U}EK-I EiEN“.Q:IK[Ei cng;g E"Ulm

KEPCO INTERNATIONAL NUCLEAR GRADUATE SCHO

Development of a Direction-Specific
Nodal Diffusion Solver for Cylindrical

Geometry

KNS Spring Meeting 2026

Michat Kurowski, Muhammad Wazif Mohd Sllenhhudin, Jooil Yoon

Reactor Physics and Computational Analysis Laboratory
KEPCO International Nuclear Graduate School (KINGS)
Ulsan, Republic of Korea

20251209 @kings.ac.kr

Seogwipo, Jeju Island

Republic of Korea
May 06-08, 2026




OUTLINE

I 01 Introduction

02 CMFD Scheme

03 Radial Equations Derivation

04 Results and Discussion

05 Conclusions

06 References & Acknowledgments

KNS Spring Meeting 2026 | KEPCO International Nuclear Graduate School



Introduction

7 (I QIntCTticyst
€ JKINGS z=z==nan=auecem




Introduction

Cylindrical NeUtronic Simulator (CYNUS)
* Neutronics code based on Coarse Mesh Finite Difference i
Method T
* 3D Neutron diffusion equation decomposition into three 1D >
equations via transverse integration
* Two-node approach applied to Source Expansion Nodal
Method and Nodal Expansion Method, for high accuracy

R )
neutron current (Yoon & Joo, 2008) - Steam Electricity
L ]

generator

* Robust and reliable solutions without computationally Hentts
expensive fine mesh discretization’
* Coordinate system well-suited for Molten Salt Reactor o Sltstorage

dump tanks

calculations

Fig. 1. Molten Salt Reactor conceptual diagram (1)

(1) - https://www.iaea.org/newscenter/news/what-are-molten-salt-reactors
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Introduction

Research Gap and Challenges z-axis

Cylindrical geometry introduces numerical challenges absent in

Cartesian coordinate system /
e Coordinate singularity at r=0 \

* Jacobian affecting integrals over volume y-axis- :7

’

* Complicated Laplace operator

Significant academic effort has been dedicated to cylindrical
nodal methods. However, no single approach has proven fully
satisfactory across all three coordinate direction (Bandini,
1990; Cho & Lee, 2008; Ougouag & Terry, 2002; Wang et al.,
2010; Wen et al., 2023)

x-axis

Fig. 2. Cylindrical coordinate system (2)

(2) - https://brilliant.org/wiki/cylindrical-coordinates/
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CMFD Scheme
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CMFD Scheme

= Coarse Mesh Finite Difference Method work as regular

Finite Difference Method for few iterations < Begin CMFD)
* Nodal Expansion Method of choice approximates )

neutron flux across the node as a function, which is .
Correction term

used to analytically determine high quality neutron update

;

current

= Accurate neutron current values between nodes are — ’
. . Nodal current FDM
incorporated into FDM part of scheme approximation
: \

k k
bk — Jrom — Inem

+ _
. . . Converged? Yes End \I
= |n the CMFD scheme neutron current is established via
modified FDM formula
~ y — — —~ = — Fig. 3. CMFD flowchart
]k — —Dk(d)k _ ¢k+1) _ Dk(d)k + ¢k+1)
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CMFD Scheme

Steady-state 3D Neutron Diffusion Equation
G

G

> X
V- Jg(r,0,z) + 2igg(r,0,2) = k_g Z VI g (1,0,2) + Z Zsg'gtgi(1,0,2)

eff g=1 g'=1

@

Three 1D Transverse Integrated Neutron Diffusion Equations
G

Z szgl(f_)glu(fu) + Z ng’ﬁg(l_)g’u(fu) — L&)
g'=1

9'=1
) G

G
d- _ — X _ _

Dy ﬁd)gr(r) + ZegPge(r) = k_g Z VErg1hgre () + Z Zsg'-gPg'r () = L(r)
r eff gI=1 g’:l

4D

hz dfz ¢gu(fu) + 2:t‘g(ﬁgu(fu) =

Kers

Where independent variables have been normalized
& = ’Zl—uand & E(—L)foru=20,z
u
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CMFD Scheme

= Transverse neutron leakage is result of transverse integration
Lk — 1 k k 1 k k
gr(fr) - A_Zk : (]gz+(€r) _]gz—(gr)) + m : (]g9+(€r) _]ge—(fr))

= Zero order approximation for radial direction NEM
= Second order approximation based on neighboring nodes for SENM

LZr(gr) =L+ LP (&) + 1P (&) —

right

center

L _ C -

Fig. 4. Second order transverse leakage
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CMFD Scheme

Laplace operator for: = Constant radius approximation has
been established for azimuthal

= Cartesian coordinate system
direction (Wang et al.,2010)

0°¢p 0%¢p 0%¢

2 —

Vewy D =gat ezt oz ey - L. 1 0%
PO =22 002 ~ CZ 062

= Cylindrical coordinate system Cc2 = Tk Ary .

