusion equation. This ensures
the validity and accuracy of the scheme in a wide range of conditions. For isotropic scat-
tering transport equation, the AP schemes have been widely studied [8-11]. Meanwhile,
it is challenging to develop numerical schemes with AP properties for anisotropic scat-
tering [12,13].

In recent years, UGKS has been widely studied in solving multi-scale equations. In
UGKS, the cell-interface quantities and numerical fluxes are constructed with the time
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evolution solution of the relaxation model, which naturally includes the evolution pro-
cess from free transport to collision. The scheme was initially established to simulate
the rarefied gas dynamics problems [14-16], and later extended to the linear dynam-
ics model [17] and the calculation of radiation transport [18,19]. In previous work, we
developed the extended IUGKS [1, 2] for isotropic scattering neutron transport simula-
tions. We have demonstrated that the scheme keeps AP properties at the transport to
diffusion limit, and maintains ideal accuracy and convergence without other accelera-
tion methods. Meanwhile, in recent years, the DUGKS developed by Guo et al. has also
achieved success in the computation of multi-scale problems [20]. The construction idea
of DUGKS is basically same as UGKS. The difference is that DUGKS reconstructs cell-
interface quantities by integrating the relaxation model equation along the particle flight
direction within a specific characteristic time/length scale. With this method, the single-
step calculation cost can be reduced. DUGKS has also carried out relevant researches on
the solution of steady neutron transport equation [21]. Song developed the scheme suit-
able for anisotropic scattering neutron transport models [22], in which the collision term
is treated by source-iteration-like method, and the treatments for high-order moments
are not considered.

Based on the introduction, extending the multi-scale UGKS to anisotropic scattering
transport equations is an effective way to develop numerical schemes with good prop-
erties. The paper is organized as follows. Section 2 introduces the anisotropic scattering
neutron transport equation. In section 3, the strict IUGKS-PN scheme for anisotropic scat-
tering is introduced. Section 4 introduce the construction of the extended IUGKS-AM for
arbitrary scattering models. Section 5 is numerical test. The conclusions are drawn in
Section 6.

2 Neutron transport equation with anisotropic scattering

In physics, the distribution of neutrons in high-dimensional phase space (x,t,Q,E) is
described by neutron angular flux ¢(x,t,Q),E). Here in addition to time ¢ and space x
variables, the neutron state also includes three degrees of freedom: microscopic motion
angle O3 and energy E. The governing equation for ¢(x,t,Q,E) is,

1 9p(x,t,0,E)
ot

o(E) +Q-Vo(x,t,0E)+X(x,E)p(x,t,Q,E)
- / / S(x,Ef(E'— E,Q-Q)p(x 1,0, ENAE'dQY +q(x, 1,0, E). 2.1)

In Eq. (2.1), v(E) is neutron microscopic speed which is related to the energy E. £(x,E) is
the total cross section and g(x,t,Q,E) is the external source term. f(E — E’,Q-(Y) is the
scattering phase function,

L 1
FOOE 5 O,E) =Y Y fixE —E)Yy(6,w)Yi(0,0), (2.2)
1=0r=-—1
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where Y},(6,w) is spherical harmonic function and Y} (6,w) denotes the complex conju-
gate of Y},(0,w).
In order to write Eq. (2.1) in a relaxation form, define the collision distribution as,

/
S(xt,Q,E) = // E0E) ¢ B0 )p(xot O, ) EAQY.

X(x,E)
And further let the coefficient 0;(x,E’ —E) as,
X(x,E)
/ o ’ /
O'Z(X,E —>E) = Z(X,E) fl(X,E —>E)

Then the specific form of S(x,t,Q),E) can be written as,

L 1
S(xtOE)=Y / G E' = E) Y Yiy(6,0) 9! (x,t,E)dE'. (2.3)
1=0

r=—I
Here ¢j(x,t,E') is defined,
ol (x,t,E') = / Y7 (6,0)¢(x, QY 1, E')dCY. (2.4)
The specific expansion form of the collision term can be referenced in Appendix A. The

neutron transport equation can be rearranged into the following form,

ap(x,t,0,E) S(x,t,Q,E)—¢(x,t,Q,E)
ot T(x,E) '

Here 7(x,E)=1/(v(E)X(x,E)) is defined as the characteristic time, while ¢(E,Q)=v(E)Q
is the microscopic velocity of neutron motion.

+¢(E,Q)-Vo(x,t,Q0E)= (2.5)

3 IUGKS-PN scheme

For neutron transport, the energy spectrum usually spans multiple orders of magnitude.
In the energy direction, the commonly used discretization is multi-group method. When
the Q-space is further discretized with the discrete ordinate method, the differential
equation for the relaxed model (2.5) in the (x,t)-space is,

Og,m(x,t 5. ) — o
('%'at(x)+§glm.vqbg/m(x,t): g (X 3g(x(;[;g (X )

Here the subscript g represents the g-th discrete energy group, while the subscript m
represents the m-th discrete ordinate directions of €,,. €, and the integral weight w,
satisfy the following relations,

(3.1)

0, n is odd;

M
Y W |Qpen|"=S . . (3.2)
= 2%, niseven,
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n is the direction unit vector. For the half-space integrals, it has,

Z C(Jm‘ﬂm'n‘:n,

Q>0 (3 3)
27 :
Z Wi | Q-0 | Oy = ?n.
Q,,,-n>0

The discrete collision term is,

L 1
Sg,m(xrt) :ZZO—Z,g’%g E er(emlwfn)(Pgﬂ,l(X't)‘
g’ 1=0 r=—I

The relaxation equation (3.1) has the general solution,

t

/ —(t—s)/Te(x)
w0 Sem(X,5)e s¥ds.  (3.4)

Pg,m (X/t) =do,gm (X— i,‘g,m (t - tn))e*(tft")/Tg(x) +

X' =x—_{g m(t—s) is the neutron trajectory in collision process. The solution describes the
neutron physical evolution from free transport ¢g ¢ (X—¢,m(t—1,)) to the collision state
Sem(X,s).

The key point of the UGKS lies in constructing the cell-interface numerical flux Fg, ,, (x)
based on the multi-scale evolution solution (3.4). The flux can be expressed as

1 tn+AE

To calculate the above numerical flux, we need to obtain the distribution functions of
Po,gm(X—ECgm(t—ty)) and Sg . (X,5).

The polynomial approximation of ¢o, »u (x—&g,m(t—t4)) is easy to be constructed with
the solution of ¢ (x,t). Take the k-th boundary sy as an example. Assume that the
interface center is xi, and the outer normal direction is n;. The adjacent unit is labeled as
j- In order to obtain a second order scheme, the linear distribution of ¢ ¢ (x,t) around
the cell-interface s; is constructed as,

(PO,g,m = ‘PlgmH [ka] + ¢§mH [_ ka} .

Here lek is )y, -ng, and HJ'] is the Heaviside function. The linear function of ¢ on the
left and right sides of the interface is,

Pom =Pyt Vebgmi (x=xe),  (x=x) me <0,
CPg.,m:4>§,m,k+V¢g,m,j-(x—xk), (x—xz) -ng > 0.

gbém and ng,m are the values on the left and right cells of the interface. V¢, ;i and Vg 1, j
are the slopes within the corresponding cell. With the cell centroid x; and x; and the
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center quantity ¢, ,,; and ¢g , ;, we can easily get that,

Pg e =PgmitV Pemit (Xk—xi),
R k= i+V i (xk—x;).
(Pg,m,k ¢g,m,] 4’3,%] k— Xj

Without loss of generality, assume x; =0 and ¢, =0, the polynomial form of ¢ (X —
Zom(t—1ty)) can be obtained,

Pgm (X —Ggm(t—tn)) = (4>gL,m,k— chg,m,i-gg,mt)> H[ Oyl
+ <‘P§,m,k —Vgm,;- é’g,mf)) H[— (), 4] (3.6)

Similarly, the linear approximation of S, ,,(x',s) is,

Sg,m(x/rs):<5gmk ngnggm( )))H[ka]
+(ngk VS Eqm(t— )H — O], (3.7)

L R
where the S gmk and S g mk A€

L _ .
{ Sg,m,k = Sg,m,i - vSg,m,i “Xi;

R L X
Sk = Sgmj =V SgmjXj.

