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Introduction

FEMFFUSION is a finite element method code written in C++ programming language that
solves the multigroup transport equation using the neutron diffusion approximation and also
the simplified spherical harmonic approximation also called as SPy equations [1].

The code uses for the spatial discretization of the continuous Galerkin finite element method
to be able to solve different types of geometries and problems of different dimensions (1D,
2D and 3D) [2], called benchmark® problems or reactor benchmarks in nuclear physics field.
The code is built on top of the open source library DEAL.1I which provides, in addition to
support, advances in the finite element method [3]. The FEMFFUSION website [4] collects
the examples of nuclear reactors that we are going to study. Files can be downloaded from the
repository [5].

The study of benchmark problems provides important metrics for assembly design and
whole reactor core safety analysis as effective multiplication factor (k) and flux distribution
in a nuclear reactor for different dimensions and different SPy approximation. The Finite
element (FE) degree or polynomial degree given in the computation for all fundamental
eigenvalue results was the highest possible, 3. The neutron transport equation study of 3D
benchmark is performed for both static and transient calculations. Static calculations to
determine the fundamental eigenvalue ks and transient calculations to determine the time
dependence of the neutron transport equation. Transient calculations to determine and
transient calculations to determine the time dependence of the neutron transport equation.

In order to compare the numerical results of the different nuclear reactors, the different
errors have been used. Table 1 shows different errors definitions used to compare the accuracy
of calculation methods as types of meshes, refinement sizes and strategies. k. is effective
multiplication factor reference, mostly, k is equal to the higher refinement eigenvalue and
higher SPy (SP5). P; and P;‘ are the obtained power and the reference power in the i-th coarse
cell (cell averaged), respectively. V; is the volume of the coarse cell i and V; is the total volume
of the reactor. e; is the calculated per cent error for the i-th pin neutron power, p;.

Table 1: Different errors definitions to compare the accuracy of calculation methods.

Multiplicative factor error (pcm)  Akegr = 10°| Keff — k:ffl

. pP;— P;k
Relative power Error g = B
i
1
Mean Relative Error £= T Y €iV;=AVG
t g B _
Maximum Absolute Error Emax = Max|P; — P;‘ |
eilpi
Mean Relative Error MRE = M
Yibi

1A benchmark is the practice of comparing processes and performance metrics to the best practices in a industrial
system (or engine), for example: nuclear reactors.



Homogeneous 1D Reactor

A one dimensional homogeneous slab of 2 cm thick with vacuum boundary conditions is
considered as Figure 1. Its one-group nuclear cross sections are defined in Table 2.

Fuel

>

-
-

2cm
Figure 1: Definition for the 1D homogeneous slab.
Table 2: Cross Sections for the 1D reactor.
Material 3;(cm™) Z(cm!) vEf (cm)
Fuel 1.000 0.334 0.178

This problem has been selected because it has a simple analytic solution for the Py ap-
proximation [6] thus, it can be used to validate the solution of the finite element method
(FEM) implementation. This problem is also relevant because it shows a bad behaviour when
the diffusion approximation, P;, is used due to the strong spatial variation of the neutronic flux.

Table 3 shows the fundamental eigenvalue and those corresponding to the subcritical modes
obtained for the Py, P3 and P5; approximations compared to the exact analytical values of the
same neutron transport approximations. It can be seen that FEMFFUSION results and
analytic results are almost equal. Also, the results from the discrete-ordinates code ONEDANT
[7] with an angular quadrature order of Sgg is included to be used as reference. This is a
very good approximation to the exact transport solution but the computational cost of this
method is very high to be used in more realistic problems. Hence, we can see an important
improvement of P; eigenvalue results compared with P; results.

Table 3: First four dominant eigenvalues for the one dimensional homogeneous reactor.

FEM Results
P, P3 Ps5 Soe

kes  0.5874890 0.6529562 0.6605229 0.662951
2nd 0.1491351 0.2077446 0.2233791
3rd 0.0583796 0.0960912 0.0113888
4th  0.0296016 0.0531219 0.0680403

Analytical Results

ket 0.587489  0.652956  0.660523
2nd  0.149135  0.207745  0.223379
3rd  0.058380  0.096091  0.113889
4th  0.029602  0.053122  0.068040
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Figure 2: Scalar flux for the 1D homogeneous slab.