1 0( ap\ 1 9%¢ a%p
2 = — 0 — — 0 — [R—
Vip(x.y,2) r ar<r 6r> r2 002 0z2
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CMFD Scheme

Axial direction

Laplace operator formulation for
this direction is the same as in
Cartesian coordinate system, so
Two-node Source Expansion Nodal

Method is applied directly
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Azimuthal direction

After the constant radius
approximation Two-node Source
Expansion Nodal Method is also

applicable for this direction

Radial direction

Because there is no reliable way to
transform r-direction diffusion term
to form that would suitable for
SENM, regular Two-node Nodal
Expansion Method is applied
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Radial Equations
Derivation
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Radial Equations Derivation

= Neutron flux in the radial direction is = Basis functions are given by (Komlev &

approximated as a second order Susloy, 1995)

polynomial Py = 1
S A
r — T'k T'k
bl (1) = Zoaipi(r) Pl = 6k - 2
1=
2
r—7T
PE(r) = 12< > 1
2 Ark
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Radial Equations Derivation

= Two-node approach results in 6 unknown = Average neutron flux conservation
coefficients for each surface, that are not = Nodal balance equation satisfaction
located at boundary = Neutron flux and neutron current

= That implies the need to establish

conditions that will serve as base for

coefficient determination
= First two conditions apply for both left
and right node \/

bgr (1) PEF(r)

Fig. 5. Two-node NEM neutron flux approximation
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Radial Equations Derivation

Average neutron flux conservation Neutron flux and neutron current continuity
Selected basis functions share property 0t Given conditions are satisfied by imposing
order coefficient of flux  function two equations and separating unknown
approximation is equal to average flux value coefficients

at given node

¢k — 4k+1
gr+ — WYgr—

1 1"k+ﬂ
2 — k _ jk+1
k = k ] r+ _] r—
T ATy, -frk—ﬂ ¢gr(T)T'dT (Pgr g g
k _ 1k
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Radial Equations Derivation

Neutron flux continuity at the common surface
k — 4k+1
¢gr+ - g?j_—

_ Ark _ Ark+1
PL + agrl (3 _2_7‘k> + agrz 2=l g ag;rll( 3———— |+ ag;zl )

Ar Ar _
k k k+1 k+1 ak+1 Tk+1 k
Agr1 <3 — 27"k> + a mt2+a <3 + —Zrk+1> Agrs 2= Pgr = — Ggr
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Radial Equations Derivation

Neutron current continuity at the common surface

k — Jk+1
]gr+ = Jgr-
Ar Ar
K k' k) _ k+1, pk+1’ k+1
_Dgr ’ d)gr (rk + 2 - _Dgr " Pgr Tk+1 — 2

6 12 6 12
—Dg - <a§r1 A_rk + agrz A_rk> = —Dgtt- (af,ffff ' - agﬁzl ' )

Arg4q ATpyq
— k — k k+1 k+1
ak . 6Dgr + ak . 12Dgr + ak+1 . 6Dg7” _ ok+1 12DgT —
gril Ark gr2 Ark grl Ark+1 gr2 Ark+1
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Radial Equations Derivation

Nodal balance equation for both nodes

2 G G
k g k T k
Cor Kerr z Vg by + Z 2sg'-gPg’
g’_l g’_l
Az Az AB AB
o Jgz+ (Zk + zk) —J§z- ( k 2k> Jgo+ (9k + zk) Jgo- (9k - Tk)
ar AZk TkAHk
Ar Ar
]§r+(k+ 2k>_]§r—(k Tk>
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Radial Equations Derivation

Nodal balance equation for both nodes

’ Ar Ar ' Ar Ar
o -[os (34 ()0 (o) (=)

2 2 +k vk k k
TAry + qbgrzg = Qgr - Lgr
k. 6ag,, N 12af,) (r N Ark) _ (6agr1  12af,) (r _Ar,
gr Ark Ark k 2 Ark Ark k 2 Kk <k X "
T Ary + ¢grlg = Qgr — Lgr
24,
) a§r1’6+a§r2'Tkk .
_Dgr : Ar + ¢grzg = Qgr - Lgr
k2 k

—6Dk _ k
ak 1 6Dg + ak ) 24Dg — Qk _ Lk _ d_)k Zk
gr rkArk gr Al",% gr gr gr=g
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Radial Equations Derivation

Two-node Neutron flux coefficient matrix

e i == R
21 2741

—6DF  —12Df  6DK*  —12DK*1| [ak,] Pkt — gl

Ary Ary, Argyq Arj4q agra| 0o
~6Dk  —24Dk ) . ai | T Q6 — Loy — bgrZg
rkArk AI’,% agﬁzl_ Qk+1 LS;I:l ¢k+1zk+1

0 —6DX*t  —24D)*1
Te+18T k41 Arl%+1
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Radial Equations Derivation

Outside boundary condition radial surfaces

* One-node NEM approach

* Need to establish 3
coefficients

unknown

= Average flux conservation and nodal
balance equation satisfaction conditions
are passed

= New albedo boundary condition-based

equation to be satisfied
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Ark Ark
]gr Tk +T ¢gr Tk +T Ty

/ Ark Ark
—Dyg - o5 (Tk + T) = i Pgr (Tk + T)

Ark
3—- Zr +0Lgr2 2
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Radial Equations Derivation

