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Abstract: Design of the Pressurized Water Reactors
(PWRs) involves extensive calculations to verify the
reactor safety criteria such as power peaking factor during
the reactor lifetime. Coupling of neutronic calculations,
thermal hydraulic calculations and other reactor
phenomena requires a multiphysics software to model the
different reactor equations and solve it simultaneously
without the need to use different computer codes.
COMSOL multiphysics can solve the multi-group neutron
diffusion equation using the finite element method. The
power distribution from the output can be used for further
thermal hydraulic calculations. The main purpose of the 3D
IAEA light water reactor benchmark problem is to
benchmark computer codes by calculating the core
multiplication factor, flux and power distributions using
the two group neutron diffusion method. A three
dimensional model was constructed using COMSOL
multiphysics to solve the two group neutron diffusion
equations for the 3D IAEA PWR benchmark problem with
adaptive mesh refinement option. Reactor effective
multiplication factor “Kes”, flux distributions and power
distributions were calculated and compared to the results
of VENURE code. Calculations give a difference of 31
pcm in the Kess and almost 2% in calculating the average
assembly power distribution compared to VENURE code.
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1 Introduction

Accurate and robust simulation of the different reactor
phenomena require an integration of multiphysics such as
neuratics, reactor dynamics, thermal hydraulics, stress
analysis and computational fluid dynamics. CMOSOL
multiphysics provides a promising tool to integrate these
multiphysics in the reactor steady state and transient state.
Simulation of the High Flux Isotope Reactor (HFIR) core
thermal hydraulics was developed using COMSOL
multiphysics to facilitate the conversion from high
enriched fuel (HEF) to low enriched fuel (LEF) [1,2].

Methodologies have been developed to extend HFIR two-
dimensional (2D) analysis to 3D models in a timely manner
[3]. The space-time simulations using multi-group
diffusion equation was performed for HFIR to investigate
the dynamic behavior of the reactor [4, 5]. COMSOL was
benchmarked against experimental results for research
reactors core calculations [6, 7]. Single channel Multi-
Physics Model was investigated for lead-cooled ELSY
reactor and show reasonable capabilities for steady state
and transient conditions [8]. Deformation behavior of a
CANDU  37-element bundle  was  successfully
benchmarked using COMSOL to calculate elastic stresses
and strains [9].

Validating the code capabilities requires benchmarking the
code for different physics problems in 2D and 3D models.
Due to geometrical complexity and solution time, the
reactor core calculations are divided into two levels. The
first level is the lattice calculation, these calculations is
performed to prepare the groups constants for the multi-
group neutron diffusion equation for each region in the
core. The lattice calculations is done by solving the steady
state transport equations. The second level is the
homogenized core calculations, these calculations is
performed to calculate the neutron flux and power
distributions by solving the multi-group diffusion equation.
This paper documents the use the commercial finite
element multiphysics software package COMSOL 5.2 on a
three dimensions benchmark problem for light water
reactor.

2 Model description

The three dimensional light water reactor LWR problem,
also known as 3D IAEA benchmark problem, is defined by
B. Micheelsen (RIS@) in 1971 [10]. The main purpose of
the benchmark problem is to calculate the Ke and the
power distribution using two group diffusion method. The
two-group neutron diffusion equations for fast and thermal
fluxes in the multiplying regions, noted by subscript 1 and
2 respectively, are shown in equations 1 and 2. For the non-
multiplying regions the source term of equation 1 will be
zero. The eigenvalue of the problem is the reactor
multiplication factor which balance the left side of equation
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1 that represent leakage and absorption and (or) removal
from the fast group with the right hand side, which
represent the source term. It is assumed that all fission
neutrons are born as fast neutrons and the source term for
the thermal group is the down-scattered neutrons from the
fast group. It’s also assumed that there is no up-scattering
from the thermal group to the fast group.
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The benchmark model consists of five regions as shown in
figures 1 and 2, the group constants of each region are
shown in table 1. The core consist of three types of fuel
elements fuel 1, 2 and fuel 2 plus control rod. The 3D
model represent one-eighth of the reactor core as shown in
figures 1 and 2. Four control rods are completely or
partially inserted in the entire reactor core, these rod is
presented in the one-eighth core model, as shown in figure
2.

Two boundary condition are applied, the external
boundaries and the symmetry boundaries. For external
boundaries there is no incoming current as shown in
equation 3.

Jin=0
3
Equations 4 and 5 are deduced from equation 3, where n is
the outward directed normal to the surface. The symmetry
boundaries is reflective boundaries with no net current as
shown in equation 6.
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PDE Coefficient mode is chosen from COMSOL physics
to write the equations of each region in the eigenvalue
mode. The form of the equation in the eigenvalue mode is
shown in equation 7.