Figure 2 shows the scalar flux from the Py reference solution versus the Py obtained with the
FEMFFUSION. It can be noted that for the k effective, the P; solution does not represent the
transport solution accurately enough. In this way, P;s and P5 calculations follow the transport
solutions very accurately. In Figure 3 the solutions of the scalar flux associated with the next
three subcritical modes are shown.
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Figure 3: Subcritical modes of the 1D homogeneous slab.

BIBLIS 2D Reactor

The two dimensional BIBLIS problem, referred to the first nuclear power plant build in the
municipality of Biblis (Germany), is a realistic and highly non-separable 2-group problem
representative of an actual operating pressurised water reactor (PWR). This problem is charac-
terized by a chequerboard effect caused by fuel reloading. The realistic nature of this problem
makes it an attractive test for coarse-mesh methods, and it has already been used by several
authors as Hébert [8], Smith [9], and Miiller and Weiss [10]. The core reactor features 257



homogenized assemblies with widths of 23.1226 cm including 64 cells modelling the reflec-
tor, where the vacuum boundary conditions are applied at the external boundary. The core
configuration with the 8 different composition materials and their cross sections are provided
respectively in Figure 4 and Table 4. Reference solution and benchmark problem of BIBLIS 2D
reactor for the fundamental mode are extracted from Miiller and Weiss [10].
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Figure 4: Core configuration and materials distribution of BIBLIS 2D reactor.

Table 4: Macroscopic cross sections of BIBLIS 2D reactor.

Material Group D¢ Zag v Zre 212
(cm) (em™) (em) (em) (em)

1 1 1.4360 0.0095042 0.0058708 0.0023768 0.017754
2 0.3635 0.0750580 0.0960670 0.0388940

2 1 1.4366 0.0096785 0.0061908 0.0025064 0.017621
2 0.3636 0.0784360 0.1035800 0.0419350

3 1 1.3200 0.0026562 0.0000000 0.0000000 0.023106
2 0.2772 0.0715960 0.0000000 0.0000000

4 1 1.4389 0.0103630 0.0074527 0.0030173 0.017101
2 0.3638 0.0914080 0.1323600 0.0535870

5 1 1.4381 0.0100030 0.0061908 0.0025064 0.017290
2 0.3665 0.0848280 0.1035800 0.0419350

6 1 1.4385 0.0101320 0.0064285 0.0026026 0.017192
2 0.3665 0.0873140 0.1091100 0.0441740

7 1 1.4389 0.0101650 0.0061908 0.0025064 0.017125
2 0.3679 0.0880240 0.1035800 0.0419350

8 1 1.4393 0.0102940 0.0064285 0.0026026 0.017027
2 0.3680 0.0905100 0.1091100 0.0441740

Table 5 shows the eigenvalue error and power errors for this reactor. Reference values are
extracted from the SP5 calculation. SP; calculation presents a small but considerable error
in comparison with calculation involving more spherical harmonics. However, SP3 is almost
equal to SP5 calculation so, SP5 does not worth the extra computational effort. The effective



multiplicative factor (keg) are in good agreement for SPy approximations and equal to each
other up to the thousandths number. Figure 5 displays the relative power error per cell between
SP; and SPs5 calculation. It can be seen that the error is located in the cells near the boundary,
where the power is underestimated, and in the center of the reactor, where the power is over
estimated by the SP; calculation. The maximum variation between factors for BIBLIS 2D
reactor is 3.7% approximately.

Table 5: Comparative results for BIBLIS reactor.
SPy  DoFs Keff  Akefr (pcm) & (%)  €max

SP; 4832 1.02535 49 1.44  0.04
SP3 9664 1.02584 0 0.02  0.00
SP5 14496 1.02584

Relative Error (%)

Figure 5: Relative differences in the neutron power per assembly between SP; and SP5 in 2D-BIBLIS
benchmark.