Here we omit the time derivative term VS, ;, x. As demonstrated in subsequent analysis

and tests, this simplification shows no adverse impact on the AP property or temporal
accuracy of the scheme.

3.1 IUGKS-PO for isotropic model

Before dealing with the anisotropic scattering case, the implicit unified gas kinetic scheme
(IUGKS) for isotropic scattering models is overviewed in this subsection. According to
the derivation in Appendix A, the isotropic collision distribution is,

Z‘Tog g () pgr (1)
¢g (x,t) is the 0-th moment of ¢,

Pg (x,t) :/gbg/ (x,1,0)dQ,
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where the superscript (0) is omitted for simplify writing. After substituting S¢(x,t) into
Egs. (3.7) and (3.5), the numerical flux is,

Fgmk— gkggmk<¢gmkH[ mk]+¢gmkH[ Q ])
kggmk(vgbgmz nkH[ mk]+v¢gm] nkH[ Qm,k])

0y, k
+T, ,k‘:g,m,kz 88 qog/,kH[Qm,k] + (Pg’,kH[_Qm,k]
8 4

(Y k . .
ké‘émkz Og_)g (Vg i nH[OQy ]+ Vg i - mH[—Qyi]) . (3.8)

The normal velocity of the interface is &gk = &gm -0 which can also be calculated as

Ung,k- Tg(? are the time-space integral terms,

T3 _Tg e B/ ?{ds
T;,k: <—Tge_At/Tg+Tng,k dek,
(3.9)
= 1—T3k ?{dsk,

ng/k_< Tg gk+ k %dSk

According to the stability analysis in Appendix B, the time step At for the flux evolution
in Eq. (3.8) should satisfy the stability condition,

3%, A
At=min <j 23; ) . (3.10)
8 8

Here A; =min(Axy;,Ax;;,Ax3,;) is the grid scale of i-th cell. From Eq. (3.8), we should
obtain the solution of @¢(x,t) to close the calculation of F;m,k. This is the particular part
of UGKS that is different from the commonly used single-scale SN scheme.

By integrating Eq. (3.1) in the Q) direction, one can get the governing equations of

pg(x,t),
Bq)g X, t)

ot Z“’m (Cgm Vepgm(xt)) = Sg(xt) — pg(xt)

Tg(x)
Accordingly, the numerical flux of ¢4 (x,t) can be calculated as,

Fo=Y wWnFem(x).

With Fg’, m(x) in Eq. (3.8) and the properties of discrete ordinates in Egs. (3.2) and (3.3), Fq

(3.11)



1370 S. Tan, W. Sun and J. Wei / Commun. Comput. Phys., 39 (2026), pp. 1363-1404

can be organized as,

fg,k = Té:j/k Zwm gg,m,k (‘Pém,kH [ka] + cpg,m,kH [ - Qm,k] )
- Tg,k Z“’méém,k (Vg m,i- H[ Q]+ V pg i i H[— O ])

L R
1 ?g/,k - gog/,k
+Tgx0s) 00 gk 4
g/

ng /,‘-nk—i—Vq) LY
+Tg2,kv§200rg/_>g,k LA c §J % (3.12)
gl

For Egs. (3.1) and (3.11), finite volume method is used in the spatial discretization, and
time-implicit discretization is used in the temporal direction. We obtain the fully discrete
form of the macro auxiliary equation firstly,

1 1= ‘703'1 p ~AoP
Atp +ZA ]A(Pg,ijL;Ag,kAq’gJ

=L k**( —4’51-)—6;?5,#;(Sg,z-—fp?,i)—:tp(<v§,i—¢§,i)- (3.13)

Atp is the physical time step, which is determined according to the time scale of the

specific physical process. Ag, ;= cpgjl —(p;i is the residual at the cell i, while p is the
iteration number. ¢y, ; is short for 0 g, ;. With different values of € (Where €’ =1—¢),
Eq. (3.13) represents different implicit time schemes uniformly, which are the 1st-order
backward Euler (B-E) scheme (e =0) and the 2nd-order Crank-Nicolson (C-N) scheme
(€=0.5). Sg(x,t) is the angular integral of generalized equilibrium state S¢(x,t),

P _ P
Sg i Zao,g’ﬁg,l Pyriv
4

The approximate flux Jacobian coefficients A;tk are,

A+ o ( ; Zwmég,m,kcpglm,zH[ Qm,k] + Tzk U(%O'O,g,k )
k , . 4
gk v\ "8 (Pg i 85 BAj
A Zwmég m kcpg m] [ erk] + T2 Uégo,g,k
8 k= Vz g k q) . 8k 3A ii !
[ ]

where
Al’]' IX,"I‘lk—X]"nk, A]'i :xj-nk—xi-nk.

In the construction of macroscopic flux Jacobian, it is assumed that ¢is continuous and
smooth at the cell interfaces.
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The fully implicit discrete form of microscopic transport equation (3.1) is,

1
Atp + +2Agmk

Z o kT (SPH —¢§,m,z'>

_G;Fg,;;l,k_‘_% (Sti=mi) — % (4>ng Do) (3.14)

p
A(Pg m,i +ZAg m kA(Pg,m,]

Aqbg,7 mi= 47;‘;11.—(]); ni 18 the residual for ¢, ,,; at the cell i. The scheme coefficients A;tk
are,

A;k = elég,m,kH[iQm,k] .

The linear systems in Egs. (3.13) and (3.14) can be solved with the Lower-Upper Sym-
metric Gauss-Seidel (LU-SGS) method [23]. The discrete expression of IUGKS-P0 is ex-
actly the form of IUGKS in general grid, while the detailed derivations can be referred in
Tan [2]. Since it is a routine procedure, it will not be elaborated upon in this article.

To sum up, the calculation flowchart of IUGKS-PO for neutron transport equation with
isotropic scattering is as shown in Algorithm 1.

Algorithm 1: IUGKS-PO for isotropic scattering neutron transport

Construct the evolution solution (3.4) with ¢, and Sg, ;

Calculate macro flux (3.12) and solve the auxiliary equation (3.13) to get ¢q;
Update S, with ¢, and substitute into micro flux equation (3.8);

Solve the micro transport equation (3.14) to get ¢g n;

Update ¢, and S, with ¢, and goto the next loop.

Ol W=

3.2 IUGKS-PN for anisotropic model

When considering the anisotropic scattering models, if the collision distribution S , (x,1)
is given in Eq. (2.3), the above IUGKS-PO for isotropic scattering neutron transport can be
extended directly.

According to the analysis in Appendix A, the evolution solution is related with all the
r-th (r <L) order moments of ¢ for the L-th order anisotropic scattering model. Define
the r-th order moments of ¢ as,

4)(r1,r2,r3) (X,t,E):/Q?Q?Qgscl)(x,t,ﬂ,lf)dﬂ, ri+rotr3=r.
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Therefore, in order to close the construction of Eq. (3.4), the equations of (p(’“zﬁ) (x,t,E)
need to be solved,

(r1,r2,r3)
WL ([amorazazexnja)

[OPQZOR S, (x,t,0)dQ— 17273 (x,t,E)
= = : (3.15)
8

The numerical flux of q)yl’rz’r3) (x,t,E) can be get similarly,

f-(rl,rZ,rS) _i tntAt g .01 020 (t Q)ds dtdQ)
ok At ), g el (" 057 P (1, k '

Therefore, the solution of IUGKS-PN for neutron transport with PN scattering model of
Eq. (2.3) should be modified as Algorithm 2.

Algorithm 2: IUGKS-PN for PN scattering neutron transport

1. Construct evolution solution (3.4) with initial ¢g,m and S¢ m;
2. Calculate macro flux (3.12) and solve the auxiliary equation (3.13) to get ¢g;
3 Forr=1,L;Forri+r+r3=r;

Calculate the flux férkl 273 and solve the auxiliary equation sets of (pgl’rz’rg) in (3.15);
4. Calculate S¢ ,, with q)éﬂﬂﬂ) and substitute into micro flux equation (3.8) ;
Solve the micro transport equation (3.14) to get ¢g m;
Update (pgl’r‘z’m and Sg,; with ¢¢ 1, and goto the next loop.

According to Algorithm 2, it is easy to see that the construction of IUGKS-PN is
closely related to the specific expression of the phase function f(x,Q),E' — Q,E). As
in step 3, the number of auxiliary equations is changing with different L. Especially in
three-dimensional multi-group computations, GY>_ (Hz)zﬂ additional auxiliary equa-
tions need to be solved for the L-th order moment term. Therefore, IUGKS-PN is not only

complex in scheme construction, but also has poor universality.