One-node boundary Neutron flux coefficient matrix

—6Df —24Df
TkArk AI‘,% . [agrll . [Qgr - LST‘ - ¢57’Z§
a Ary, 6DX 12Dk |ak, appk,
—3a, ——— —2ap —
Zrk Ark Ark
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Results and Discussion




Results and Discussion

= CYNUS code has been validated with IAEA 3D
“cylindralized” PWR problem, provided by (Prinsloo
& Tomasevié, 2008)

= Considering symmetrical properties of the reactor
volume calculations have been applied for one-eight
of the whole geometry. Reflective boundary
condition has been applied in azimuthal direction

= Referance effective multiplication factor

keff = 1,03353

Fig. 6. IAEA 3D “cylindralized” PWR problem top view
(Prinsloo & Tomasevié, 2008)
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Fig. 7. Reference relative assembly averaged power [-]
(Prinsloo & Tomasevic, 2008)
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Results and Discussion

1.4597 | 1.2760 | 0.8972 | 0.3476

CYNUS code solution with derived
radial direction NEM, along with
azimuthal and axial direction SENM

1.3969 | 1.4679
1.4535 | 1.2740 | 0.9607

0.6694 | 1.3993 | 1.5008 | 1.4171 | 1.2450 | 1.0385

1.4015 | 1.5015 | 1.3145 | 1.0383 | 0.9834 AKqfr = 13pcm
R% = 0,9686

RMSE = 0,1443

1.4019 | 1.4998 | 1.2359 | 0.5535 | 0.8822

5.153 | 3.587 | 2.267
8.323 | 6.444

5.113 | 3.214 | 0.230

-9.597 | 8.187 | 6.647 | 4.833 | 2.756 | -1.185

8.151 7.182 | 5.369 | 1.837 | -2.536

8.131 | 7.649 | 7.647 | -2.046 | -2.045

Figure 8. Relative assembly averaged power [-] and power errors [%]
for CYNUS all direction NEM/SENM solution
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Results and Discussion

1.3502 | 1.2140 | 0.9102 | 0.3368

CYNUS code solution only with 12914 | 1.3411
. . . . 1.3450 | 1.2133 | 0.9602
azimuthal and axial directions
SENM 0.6105 | 1.2922 | 1.3771 | 1.3181 | 1.1789 | 1.0418
AKefr = 281pcm 1.2929 | 1.3850 | 1.2500 | 0.9576 | 1.0441
RZ — 09845 1.2930 | 1.3840 | 1.2050 | 0.4896 | 0.9994
RMSE = 0,1041 -2.738 | -1.448 | 3.753
0.143 | -2.746

-2.734 | -1.705 | 0.174

-17.551 | -0.090 | -2.148 | -2.491 | -2.701 | -0.863

-0.233 | -1.138 | 0.199 | -6.085 | 3.475

-0.269 | -0.663 | 4.959 |-13.361 | 10.975

Figure 9. Relative assembly averaged power [-] and power errors [%]
for CYNUS azimuthal and axial directions SENM
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Results and Discussion
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Results and Discussion

1.3757 | 1.2211 | 0.8694 | 0.3766
1.3014 | 1.3915

CYNUS code solution including
radial direction fine mesh
discretization, along with azimuthal
and axial direction SENM

AR = 24pcm
R% = 0,9997
RMSE = 0,0199

1.3703 | 1.2449 | 0.9499

0.7472 | 1.3051 | 1.3946 | 1.3640 | 1.2010 | 1.0415

1.2842 | 1.4135 | 1.2363 | 1.0105 | 0.9999

1.3082 | 1.3807 | 1.1583 | 0.5601 | 0.9087

-0.900 | -0.869 | -0.900
0.915 | 0.906

-0.904 | 0.859 | -0.897

0.905 | 0.905 | -0.902 | 0.903 | -0.875 | -0.894

-0.903 | 0.899 | -0.898 | -0.893 | -0.902

0.902 | -0.897 | 0.888 | -0.885 | 0.899

Figure 11. Relative assembly averaged power [-] and power errors [%]
for CYNUS azimuthal and axial directions SENM and radial direction FMDM
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Results and Discussion
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Results and Discussion

Table 1. Summary of key parameters.

Eigenvalue Eigenvector

Solver’s version

Kegr [-] AKegr [pcm]
Reference 1,03353 N/A N/A N/A
CYNUS all direction NEM/SENM 1,03366 13 0,9686 0,1443
CYNUS azimuthal and axial SENM 1,03634 281 0,9845 0,1041

CYNUS azimuthal and axial SENM +

L 1,03379 24 0,9997 0,0199
radial fine mesh
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Conclusions

Current radial direction NEM performance is not satisfactory due to significant error in obtained eigenvector

Second order approximation of flux in radial direction is too low for robust CMFD application in cylindrical
coordinate system

CYNUS azimuthal (with constant radius approximation) and axial direction SENM are providing accurate solutions in
comparison to reference values

Future work: Fourth order flux approximation and second order transverse leakage expansion. Two additional
conditions for flux coefficients determination based on Galerkin’s Weighted Residual Method
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