The neutron power distribution for the four modes of the BIBLLIS 2D reactor is presented
in Figure 6. The neutronic power of the first mode present a unidirectional way throughout
the hexagonal geometry of the reactor where the maximum power is located in the center of
the reactor and the minimum power located at the reactor boundary (monopole mode). The
neutronic power of the second and third mode generates a dipole mode, where the maximum
and minimum power are face to face one by one along the y-axis and x-axis respectively.
The fourth mode of the neutronic power generates a quadrupole mode of the maximum and
minimum face to face two by two.



y (em)

12 : " 2
3501 1
15
1
300f 1 ;
0.8 L 1
250 05
06 5 200f 1f o
=
1501 N -05
0.4
100 1 -1
0.2 R
sol ] 15
L I 2

0 0 L L L L L
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350

x (cm) x (cm)

(a) First Mode (b) Second Mode

350 1
350F .
15 2
300 : s00f 1
1
1
2501 || s 250 1
— ‘ —
§ 200 o 5200 17000
N g
150F 4 Fos 150 1
-1
100 | -1 100 1
2
sof Il BN 50 ]
0 L L 1 L L L L -2 0 1 1 1 1 n 1
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
X (cm) x (cm)
(c) Third Mode (d) Fourth Mode

Figure 6: Neutronic power associated with the four modes for BIBLIS 2D reactor.

C5G7 2D Reactor

C5G7 benchmark was developed by the Organization for Economic Cooperation and Develop-
ment Nuclear Energy Agency (OECD/NEA). This benchmark problem with seven group energy
(G7) consists of a nuclear reactor core with five conditions (C5) where the mixed oxide (MOX)
and uranium dioxide or Urania (UO») square fuel assemblies are surrounded by a moderator
region, as shown in Figure 7. Each fuel assembly is made up of a 17 x 17 square pin level cells.
The side length of each pin cell is 1.26 cm and all fuel and guide tubes have a 0.54 cm of radius.
A single moderator composition (water) is given for use in all of the pin cells and for use in the
moderator (reflector) surrounding the assemblies. This geometry is also shown in Figure 7.
A very detailed explanation of the benchmark with all the remaining specifications of the
benchmark is given in Lewis et al. [11].
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Figure 7: The core configuration for the 2D-C5G7 benchmark problem.

Figure 8 shows the proposed meshes used to discretize the circular region depending on
the refinement parameter r. All meshes maintain the area of the fuel region (in grey color) to
provide a more accurate model of the problem. This meshes are produced automatically by

FEMFFUSION.
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Figure 8: Meshes considered for the pin structure.

Table 6 shows the UO, fuel crocs-section made for C5G7 benchmark using an input with
‘xlm’ format. The benchmark input is made up of several extra materials, such as: MOX fuel,
moderator, control rods, fission chamber and guide tubes. In addition, the input provides
other essential parameters to the simulation listed in the table such as, the fission spectrum
and the mean number of born neutron per fission.



Table 6: Macroscopic cross-sections (cm™!) of C5G7 benchmark for UO, fuel case and written in ‘.xlm’
format.

Transport cross-section (Z¢)

1.77949E-01  3.29805E-01  4.80388E-01  5.54367E-01  3.11801E-01  3.95168E-01  5.64406E-01

Fission spectrum (y)

5.87910E-01  4.11760E-01  3.39060E-04  1.17610E-07  0.00000E+00  0.00000E+00  0.00000E+00

Scattering cross-section (Xs)

1.27537E-01  0.00000E+00  0.00000E+00  0.00000E+00  0.00000E+00  0.00000E+00  0.00000E+00
4.23780E-02  3.24456E-01  0.00000E+00  0.00000E+00  0.00000E+00  0.00000E+00  0.00000E+00
9.43740E-06  1.63140E-03  4.50940E-01  0.00000E+00  0.00000E+00  0.00000E+00  0.00000E+00
5.51630E-09  3.14270E-09  2.67920E-03  4.52565E-01  1.25250E-04  0.00000E+00  0.00000E+00
0.00000E+00  0.00000E+00  0.00000E+00  5.56640E-03  2.71401E-01  1.29680E-03  0.00000E+00
0.00000E+00  0.00000E+00  0.00000E+00  0.00000E+00  1.02550E-02  2.65802E-01  8.54580E-03
0.00000E+00  0.00000E+00  0.00000E+00  0.00000E+00  1.00210E-08  1.68090E-02  2.73080E-01