4 IUGKS with anisotropic-scattering modification

To avoid introducing additional auxiliary macro equations as IUGKS-PN, a more gen-
eral numerical scheme for arbitrary anisotropic scattering model equations is developed
in this section. We also conducted a detailed analysis of the AP characteristics for the
scheme.
Assume the discrete form of neutron flux ¢(x,t,Q,E) can be decomposed into the
following forms,
o (x,t,Q,E)=¢(x,t,E)h(x,t,Q,E). 4.1)
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h(x,t,Q,E) is a normalized function which characterizes the shape distribution of the
neutron flux ¢ with energy E at the space-time point (x,t) in angular space Q).

As mentioned before, the key to the construction of neutron transport UGKS lies in
the calculation or approximation of the collision term S(x,t,Q,E). Define the anisotropic
scattering integral of the function h(x,t,Q),E) as,

/! _Z(X/E,> / !/ !/ / /
(L OE —E)=3 ) f(E'=E,Q-O)h(x,t,Q,EdQY.

Then the collision distribution S (x,€2) can be simplified as,
S(x,t,Q,E):/go(x,t,E’)g(x,t,Q,E’—>E)dE’. 4.2)

When f(E' — E,Q-Q) is defined as Eq. (2.2), the corresponding expression of
¢(x,t,Q,E' —E)is,

X

Zﬁg%g ZYZrew ga(xt). (4.3)

r=-—1

Qg—>g(Xt0 x)

Here H;/l (x,t) is the moment of h(x,t,Q),E),
I (x,t) = / Y7 (0,w)h (x,£,0)d0.

It can be seen that, when /¢ (x,t,€2) is known, the anisotropic scattering collision distribu-
tion function S¢(x,02) is only related with the 0-th order moment ¢/ (x,t). Thus, in order
to obtain the modified scheme only related to @, (x,t), the distribution of fg(x,t,€2) will
be get by predictor-corrector method.

In this paper, we approximate the angular distribution of ¢ for current p+1-th itera-
tion by using the shape function of the p-th iteration step. This means that the evolution
of the angular direction is explicitly handled,

¢} (x,0)

o) = P(x)

(4.4)

The premise for this assumption to be correct is that the neutron flux converges in the )
direction. Since the neutron flux is positive in general, the prediction in (4.4) is nonsin-
gular. With /g (x,Q2) in hand, we only need to solve the governing equations of ¢¢(x,t,0})
and ¢¢(x,t) to close the evolution solution in Eq. (3.4) for any arbitrary anisotropic scat-
tering models. The scheme construction is basically same with the isotropic IUGKS-PO.
Thus we refer to this algorithm as IUGKS with anisotropic modification IUGKS-AM) in
this paper. Furthermore, it can be get that IUGKS-P0 is actually a special form of IUGKS-
AM with kg (x,£,Q) =1.
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According to Algorithm 1, the details of Steps 2-5 in IUGKS-AM discretization are
emphasized in following. It should be pointed out here that the approximation used in
Eq. (4.4) should have influences on the numerical scheme. We will analyze and verify this
both theoretically and numerically in the following AP property analysis and numerical
testing in the next section.

4.1 Construction of IUGKS-AM
The governing equation for ¢, (x) in IUGKS-AM is,

Sy (1) = g (x,t)
Te(x) .

0 t)
(pgx +/§gvcpgxtn)0
With Eq. (4.2), the integral of collision term S(x,t,Q,E) is,

Sg(x,t):ngg/(x,t)/gg/%g(x,t,ﬂ)dﬂ.
g/

Applying Eq. (4.1) to the micro numerical flux equation (3.8), and integrating in € direc-
tion, the cell-interface numerical flux for ¢, in IUGKS-AM can be obtained as,

~ 1, L
J:;k:Tg?’,k {Hg * Pk +Hg1k¢gk}
-1 (’Hglngogl ne+H2, Vel )

1,
+T1k2< Hglkqgg’k_{—g %g]kqu’k)
2,
+T2kz(gg _)glkV(pg ; ‘n+G _}g]kV(pg J nk)
The half space integral of r-th moment for the shape function h;i(ﬂ) is defined as,

HIE =0, /Q H[£0,]dO,

gg '—gik =0 /ngg '—gi (Q)H[iﬂk]dﬂl

where O =Q-ny.
The fully discrete form of Eq. (4.5) can be deduced,

1

o 1—0og,i i+

Aty +e =~ +2Ag,k
- € 1

:—GI;f;k—i—g < q)gz) Z ( _q)g,i> _E <¢§,i_90§,i>' (4.6)

p T— AP
Apgit ZAg,kA(Pg,j
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Here
Oogi= / Cog(x,50Q)dQ,

and the coefficients fl;tk are,
i+ ¢ 3 a1+ 411 gLt T2 G
gk 7‘71 k g1k+ gk g,i,k+7 k g,ik

~_ o 6, 3 1,_
Ag,k TV (Tg,ng,j,k+ kgg} k+ kgg/ k)

After Solving the linear system of (4.6), we can update go”“ (x,t,E)=¢*(x,t,E) +A¢§’i, SO
that the collision distribution for p+1 iteration can be predicted as,

+1 41
Stmi = Zgg emiPhr 4.7)

Then the discretization of the microscopic transport equation in IUGKS-AM has the same
expression as Eq. (3.14),

1
Atp + +ZAgmk

_ p+1 p
__6,2 k+7<sgmz_¢g,m,i>
k

_6; mk+ (gmz 4’gm1> (‘Pgmz ¢§,m,i)- (4.8)

p — P
A(Pg,m,i + ;Ag,m,kA(Pg,m,j

In Eq. (4.8), the numerical flux is,
F ;,m,k :Ts,kég,m,k (¢§,’§1,kH[0m,k] + ¢§,’5,kH[—0m,k])
T8 i (V9L s B Q] + VL, i H[ =]
+Tasgmi (St HI ] + 85 M H =]

gmk gmk
: 1
+T282 (vsg"’;l neH[Q, ) + VS L mH -0, ]). (4.9)

Again, solving the linear system of (4.8) and updating (ng(x,t,Q), we complete one
iteration of the numerical scheme. Update the shape function as,

9 (xQ)
)

The calculation process will enter the next iterative loop if it is not convergent.

i (x,0) = (4.10)
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It can be seen from the discretization process of IUGKS-AM, once introducing
h(x,t,0,E) and ¢(x,t,Q,E' — E) in S(x,t,Q,E), there need not impose additional con-
straints on the form of scattering term. Therefore, [IUGKS-AM can be applied to any
anisotropic scattering model, even if the scattering terms can not be expressed by spher-
ical harmonic function.

4.2 Asymptotic-preserving analysis

The AP property of IUGKS-AM under free transport limit is obvious. In this subsection,
we mainly analyze the scheme AP property in diffusion limit.

In neutron transport, the Kn number which describe the relative scale of grid size and
neutron mean free path is defined as Kn(E) =1/AX%(x,E), which is Kng 7, /At. In the
diffusion limit when Kng <1, the time integral terms in Eq. (3.9) has the limit values,

lim T3,=0, lim T* =0, 1lim T! —j{ds, lim T?,=—7, ]{ds.
Kng<1 &% Kng<1 &K Kne<1 8K M kg1 8K sk

Then as Kng <1, the numerical flux in Eq. (4.9) can be simplified as,

ﬁg,m,k = |:6g,m,k (SN;:an,kH[Qm k] + Sg m,k [ Qm,k])

= T2 i (TS H ] + V5 1 HI- ] )| s

Assuming that ¢(x,t,Q,E) is spatially smooth, the integral of Fg,m,k with Q is,

o p+1 s *
Fok —UgZGDgf,k ZwQOrkgg’%g,m,i]{dsk
’ m
2 *
— 7,0 gz <Vgog, f nk) Zwmﬂm,kgg,ﬁg,m,ifdsk.
m

According to Eq. (4.3) and the detailed analysis of scattering coefficients in Appendix C,
the first term in ]:"g,k can be rearranged as,

p+1 - *
ngqog/,k Zwmnm,kgg’%g,m,i
4 "
+1 T
= Z‘Tl,g’ﬁgq’g',k (< th; >, << thg’ >, << Q3]’l§/ >) . (nk,link,Z/nk,B)
g/