V.(-cVu—xu+vy)+au+B.Vu=d,(A—A,)u—
es(A —2)%u+f
()

The nomenclature of equation 7 is transformed to the
diffusion equation so that “u” is the dependent variable that
represent the flux @, “c” represent the diffusion coefficient
D, “a” represent the removal cross section, “f” represent
the source term of equations 1 and 2, “A” represent the
eigenvalue where 0 is assumed linearization, “da “is the
damping coefficient its value is 1, “a” is the conservative
flux convection coefficient, “$”is convection coefficient
and “y” is the conservative flux source term. The values of
a, B, and v are set zero because it is not used in equation 1
and 2. Equations 1 and 2 are rearranged to follow equation
7 format. Equations 8 and 9 represent equations 1 and 2
respectively after the rearrangement.
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The boundary conditions is introduced to COMSOL model
for each region as follows:

Symmetry: Neumann boundary condition is written in the
form of equations 10 or 11 to represent equation 6. This
boundary condition shows that divergence of the gradient
of the neutron flux is equal to zero at the boundary.

n.(—cVu—xu+y)+qu=g
(10)
n.(—DVp) =0
(11)
Vacuum: Dirichlet boundary condition is applied to
external surfaces and equation 5 is written in the form of
equation 12.

hu=r
(12)
Continuity: Neumann boundary condition is applied at the
surfaces between different regions, as shown in equations
13 1nd 14.

n ((cVu—xu+vy); — (cVu—xu+y),)+qu=g
(13)

n. ((DVe); — (DVe),) =0
(14)

Table 1. Group constants for different reactor regions

Region | D1 | D2 | Z;_,, | 24 X vif Material

1 15|04 | 002 | 0.01 | 0.080 | 0.135 Fuel 1

15|04 ] 002 | 0.01 | 0.085 | 0.135 Fuel 2

15|04 | 002 | 001 | 0130 | 0.135 FUS'OS *
2 [03 | 004 | 000 | 0,010 | 0.000 | Reflector
5 | 3| 03| 004|000 0055|0000 | Reflector*
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Figure 1. Horizontal Cross Section of 3D IAEA PWR
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Figure 2. Vertical Cross Section of 3D IAEA PWR benchmark

Adaptive mesh refinement option is used to increase the
accuracy of the solution in a reasonable time without the
need to construct a small one size mesh everywhere. In the
regions of large errors COMSOL construct finer meshes to
reduce the error. While in the fixed mesh size codes the
user should take this small mesh size everywhere which
increase the total number of meshes in the model and then
the run time. Figure 6 shows the COMSOL created mesh

structure for 1/8 of the core.

";\mmr‘va
A S R O OO B OO
O R R R R
R S S Rt RS
SR, g AN iy St B
T A YR VAN SO S
R g B e VS
N 0 g i S g
300 | BRI I S I SR IR
AR A AT SRR
R LRI SO R BRI
s R i ey S g A
B T FAAV v i gy Y g S
e S s e
rad U R e e AN
S e
2% K SRR SR AL
% A Ay A
S AR e
200 A PR T A S B
5 S
R SRR R
ST R A
[ A
R S R S
e R R i
O LA
SRR s O
SO T S S R S S
[ T g S g
F pe e e R S e
S B e e o A
e e S 0 e
S A L [ S
R bR SR SR Ao
B B T e e S B i
B S R A S gy
SRR RS ek PR
v 1
R S e S RS
P R I R e ol
e R |
i e s R A it
8 > e STy oot T A niwu e FTAARH
0 H R Py
] vug-«.‘, A B "%:A:'-ﬁuvsh

BiDvie o iy ) PRV
150

100

Figure 3. 3D Mesh structure by generated by COMSOL.
3 Results and discussions

COMSOL was used to model the 3D IAEA PWR
benchmark problem. Thermal and fast fluxes at the core
mid-plane are shown in figures 4 and 5. The calculated K
using COMSOL 5.2 using PDE mode is 1.02934. This
value is compared to the VENTURE code result which is
1.02903 [8] .The difference between the COMSOL result
and VENTURE code is 31 pcm. The average power
distribution has been compared to the reference results.
Figure 6 shows a comparison between the calculated power
distribution using COMSOL and the reference value
calculated by VENTURE. The maximum percentage
difference found to be almost 2%. Thermal and fast flux at
the mid-plane (y=0, z=190) are shown in figure 7.
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Figure 4. Thermal flux distribution at the core mid-plane

(z=190)

Figure 5. Fast flux distribution at the core mid-plane (z=190)
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Figure 6. Average assembly power distribution compered to

reference values [10].
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Figure 7. Flux along the x-axis at the core mid-plane (y=0,
z=190).

The full reactor core is simulated by removing the
symmetry conditions to represent the full core instead of
1/8 of the reactor core. Figures 8 and 9 show the thermal
and fast flux distributions respectively for the full reactor
core.

Figure 8. Thermal flux distribution in the full reactor core
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Figure 9. Fast flux distribution in the full reactor core

Conclusions

The 3D IAEA PWR benchmark problem was modeled
using COMSOL 5.2. The model solves the two group
neutron diffusion equation using the finite element method.
There is a good agreement between the results from
COMSOL and VENTURE code for the 3D IAEA PWR
benchmark problem. The value of K is 1.02934, which
shows a smaller difference of 3% compared to VENTURE
code. The maximum percentage difference between
COMSOL and VENTURE code, in calculating the power
distribution, is 2%.
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