Fission cross-section (X f)

7.21206E-03  8.19301E-04  6.45320E-03  1.85648E-02  1.78084E-02  8.30348E-02  2.16004E-01

Mean number of born neutron per fission (v)

2.78145E+00  2.47443E+00 2.43383E+00  2.43380E+00  2.43380E+00 2.43380E+00  2.43380E+00

Absorption cross-section (Z,)

8.02480E-03  3.71740E-03  2.67690E-02  9.62360E-02  3.00200E-02  1.11260E-01  2.82780E-01

Static results

Table 7 show the results for the fundamental eigenvalue and its corresponding eigenvector
associated with diffusion theory (SP;) and the SP3 equations for different meshes depending
on the finite element polynomial degree p and the mesh refinement parameter, r. Errors for
the eigenvalue are given in pcm by Akeg = 10°| kefp — k:ffl, where k:ff: 1.186550 is the reference
eigenvalue given by the benchmark authors. To assess the results provided by the program,
following collective per cent error measures were selected: average pin power per cent error
(AVG) and mean relative pin power per cent error (MRE). It can be seen that the results are
spatially converged for r=1 and p = 2. Furthermore, it is observed that the SP; equations
improve the accuracy of the results with respect to the SP; mainly for the eigenvector.

10



Table 7: Accuracy results for SP; and SPj calculation.

r p Number Number Eigenvalue £(AVG) MRE
of cells of DoFs Keff AKegr (pcm) (%) (%)

0 1 11 849 83664 1.18511 144 2.26 1.88

0 2 11 849 333207 1.18512 143 2.65 2.02
5 0 3 11 849 748636 1.18511 144 2.26 1.88
"-; 1 28900 203735 1.18381 274 1.52 1.25
% 2 28900 812063 1.18335 320 1.43 1.21
< 3 28900 1824991 1.18330 325 1.42 1.21
7]

2 1 78 608 553119 1.18373 282 1.46 1.24

2 2 78 608 2206743 1.18326 329 1.42 1.21

2 3 78 608 4960879 1.18325 330 1.42 1.21
g 0 1 11 849 167328 1.18540 115 1.69 1.46
% 0o 2 11 849 666414 1.18375 280 0.85 0.74
% 1 28900 407470 1.18357 298 0.86 0.72
& 1 2 28900 1624126 1.18261 394 0.72 0.65
« 1 78 608 1106238 1.18347 308 0.81 0.72

Figure 9 show the neutronic power distribution four the four modes of C5G7 2D reactor
using the SP; harmonic model computation. The mesh present four grids (layout or zone)
that can be defined from bottom to top and from left to right as N’ grid where N'=1,2,3 and 4.
The first mode ( Figure 9(a) ) present the maximum power near the grid located in the first grid
of the mesh. Figure 9(b) shows the second mode of neutronic power where the maximum an
minimum power is located in the first and fourth grid respectively, they are face to face (dipole
mode). Figure 9(c) shows the third mode of neutronic power with the maximum and minimum
power located in the second and third grid of the mesh respectively. Finally, Figure 9(d) shows
the maximum and minimum of neutronic power in first-fourth and second-third grid of the

mesh respectively, corresponding to the quadrupole mode.

11
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Figure 9: Neutronic power distribution computed with SP; model for the four modes of C5G7 2D

reactor.