_ p+1
=0gJgr Hg i Y Tigsg
g/
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Here the matrix related with < Qihg/ > is defined as,

<th5,> 0 O
<th§,+1>
H 0 <Qaty> 0 411
g = <th§,“> : (4.11)
0 <Q3]’l§/>
<O
8

1. .
The second term of ]-"gp: is rewritten as,
2 p+1 2 *
Tg'l)gz (V(Pg/,k 'nk) Zwmﬂm,kgg/%g,m,i
g m

— 2 p+1
—Tgngnk- (Zwmﬂmﬂmng’ﬁg,m,) 'V(Pg',k .
4 m

Define 32wm0mﬂmg; ygm,i 35 the effective secondary neutron number C, Ff.gr which has

m
the following forms,

Ceffg =D (00,55 —02,g5¢)1
g/
<O K, > <Ok, > <O Qsh?, >
+3202,g’—>g < 0102}[%/ > < 02021/1%/ > < 02031’1%, >
g < 0103]’[2 > < 0203}12 > < Qgﬂg,hf, >

Therefore, it can be derived that the diffusion coefficients is tensor form in the anisotropic
scattering model,

1 -1
D, = 3 (I_XHg) Coffgr

where
Xg= Z‘Tl,g’ﬁg-
g/

According to the definition of Dy, it is easily get that in the case of strong anisotropy,
the explicit prediction of g by using p-th step has influences on the equivalent diffusion
coefficient. This may affect the convergence rate of the numerical scheme. When the
iteration get converged with i’ =hP*! and the distribution of ¢ is approximately isotropic,
the diffusion coefficient can reduce to scalar,

Cefrg
Dy=——7""—, Cefe=) (00¢s0F02e¢)-
g 32g(1—7(g) eff.g ; =g g'—g
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The numerical flux ]:"g,k can be simplified as,
Fp+1 +1
F;k = —Uqg [Dg,ngog,k -nk] sj{dsk'
Thus the discrete equation of ¢, is (considering € =0 to simplify the derivation),

p+1 n L
Poi ~Pgi 1 p+1 p+1 Pl prl
ogAtp _V,-Zl:<Dg’kvq08fk -nk%dsk —|—Zg/ig0g’i _E)gq)g/’i ;gg/_)g,mli. (4.12)

Eq. (4.12) is exactly the discrete form of the diffusion equation,

1 d¢(x,tE)
v(E) ot

- / dn / aQ’ / dE'S(x,E') f(x, QY E'— O, E)p(x t, OV, E).

—V-(D(x,E)V¢(x,t,E))+XZ(x,E)p(x,tE)

At this point, we have completed the analysis of the AP property of IUGKS-AM.
In some special cases, the diffusion coefficient D, x can be given in the usual form. For
the P1 case as example, it has,

C
_ ff8 0o _
P (1) s L0

For isotropic multi-group case, it has,

0
b, Cerrs
3%
For monoenergetic case, it has
1
D=__.
3%

The forms of D, or D are exactly the diffusion coefficients under corresponding condi-
tions.
5 Numerical tests

In this section, the developed IUGKS-AM is tested comprehensively by several numerical
examples.
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5.1 Scheme accuracy test

The transport equation of 1D case can be simplified as,

dp(x,u,t d 1
PO 110 ) + 2 )= 3 [ Za ot )R )

The exact solution of ¢ is,

¢ (x,1,t) = (p+1)cos* (x+t).
The computation domain is [0,1], and the grids N =10,20,40,80 and 160 are used to ver-
ify the scheme accuracy in unsteady simulations. The time step is set as 2.5/ N, which
varies in proportion to the grid size The simulation time is set as ¢t =2 which is two time

cycles. The discrete ordinate number is M =2. The cross-section parameter is X, and we
considered two models with different scattering coefficients,

{ 2 =2, isotropic PO case;
Ys=%(14pupu'), anisotropic P1 case.
The external source terms for the two cases are respectively,
g=—(pu+1)*msin27(x+t)+Zpcos?w(x+t), PO case;
{ g=—(u+1)2msin2m(x+t)+ 5 cos? 7t(x+1), Pl case.

Table 1 is the scheme accuracy of IUGKS-AM in the anisotropic P1 scattering model.
The results firstly shows that, IUGKS-AM can achieve the designed 2nd-order under both
transport and diffusion conditions. In addition, the case also indicates that omitting the
time derivative term of S¢(x,t) in the flux of IUGKS-AM has few effects on the scheme
time accuracy. This validates the rationality of the flux simplification in Eq. (3.8).

According to the construction of IUGKS-AM, the scheme should return to IUGKS
scheme in isotropic models. We further simulate the PO model to verify the scheme per-
formances in the simplified models, which is shown in Table 2. Furthermore, by com-
paring Tables 1 and 2, it can be seen that the absolute errors of IUGKS-AM in P1 model
keep consistent with that in PO model. This conclusion verifies that the assumptions in-
troduced in Eq. (4.4) have limited effects on the convergence accuracy of the scheme.

Table 1: The scheme accuracy of IUGKS-AM for P1 model.

r=2 Y. =2000
N | lgle | Igly | Order | lgle | lgLy | Order
10 | -1.19 | -0.92 - -1.52 | -1.25 -

20 | -1.79 | -1.61 | 2.01 | -2.60 | -221 | 3.60
40 | 239 | -216 | 199 | -344 | -2.88 | 2.78
80 | -299 | -279 | 2.01 | 419 | -352 | 249
160 | -3.60 | -3.38 | 2.01 | -487 | -420 | 229
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Table 2: The scheme accuracy test for PO model.

=2 > =2000
N | lgle | lgly | Order | lgLo | 1gLy | Order
10 | -1.16 | -0.90 - -1.53 | -1.26 -

20 | -1.76 | -1.57 | 2.01 | -2.61 | -2.22 | 3.60
40 | 236 | -212 | 199 | -345 | -290 | 2.79
80 | 296 | 274 | 2.01 | 420 | -354 | 251
160 | -3.56 | -3.34 | 2.01 | -492 | -423 | 240

5.2 1D unsteady monoenergetic case

In 1D monoenergetic case, the neutron equation is quite simple, so that IUGKS-PN
scheme is relatively easy to implement. Therefore, [IUGKS-PN is used as reference to
quantitatively analyze the performances of [IUGKS-AM under different computation con-
ditions in this case. In addition, we also implement FV-SI algorithm for comparison. In
FV-SI, the differential and integral terms of the transport equation are solved by splitting
method, and the source iteration (SI) is employed to update the equation. The spatial
discretization method is FV scheme, while the upwind numerical flux is,

F gmk — ég,m,k (‘PémkH [ka] + ‘P?,m,kH[_Qm,k] ) .

The fully discrete form of the time implicit scheme has the same form as Eq. (3.14).
The computational domain is [0,2], while the grid size is N=200. The discrete ordinate
number is M =100. The initial distribution of the neutron flux ¢ is,

2, 08<x<12,

0, otherwise.

¢(x,0,) :{

The maximum permission error of converge criterion for the inner iteration is 1073, The
scattering coefficient is,

LX) f(x,Q = Q) =%(x)(1+ fiup’).

We consider two cases with different forms of £(x) and f(x,Q)' — Q), while the form of
f(x,Q' — Q) are the isotropic PO condition f; =0 and the anisotropic P1 condition f; =1.

5.2.1 Casel

The cross section X(x) is,

0.020, x€[0.35,0.65]U[1.35,1.65],
Y(x)=

o, x€[0,0.35)U(0.65,1.35)U(1.65,1].
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Figure 1: Distributions of p for Case 1: o =1 (left) and 103 (right).

o is set as 1 and 103, while the computation time tmax is set as 1 and 0.1, respectively. The
time step At is set as Ax/3.
Fig. 1 shows the computational results of p,

1 r1
p=§/ ¢Cx b p)dp.
-1

The Ref. data are solutions calculated by the explicit solver and the diffusion solver of
Li [24]. In the four cases of computation conditions, the results of [UGKS-PN, IUGKS-AM
are consistent with Ref., which firstly verifies the correctness of the numerical schemes in
different conditions.