Neutral noise results
3D-IAEA PWR Reactor

The 3D reactor designed by the International Atomic Energy Agency (IAEA) has been a standard
benchmark problem to measure the performance of neutron transport calculation methods.
The definition and all characteristics of this benchmark come from the reference Argonne
Code Center: benchmark problem book, ANL-7416 (Suppl.2) [12]. This benchmark has been
solved in numerous articles, e.g. Cossa, Giusti, and Montagnini [13], Barrault et al. [14] and
Gonzélez-Pintor, Ginestar, and Verdu [15]. The core of this hexagonal geometry benchmark is
composed by 177 fuel assemblies including nine fully rodded fuel assemblies and four partially
rodded fuel assemblies, and 64 reflector assemblies surround the core. The fuel assembly pitch
is 20 cm and the active height of a fuel assembly is 340 cm. The thickness of axial reflector is
20 cm. The definition of this reactor is given in Figure 10 and the cross sections of the different
materials are shown in Table 8 [16]. The average number of neutrons born per fission, v, is
considered constant for all materials and energy groups. Albedo boundary conditions are used

12



with a extrapolation distance of 2.13 x Dg.
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Figure 10: Core configuration and material distribution of IAEA 3D reactor, radial profile (left) and
axial profile (right).

Table 8: Macroscopic cross sections of the IAEA 3D reactor.

Material D, D2 a1 a2 Zs12 VZfl szz

(cm) (cm) (cm?) (cm?) (em?) (cm™)  (emd)
1 - Fuel 150 0.40 0.010 0.085 0.020 0.00 0.135
2 -Rodded Fuel 1.50 0.40 0.010 0.130 0.020 0.00 0.135
3 - Exterior Fuel 150 0.40 0.010 0.080 0.020 0.00 0.135
4 - Reflector 2.00 0.30 0.000 0.010 0.040 0.00 0.000

5-Rodded Reflector 2.00 0.30 0.000 0.055 0.040 0.00 0.000

Table 9 shows the results obtained for the fundamental eigenvalue, kg, using SPy, SP3
and SPs5 approximations. ke are in good agreement for 3 SPy approximations and equal to
each other up to the thousandths number. The radial distribution of the error is shown in
Figure 11. The maximum variation between factors in the hexagonal grid geometry of the
radial distribution for IAEA 3D reactor is 2.7%. The highest errors are located both in the
boundary and center of the reactor.

Table 9: Comparative results for IAEA 3D reactor.
SPy  DoFs Kefr Akegr (pcm) € (%)  Emax

SP; 263552 1.02913 59 0.79  0.02
SP; 527104 1.02971 1 0.03  0.00
SP5; 790656 1.02972 0 0.00 0.00

13
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Figure 11: Radial distribution of errors for IAEA 3D reactor.

Figure 12 shows the neutronic power of first modes for the 3D-IAEA benchmark. The night
control rods located in half plane of the reactor are present on Figure. Figure 12 (a) shows
the monopole mode of the neutronic power, where the maximum power is located around of
the reactor center and minima near of the boundary reactor. Figure 12 (b) shows the dipole
mode of the neutronic power, where the maximum and minimum power are located face
to face along the y-axis, with a little deviation of about 0.5 positive degrees. Figure 12 (c)
shows another dipole mode of the neutronic power, where the maximum and minimum power
are located face to face along the x-axis, with a deviation of about 0.5 positive degrees. The

minimum power is located around the center of the reactor for this monople mode shown in
Figure 12 (d).

14
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Figure 12: Half radial plane of neutronic power associated with the different 4 modes for IAEA 3D
reactor.

Langenbuch 3D Reactor

The Langenbuch reactor developed and studied by Siegfried Langenbuch and collaborators.
This benchmark is a three-dimensional small reactor composed of 77 fuel assemblies and
40 modelling the reflector (Figure 13). The assemblies have a size of 20 x 20 cm. Zero flux
boundary values are applied at the frontier of the reactor. This problem is characterized by
its small size for a three-dimensional reactor and its symmetrical configuration. The fast
resolution of the reactor makes it an attractive test. The reactor was defined in Langenbuch,
Maurer, and Werner [17] and it has already been used by several authors as Verdu et al. [18],
Mir6 et al. [19] and Bernal et al. [20]. The materials cross sections and neutron precursors
data are exposed in Table 10 [17], where the energy release per fission is 3.204-10°1! (Ws),
v is equal to 2.5 (neutrons/fission) and velocities v; and v, are 1.25-107 (cm/s) and 2.5-10°
(cm/s) respectively. Cross section values of reflector+absorbent material are supplementary
data present in previous Langenbuch reference. The transient was initiated by the withdrawal
of a bank of four partially inserted control rods (C2 in Figure 13) at a rate of 3 cm/s over 0 s

15



>t = 26.7 s. A second bank of five control rods (C1 in Figure 13) is inserted at the same rate

over 7.5s=>t=>47.5s.
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Figure 13: Core configuration and material distribution of the Langenbuch reactor.