5.2.2 Case2

The cross section X(x) is,
Yo(x)=100(x—1)%c.

o is set to 1 and 103, while the computation physical time tyay is set as 1 and 0.1, respec-
tively. The physical time step At, is Ax/15.

Fig. 2 shows the computational results of p, in which the results of IUGKS-PN and
IUGKS-AM are all in agreements with the reference data.

In these two cases, the computational grid Kn number varies greatly with different
o values. Especially for Case 2, when ¢ =1000, the grid Kn number is [0,10°] within the
computation domain, which covers the free transport to diffusion limit condition. Thus
the case is very challenging.

In Figs. 1 and 2, when ¢ =1, the calculation results of different numerical schemes
are basically the same. When ¢ =1000, the computational results obtained by the UGKS
methods exhibit significant differences from those obtained from the SI method. Along



1382 S. Tan, W. Sun and J. Wei / Commun. Comput. Phys., 39 (2026), pp. 1363-1404

08 1~

08
06 L

)) 06l
04 ;[, "‘ i
“r +
< + Isotropic model 1 S [ )
+ ———- IUGKS-PO 1 04 Isotropic model "
F o — FV-SI * L -—-- IUGKS-PO i
H + +  Ref. (explicit) } S FV-SI rk
02k + P1 model + Ref. (explicit) it
’ IUGKS-P1 3 P1 model it
— — — - IUGKS-AM 02 IUGKS-P1 “‘\‘
B — - IUGKS-AM #

——— - FV-SI

f —me - Fv-sI

Figure 2: Distributions of p for case 2: o =1 (left) and 103 (right).

Table 3: Average iteration number per time step of different schemes.

Scattering model | Numerical scheme Case 1 3 Case2 5

c=1|0=10" | c=1 | 0=10

. IUGKS-P0O 3.6 73.3 3.0 34.0

Isotropic

FV-SI 3.6 | 6106.6 | 3.0 | 14373

IUGKS-P1 3.6 69.3 3.0 34.0

P1 IUGKS-AM 3.6 69.3 3.0 34.0
FV-SI 36 | 63754 | 3.0 | 1534.3

with the data in Table 3, our analysis of the numerical schemes is as follows. Firstly, un-
der the condition of free transport limit, all numerical schemes can maintain ideal conver-
gence accuracy and speed. Secondly, under the diffusion limit with a large grid Kn num-
ber, the performances of different numerical schemes vary greatly. Among them, [UGKS-
AM is consistent with the reference solution of IUGKS-PN and the diffusion scheme. The
calculation of FV-SI is affected by the stiffness of the collision term, resulting in signifi-
cant numerical dissipation and differences in the calculation results. Finally, comparing
the number of iterations in Table 3, it can be seen that the convergence speed of FV-SI de-
creases at the diffusion limit. Therefore, through this example, we have verified that the
AP property of multi-scale methods enables the scheme to maintain ideal convergence
speed and accuracy under a wide range of computational conditions for both isotropic
and anisotropic models. Furthermore, the IUGKS-AM developed in this paper exhibits
similar numerical performances with the [IUGKS-PN method in above cases.

In case 2, we further test IUGKS-AM in different degrees of anisotropy models. The
calculation results are shown in Table 4. The time tnay is set as 0.5. When X =1, as the
anisotropy of the model increases (that f; becomes larger), the average iteration number
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Table 4: Average iteration number of different scattering coefficient.

fi=1| A=2] =3
TUGKS-P1 51 3.0 3.0 3.0
IUGKS-AM 3.0 3.0 3.0
IUGKS-P1 s 10 3.4 3.4 3.7
IUGKS-AM 3.5 4.1 10.9

08 09

06 0.7

IUGKS-P1

0.4 — — — - IUGKS-AM

IUGKS-P1

021 — — — - IUGKS-AM

0.3

Figure 3: Distributions of p for case 2 with f=3: c=1 (left) and 10 (right).

of IUGKS-AM is basically the same as that of [IUGKS-P1. With ¥ =10, the iteration steps
required for IUGKS-AM increase compared with IUGKS-P1 when f; is large, while the
result of IUGKS-AM is still consistent with [IUGKS-P1 shown in Fig. 3.

In this case, we verify that IUGKS-AM keeps good numerical properties in large-
range conditions when the model anisotropy is low. In strong anisotropy models, IUGKS-
AM can still obtain numerical results agree with IUGKS-PN, but it needs more iterative
steps. The numerical tests are consistent with the analysis in Section 4.2.

5.3 2D anisotropic scattering case

The geometry and boundary conditions are shown in Fig. 4. The south boundary is in-

flow with ¢, =1, and the other boundaries are set vacuum. The computational domain is

[0,1] % [0,1], and the grid size is N =26 x 26. The discrete ordinate is S, without remarks.
The scattering coefficient is,

2141

(X)) f(x, Q0 = Q) 22 flP, (Q'-Q),
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wnnaeA

bw

L

Figure 4. Geometry and boundary conditions.

Table 5: Coefficients f; for different cases.

1 Iso F1 F2 Bl Bz
0 | 1.00000 | 1.00000 | 1.00000 | 1.00000 | 1.00000
1 2.53602 | 2.00917 | -0.56524 | -1.20000
2 3.56549 | 1.56339 | 0.29783 | 0.50000
3 3.97976 | 0.67407 | 0.08571

4 4.00292 | 0.22215 | 0.01003

5 3.66401 | 0.04725 | 0.00063

6 3.01601 | 0.00671

7 2.23304 | 0.00068

8 1.30251 | 0.00005

9 0.53463

10 0.20136

11 0.05480

12 0.01099

where X is the total cross section, and P;(€'-Q) is the I-th Legendre polynomials in 1D
case. Five cases with different order of f(x,Q)' — Q) are calculated, and the coefficients f;
are given in Table 5. And in the following text, we use symbols in Table 5 to mark cases
with different calculation conditions. The physical quantities ¢, Q, and Q, for this case
are defined as,

()= [ p(x0)d0,
Q0= [ 0up(x0)d0,
Qy(x)= / Q,¢(x,Q)dO.
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Figure 6: Qy at x=0.5 (left), Qy at y=0 (middle) and ¢(x) at x=0.5 (right) of different models.

Firstly, we use the Iso and B, cases to verify the grid convergence. For transport
equation calculations, the challenges for numerical calculation are greater with larger
grid Kn number. So we use the condition 2=100 to verify the convergence of spatial grid
scale. The computational grids are 26 x26 and 52 x 52, respectively. The used discrete
ordinate is Sg. The computational results in Fig. 5 show that the computation results of
refined grid are consistent with those of coarse grid. Therefore, it can be considered that
the calculation by using a 26 x 26 grid has reached grid convergence and will be used in
the following tests.

In Fig. 6, from left to right, the results are Q, at x=0.5, Qy at y=0 and ¢ at x=0.5
with ¥ =1. TUGKS-AM gets good agreements with the reference results of DOM [25]
and DUGKS [22] in different scattering models. The simulations verify the accuracy of
IUGKS-AM in two-dimensional anisotropic scattering models, which also show that the
scheme has good accuracy in complex scattering models.

We further calculate the F2 model with X € [0.01,100] to test the scheme performances
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Figure 7: Qy at x=0.5 (left), Qy at y=0 (middle) and ¢(x) at x=0.5 (right) for F2 model with different .

in large-range conditions. Fig. 7 shows that IUGKS-AM is in good agreements with the
reference DOM results for all ¥ cases. With the increase of ¥, the free transport effect
weakens and the particle diffusion is confined within a small region near the incident
boundary. When X > 5, DOM requires a refined grid as 52 x52. However, [IUGKS-AM,
which has good AP properties in diffusion limit, can still get ideal calculation results with
coarser 26 x 26 grid even with larger X conditions.

The geometry and boundary conditions of this case are simple, whereas the
anisotropic-scattering models are quite complex. In this case, IUGKS-AM shows good
numerical properties in high-order scattering models with a large range of computational
conditions.

5.4 1D multi-group anisotropic scattering cases

In this case, two multi-group anisotropic-scattering models are simulated by IUGKS-AM.

5.4.1 Case 1: 2-group P3 model

The first case is a simplified model with two regions and two energy group. The scatter-
ing coefficients is approximated by P3 Legendre expansion. The geometry and boundary
conditions are shown in Fig. 8.

2 5

-6 (2]

b Moderator <

S 3

[

4 0 nfn n o N0 nnnflnn 0 nfl o n ool nn a0 nn ol 0ol i n_n (cm)
0 2 4 6 8 10 12 14 16 18 20

Figure 8: Geometry for two-region Pj3 scattering case.
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Table 6: Cross sections and external source for different regions.

Group 1 Group 2
Source | Moderator | Source | Moderator

q 1 0 1 0
) 1 1 1 0
Zs0(8—8) 1/2 1/2 1/2 1/2
Zs0(g—1—g) - - 1/2 1/2
Z51(8—8) 9/10 9/10 9/10 9/10
Z51(8-1—=g) - - 9/10 9/10
Z52(8—8) 1 1 1 1
Lin(g—1—g) - - 1/5 1
Ts3(8—8) 3/5 3/5 3/5 3/5
Toa(g—1—g) - - 3/5 3/5

(] Ref. (P3)

° Ref. (P3)
* Ref. (Iso)

* Ref. (Iso)
— — — - N=80,54
N=80,S8
—————— N=80,516

N=80,S8
— — — - N=160,S8
——— N=320,S8

Scalar flux

Figure 9: Group 2 scalar flux with different grids and S;; settings calculated by IUGKS-AM.

The 2-group P3 scattering coefficient for 1D geometry is,

3
(% E)f(E' - EQ-0)=) 2+

1=0

o Zsi(E = E)P(Q-0). (5.1)

The cross section X, coefficients X;;(E’ — E) and the external source terms for different
group in source and moderator regions are given in Table 6.

By using different grid sizes and discrete ordinate, the calculation convergence is
checked. The computational results of ¢ = [¢(x,02)dQ) are shown in Fig. 9. The sim-
ulation results with the grid with N =80 and Sg can be considered as the convergent
solution, and the simulation results agree well with the reference data of [26]. The same
results is hold for the isotropic simulation.
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5.4.2 Case 2: 3-group P1 model

The second case is a 1D section of the 2D axisymmetric KAPL (Knolls Atomic Power
Laboratory) with dog-leg void model [26-28]. The geometry and boundary conditions
are shown in Fig. 10, which contains seven material regions. Three neutron groups are
simulated. In the source region (I), the external source term for each group is,

g1 =0.097702, g,=0.45451, g3=0.44610.

The 3-group P1 scattering term is,

1
L(x,Ef(E—-EQ-Q)= Ezi;;lZS,Z(E'ﬁE)PI(Q/-Q).
I=0

The values of £(E) and X, ;(E’ — E) are given in Appendix D.

Firstly, we use the isotropic scattering condition to verify the grid convergence of this
model. According to the computational results in Fig. 11, the computational results with
N =65 and Sg can be considered as the converged results. This calculation condition is
adopted in the following numerical calculation and analysis without remarks.

Water (VI)

Reflective

10 20 30 40 50 60 70 80 90 100 110

Figure 10: Geometry for seven-region P; scattering case.
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Figure 11: Grid convergence test with isotropic scattering. The scalar flux of group 3 in the figure is 1072 times

the original value.
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Figure 12: Simulation results of isotropic and P1 anisotropic scattering for different group with IUGKS-AM.

Table 7: Averaged scalar flux for isotropic and P; anisotropic scattering.

Isotropic Anisotropic
Region | Group1l | Group2 | Group3 | Groupl | Group2 | Group 3
1 9.2022E-2 | 3.0122E-1 | 1.0393E3 | 9.9224E-2 | 3.4399E-1 | 5.6868E2
2 6.4616E-1 | 2.8278E0 | 1.0128E3 | 6.1755E-1 | 2.6597E0 | 5.5452E2
3 3.6945E-2 | 1.2064E-1 | 6.1828E2 | 3.9897E-2 | 1.3787E-1 | 3.6066E2
4 1.5857E-5 | 2.7171E-5 | 1.9800E2 | 4.6106E-5 | 1.0933E-4 | 1.3234E2
5 3.6406E-7 | 2.2615E-6 | 1.3431E2 | 2.9855E-6 | 1.3102E-5 | 8.0935E1
6 1.8224E-7 | 7.0752E-7 | 7.8052E1 | 1.5982E-6 | 4.6453E-6 | 5.0740E1
7 7.0480E-8 | 1.2142E-7 | 1.4603E1 | 7.3869E-7 | 1.1725E-6 | 1.5437E1

Fig. 12 shows the simulation results for isotropic and P1 anisotropic scattering coeffi-
cients, which are further compared with the reference data from [27,29]. The calculations
ITUGKS-AM agree well with the reference solutions of three neutron groups for both con-
ditions. Compared with isotropic model, the anisotropic effect weakens the scattering of
high-energy neutrons to thermal groups.

Table 7 gives the average scalar flux for each region in detail. The difference between
isotropic scattering and anisotropic scattering can be quantitatively compared. Under
the condition of anisotropic scattering, the number of neutrons in the first six regions is
reduced by 35—45% for the thermal group.

In these two cases, IUGKS-AM show good agreements with the reference results in
all kinds of models. The correctness and reliability of the scheme in complex model with
multi-group and anisotropic scattering conditions are verified.

5.5 3D multi-group KAPL model

Through the above scheme validation in various scattering models and multi-group con-
ditions, we further simulate the 3D model with complex geometric conditions in this
case.
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Figure 13: Geometry and parameter distributions for 3D cylinder case.

As shown in Fig. 13, the material distribution of 3D KAPL model is complex, and its
geometry is rotationally symmetric. In Asaoka’s work [28], the 2D (r,z) axisymmetric
method is used to calculate the model. In this paper, we calculate this case directly in
3D (x,y,z) Cartesian coordinates. The 1/4 model is simulated and the boundaries of
8 =0 and 6 = 71/2 are set to be periodic as Fig. 13. The 3-group external source term
and collision term are same as case 5.4.2, while the model coefficients of each region are
shown in Appendix D.

According to the convergence verification results of case 5.4.2, Sg is adopted in the )
direction, while the grid 30 x 65 x 6 (G1) can be used in r —z plane. However, considering
the more complex geometric structure of the 3D model, the encrypted grid 60 x 130 x 12
(G2) is further used to confirm the grid convergence. In addition, the 0-direction grid
scale is also verified in G1 and G2 with grid number 6 and 12, respectively.

Figs. 14 and 15 show the results of the neutron scalar flux at r = 356.25cm and
z=103.75cm, respectively. Firstly, by comparing the results of G1 and G2, it can be get
that the calculations of IUGKS-AM have basically reached the grid convergence. In the
region far away from the external source, due to that the neutron flux is relatively small,
higher grid resolution is needed to accurately capture neutron distribution. The simula-
tion results are basically consistent with the reference data [28], while IUGKS-AM shows
better grid convergence.

Fig. 16 shows the contours of neutron scalar flux with isotropic and anisotropic P1
scattering models. The anisotropic influences are not obvious in source region for group-
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Figure 15: Scalar flux on line z=103.75 cm. TWOTRAN(37): 1248 cells in r—z plane and Sg; TWOTRAN(75):
4992 cells in ¥—2z plane and Sy4 [28].

1 and group-2, where the neutron distributions are mainly determined by the external
source term. In regions far from the source region, differences of neutron scalar fluxes
are distinct. For the thermal group, the influences of anisotropic scattering coefficients
are notable in the whole computation domain.

In this case, we use IUGKS-AM to simulate the 3D anisotropic scattering model with
multi-group parameters. The model and computation conditions are relatively complex,
which is closer to the real engineering application. Based on this numerical test, IUGKS-
AM shows a good application prospect in practical engineering complex problems.

6 Conclusion

In order to meet the requirements of neutron transport simulation in complex engineer-
ing applications, this paper develops IUGKS-AM based on the isotropic scattering IUGKS
framework, which is applicable to arbitrary anisotropic scattering model. In IUGKS-
AM, the high-order moments of neutron flux are estimated by the low-order moment.



1392 S. Tan, W. Sun and J. Wei / Commun. Comput. Phys., 39 (2026), pp. 1363-1404

(_DEREN B N = [ |

19(¢,): .7.65-4.3-2.10 19(¢,): 7.6.5.4.3.2.1 0 19(¢): 15.1.050 05 1 15 2

Figure 16: Contours of neutron scalar flux with different scattering coefficients (isotropic case: colored regions
and solid gray lines; anisotropic case: dash-dot purple lines).

The scheme discretization does not introduce macro auxiliary solutions of higher-order
moment equations. Therefore, IUGKS-AM has stronger universality and extensibility,
which is also easier to implement in code. A detailed analysis of the AP properties of
IUGKS-AM at the diffusion limit is provided in the paper. In addition, the differences
between the scheme and IUGKS-PN were qualitatively /quantitatively compared numer-
ically through typical cases. The IUGKS-PN scheme rigorously calculates the high-order
moment auxiliary equations corresponding to each anisotropic scattering PN expansion
term. Through the analysis and numerical testing, it has been proven that [IUGKS-AM
maintains good convergence and computational accuracy under a wide range of grid Kn
numbers. In the numerical tests, the correctness and reliability of IUGKS-AM in the cal-
culations of complex neutron transport model equations are comprehensively verified
from the perspectives of different group parameters and different order anisotropic scat-
tering models through typical 1D/2D/3D cases. The work promotes the application and
development of [IUGKS in practical transport simulations, and provides a novel numer-
ical method for the calculation of complex 3D neutron anisotropic scattering transport
equations.
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Appendices

A Anisotropic collision term

In this appendix, the specific form of collision term of three-dimensional anisotropic scat-
tering model is given.
In 3D case, the expansion of f(E—E’,Q-()) in Eq. (2.2) is,

L 1
f(x,Q’,E’—>Q,E):Z Z fi(x,E' = E)Y;,(0,w) Y (6,0). (A1)
[=0r=-—1

Here Y}, (6,w) is spherical harmonic function, while Y} (6,w) denotes the complex conju-
gate of Y}, (0,w),

(21+1)(l_r)! 12 mu
47‘[(l+r)'} P/ (cosf)e

—r)]t2 ;
Y (0,w)= [W} P/ (cosf)e .

Y}, and Y}, obey the orthonormal condition,

Y, (6,w) = [

7T 27
/ Y, (6,00) Y5 (6,w) sinfd8dcw = 516, (A2)
0 0

Define y =cosf. The discrete ordinate directions in 3D case has the following forms,

O1=p, M=y/1—p?cosw, Qz=1/1—p?sinw. (A3)

P/"(p) is the associated Legendre polynomials,

7 (_1>r 2\r/2 dtr 2 l —r r(l_r)! 7
_ _ _ —(— <lI.
P/ (u) satisfies the following orthogonal relationship,
1 y 1 (I+r)!
2 [ P GO ()= e (A4)
And P/ (p) has the following recurrence relations,
I+ uP] (u)=(1+r)P_ () +(I—r+1)P] ;. (A5)

With Eq. (A.1), the collision term can be rewritten as,

/

L 1
Z 2 fi,E'—E) Y}, (0,w </Ylm )(p(x,t,n’,E’)dn/) dE'.

lOr

S(x,t,Q,E) /
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Define

o= / Y;:(6,00)(x, 1,0, E)dO. (A.6)
The spherical harmonic expansion of the anisotropic collision term is,

S(x,t,0E) = ZZZ((’; Z)
g

D Z fioE' = E)Y;,(0,0) @l -

1=0r=—1

Next, in order to have a more intuitive understanding of the collision term, we give the
specific forms of Eq. (A) for low order models.
The expressions of the first few P/ () are as,

Po(u)=1,
PY(w)=p, Pi(p)=—y/1—12,
3 2 1 1

P(w)y =51 =5, Pa(w)==3m/1-p2 Pi(p)=3(1—p?).

Correspondingly, the low order Y;,,(0,w) terms are,

1
Yoo(6,w) =1/ e
/3
YlO(er): E,u/

Y11 (0,w)=— 8%(1—y2)(cosa)+isinw), Y1-1(0,w)= %(1—y2)(cosw—isinw).

For isotropic case when L =0, it has,

S(x,t,Q,E) —Z o(XE'=E)gpy,

where define ¢ = [ $(x,t,Q2,E)dQ.
For P1 case when L =1, it has,

S(x,E) [ 1 3 5
S(xt0E)=Y 2((x E)) (4nfo(x,15’—>E)(pg/+4nf1(x,15’—>E)Zoi(p;,}i),
g/ 4

i=1

where the moments of ¢ are defined as,

o= [ Qip(x10,E)dQ.
For the P2 case with L =2, the related moments of f»(x,E’ — E) include,

02>, <>, <O3p>, <Odp>, <O >, <Oz >.
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Here define the integral symbol <->= [- dQ.
For the P3 case with L =3, the related moments of f3(x,E’ — E) include,

<>, <>, <>, <V2dp>, <OV23p >, <B¢>,
<MO3p>, <3P >, <P >, <Oz >.

B Stability analysis of the L-th moment equation

In order to simplify the analysis process, we take the simplified model equation of one-
dimensional single-group as an example to analyze the stability. For the PO scattering
model equation, suppose the distribution function of ¢ is,

A

_ A ikx
It can be get,
. Aoy
(0) _ A nikx _ 200 Likx
) Ae™,  5(0) Pl
The transport equation of ¢(¥) is,
(0) . — .
LA ( / QAelkXdQ> 0L ke (B.1)
ot T
The space-time discrete form of Eq. (B.1) is,
¢ ¢
q)(o)/p+1 — qp(o)/p + Fi+1/2 _Fifl/z _ op)— 1 (P(O)’p+1 (B 2)
At Ax T ’ '

Here the collision term is implicitly discrete. Let x; =0, and the flux at interface i££1/2 in
the diffusion limit is,

—ikAx

o _ 1 5, A(l—e™)

Fitip =300
ikAx

o _ 1 5 A(e™-1)

By substituting the numerical flux into Eq. (B.2), it can be get,

(P(O),erl:( 1 +1—ao>‘1 [1 L Aeikdx 4 Ae—ikdr oA A]‘

AT T 3T A2 Y

The magnification factor G is,

1 1-0p\ "2, cos(kAx)—1 1 41020y ., [(kAx
Gl=(—+—2) |stPo— 4 — | <[1—= =2
Gl (At+ T ) 3T A TS| T3 A M 2
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Thus, the constraint condition of At is,

< 3TAX?

At .
- 2090

For the P1 scattering model equation, ¢ is assumed to be,

A .
(Pm = Eelkxﬂm.

Then the expressions of ¢(*) and S(Q) are,

A A .
0) _ (1) _ ikx _ ikx
@ 0, o 3 e™, S= 4—n01e Q.

And the equation of ¢! s,

- +v-</0¢dn>_ — g1,

Similar to the derivation of PO model equation, the numerical flux of interface i+1/2 in
the diffusion limit is,

1, A(l—e *x)

) _

i-1/2= "5 Ax ’
@ 1 5, A(e*r—1)
EHU_—E”’ N—Ay

We can easily get that the stability condition of P1 scattering model equation is,

2 2
Atgmin<3ZAx 5XAx )

20'()7) ’ 60’10

Therefore, through simple analysis, the constraint condition for the L-order scattering
term is,

(Ly3)zAe -y

A< 2LHDeo L=024, (B.3)

(L+4)ZAx? _
2(L+2)oro0 ’ L=135,--.

The limit value of Eq. (B.3) is,

Y Ax?
At< il . (B.4)
2Z)max((70,(71,' .. ,O'L)
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C Moments of collision term

Define the integral operation symbol < - >= [- dQ). For anisotropic scattering model
equation, the 1st moments of S are,

L 1
<is>=YY o(xE—E) ¥ gog;,l/niy,m(e,w)d@.
g 1=0 m=—I

For the I-th order, the angular integral term is,

qug/l/QYlmew dQ

m=—1

21+1
=?<P§/,z/0i1’?(u)d0

Lo[(214+1)(I—m)!
+Z[(4j;(l)im)!)} Pei —iog) /QPI ) dQ)

m=1
S [@ni-m e
+m§[4n(z+m>!} Do Tighl / P dQ. (C1)

Here the moments of go;;R and (pm’ll are defined as,
cpgl —/Pl Jcos(mw)p(x,t,Q,E)dQ,
q)gl —/Pl )sin(mw)$(x,t,Q, E)dQ.
The components of f Qile y)eil’”“’dﬂ are,
/ O P (p)et Mo dO = / WP () dy / (cos(mw) +isin(mw))dw =0,

/QZPIM(y)eiimwdQ:{ nf\/mpll(y)dﬂl m:l;
0, else,

/ Q3le(ﬂ)eii’"“’d0:{ +ir [ VT=p2P} ()dp, m=1;

0, else.
Thus, Eq. (C.1) can be simplified as,

2041
Z q)g,l/nmm (0,w)d0 === q)g,l/ﬂlPlO(y)dy,

m=—1

Y ol [ QaVin(B)d0~ sy el [ V1R g

m=—1

21+1
Z qog/l/OsYzm (6 w)dO—ZI(ZH)(P;’f/ 1= p2P/ () dp.

m=-—1
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According to the orthogonal relation in Eq. (A.4), it can be further simplified as,

<MS>= Z(Tl,g/%g < Ql(Pg’ >
g/

<MS>=) 01,9 e <oy >
gl

<MBS>=) 019 <y >
g/

The 2nd moments of S are,

<00;8> = ZZUI (x,E' —E) Z qog,l/QQYlm(O w)dO.
g 1=0 m=—I

For the 2nd order, the angular integral term is,

Z (pg/l/Q QYi,(8,0)dO)

m=—1
21—1—1
§02/z/0iﬂjpzo(ﬂ)d0

(21—1-1)(1—111)! e
+mz_;1|:4777(l+m)' gl _Z(Pgl /QQPI dQ

N i [(21—}—1)(1—111)!

= dn(l+m)!

The components of [ Qinle(‘u)eiim‘*’dQ are,

/Q%le(‘u)eiim“’dﬂz/;uZPl’”(y)dy/(cos(mw)iisin(mw))da):o,

7 [ /1= 2P (u)dp, m=1;

/ OO, P (n)e ™ dO = {

else,
+ 1 P1 d ’ :1,
/ 0 Q3P (p)e ™ d 0 = { irt [ /1= 2P} (w)dp, m
0, else,
/QZPI )e=MUd0) = 3 A=p)P(w)du, m=2;
0, else,
j: T 1 P2 d , :2;
/QZQ3PZ ilmwdQ l2 f( H ?) (u)du, m
0, else,
E 1 P2 d ’ :2;
/sz] izmwdQ 2 ‘u (]/l) u, m
0, else.

} puirign!) [Py (peedo.

(C.2)
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Eq. (C.2) is rearranged as,

’ 20+1
Y o [ O3V (00)d0=""g% ) [ ORPP (),

m=—I

l 21+1
Y ob | O Yin(6,0)d0 =577 07 [m/1=2ptwan,

m=—I

Lo 2141 4 1
Y g [ 0 Yin (0,0)40= 5okt [ /1-p2R ()

m=-—1

Lo 21+1

Y. 9 / 03 Yi (0,0)dO0==—gg, / (1—p*) PP (w)dp
m=—1

21+1)(1-2)!

Lo 204+1)(1-2)!
Z ﬁ"g/,z/QZQBYlm(QIW)dQ:(Mi(Z)!)G”éﬁf/(l—VZ)Plz(V)d%

m=—I

L 2141
). (Pg/,l/Qngm(G/w)dQ:Tﬁog’,l/(l_.”Z)PIO(V)dV

m=-—1

02 ot 1B

Combined with the orthogonal relation in Eq. (A.4), the integral term of p has the follow-
ing forms,
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Thus, <;Q);S > can be simplified as,

!
1
Y ot [ O (00)A0 =3 (G — 00 Pyt L2 g < iy >,
m=—1 g g

!
Y o [ 1001 (6,w)d0 =Y o g < iy >,
m=—1 g’

!
Y o [ 101 (6,w)d0 =Yg g < iy >,
m=—1 I'd

!
1
Y ot [ 03V (0)A0 =3 Yo 00 P+ L2 g < ooy >,
m=—1 g g

!
Y o1 [ Q2061 (6,w)d0 =Yg g < 02030y >,
m=—1 '

I
1

)3 9"?’,1/0%1/1"1(9"‘])‘10:gz(aolg’ﬁg_alg’%g)q’g/+Z‘72,g’%g<QSQ34’3’>-

m=—1 g g

D Model parameters for KAPL

For region void, ¥g, $=1,2,3 is set as 1072° avoid singularity in numerical calculation.
And other cross section parameters are all zero.

Table 8: The three group total cross section parameters for KAPL.

Region Group1 | Group2 | Group3
Source region(I) | 1.5209e-1 | 2.4414e-1 | 4.7510e-1
Side iron(II) 3.0853e-1 | 2.6767e-1 | 2.4658e-1
Iron outside(Ill) | 3.0792e-1 | 2.6399e-1 | 2.4460e-1
Side water(IV) 1.4939%e-1 | 2.5480e-1 | 4.9522e-1
Bottom water(V) | 1.5080e-1 | 2.4224e-1 | 4.7529-1
Central water(VI) | 1.5061e-1 | 2.4215e-1 | 4.7527e-1
Upper iron(VII) | 3.0311e-1 | 2.6876e-1 | 2.4545e-1
Outer water(VIII) | 1.3791e-1 | 2.5307e-1 | 4.9833e-1
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Table 9: Three group PO cross sections for KAPL.

Region

Zs,O

Group 1

Group 2

Group 3

Source region(I)

g—1
g—2
g—3

5.50690e-2
6.62270e-2
2.81535e-2

1.14080e-1
1.30005e-1

4.75098e-1

Side iron(II)

g—1
g—2
g—3

1.81200e-1
6.74630e-2
5.65677e-2

2.11630e-1
5.56596e-2

2.46217e-1

Iron outside(III)

g—1
g—2
g—3

1.81040e-1
6.73630e-2
5.61202e-2

2.04540e-1
5.91218e-2

2.44224e-1

Side water(IV)

g—1
g—2
g—3

5.62070e-2
6.33120e-2
2.71698e-2

1.02380e-1
1.52391e-1

4.95218e-1

Bottom water(V)

g—1
g—2
g—3

5.57300e-2
6.47110e-2
2.77104e-2

1.14970e-1
1.27214e-1

4.75288e-1

Central water(VI)

g—1
g—2
g—3

5.58200e-2
6.44960e-2
2.76445e-2

1.15030e-1
1.27071e-1

4.75270e-1

Upper iron(VII)

g—1
g—2
g—3

1.82500e-1
6.52940e-2
5.10076e-2

2.13570e-1
5.47906e-2

2.45084e-1

Outer water(VIII)

g—1
g—2
g—3

6.11190e-2
5.08650e-2
2.29312e-2

1.04630e-1
1.48405e-1

4.98329%-1

1401
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Table 10: Three group P1 cross sections for KAPL.
Region 251 Group 1 Group 2 Group 3

g—1 | 3.4757e-2 - -

Source region(l) | ¢—2 | 3.7043e-2 6.7420e-2 -
g—3 | 9.37598e-3 | 6.29807e-2 | 2.41101e-1

g—1 | 1.3024e-1 - -

Side iron(II) g—2 | -2.0035e-4 6.9070e-2 -
g—3 0.0e0 -2.1840e-3 | 5.5863e-2

g—1 | 1.3022-1 - -

Iron outside(Ill) | ¢—2 | -1.9907e-4 | 6.5533e-2 -
g—3 0.0e0 -2.8134e-3 | 5.61362e-2

g—1 | 3.4923e-2 - -

Side water(IV) g—2 | 3.6120e-2 6.0000e-2 -
g—3 | 9.12651e-3 | 7.60892e-2 | 2.56796e-1

g—1 | 3.4757e-2 - -

Bottom water(V) | ¢—2 | 3.7043e-2 | 6.7420e-2 -
g—3 | 9.37598e-3 | 6.29807e-2 | 2.41101e-1

g—1 | 3.4780e-2 - -

Central water(VI) | ¢—2 | 3.6930e-2 6.7457e-2 -
g—3 | 9.34568e-3 | 6.29077e-2 | 2.41093e-1

g—1 | 1.308%-1 - -

Upper iron(VI) | ¢—2 | -1.0523e-4 | 7.0373e-2 -
g—3 0.0d0 -2.0437e-3 | 5.58192e-2

g—1 | 3.6483e-2 - -

Outer water(VII) | ¢—2 | 2.8960e-2 | 6.1280e-2 -
g—3 | 7.22521e-3 | 7.39963e-2 | 2.58898e-1
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