Table 10: Cross sections and neutron precursors data of the Langenbuch reactor.

Material Group Dg Zag v 12
(cm) (cm™) (em™) (cm™)
1 - Fuel 1 1.423913 0.010402060 0.006477691 0.01755550
g 2 0.356306 0.087662170 0.112732800
'§ 2 —Fuel 1 1.425611 0.010992630 0.007503284 0.01717768
@ 2 0.350574  0.099256340 0.137800400
7]
8 R - Reflector 1 1.634227 0.002660573 0.000000000 0.02759693
2 0.264002 0.049363510 0.000000000
4 & 6 — Absorbent 1 1.423913 0.010952060 0.006477691 0.01755550
2 0.356306 0.091462170 0.112732800
5 — Reflector + 1 1.634227  0.00321020  0.000000000 0.02759693
Absorbent 2 0.264002  0.05316351 0.000000000
g Group (k) 1 2 3 4 5 6
7]
S
§ B 0.000247 0.0013845 0.001222 0.0026455 0.000832 0.000169
& aAd (sH 0.0127 0.0317 0.115 0.311 1.4 3.87

k

Static results

Table 11 shows results of fundamental eigenvalue for different polynomial degrees related
(p) to finite element method. The least quadratic shape functions (p=2) provides reasonable
results given an error lower than 1%. For this reason, all transient simulations are performed
with cubic finite elements.

16



Table 11: Dominant eigenvalue and power distribution results for the Langenbuch Reactor.

p Number Kesr AKegr Power
of DoFs (pcm) € (%) €Emax
1 949 1.00076 111 3.78 0.11

2 10773 1.00039 74 1.24  0.05
3 34720 0.99990 25 0.39 0.01

PARCS 0.99965

Figure 14 shows the half radial plane of neutronic power for the Langenbuch reactor, where
the maximum power located near of the reactor center.
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Figure 14: Half radial plane of neutronic power associated with Langenbuch reactor.
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Transient results

Figure 15 shows the transient radial profile at initial state t=0 s and final state of t=60 s, the
two control rods C1 and C2 are discussed in previously Figure 13. The control rods C1 and C2
coincide in length at 140 cm of height for a time interval of 14.2 s = t = 20.0 s.
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R|2 1|1 1|1 2 R R|i2|1 1 1 1{2 R
R[22 1|1 1|1 2| R Ri2(1 1 1 1 2R
R|2 1|1 1|1 2| R Ri2(1 1 1 12 R
E IR|2 1|1 1|1 2R ElIRI2(|1 1 1 1/2|R
g||R[2]1]1|1]1|1|1]|1|2|R S IR|2]|1 1 1 1 2R
R{2(1|1|1|1|1/1|1|2|R R|i2|1 1 1 1/12|R
Ri{2|1/1|1{1|1|1|1]|2|R Ri{2|1{1|1{1|1(1|1]|2|R
Ri2(1|1|1|1|1|1|1|2|R Ri2(1|1|1|1|1|1|1[|2|R
RIRIR|RIRIRIRRIRRIR RIRIR|IRIRIRRR|IRRIR
(@)t=0.0s (b)t=60.0s

Figure 15: Langenbuch axial profiles of the transient.
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Figure 16 shows the total power evolution for Langenbuch benchmark along the first 60
second of simulation with 0.1 of time iteration steps. Reference results are performed using
100 axial planes in order to minimize the rod-cusping effect. The fixed mesh considered are 10
axial planes and the moving mesh 11 axial planes (10 fixed and 1 moving). Fixed mesh result
grow quickly from 1 of total power to 0 time, total power is maximum in 1.68 for 20.8 s and the
total power decreases slowly as a function of the time after 28 s about.
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Figure 16: Normalized mean power for Langenbuch reactor.

Figure 17 shows the neutronic power evolution of Langenbuch reactor for several relevant
times (s) using the Backward Difference method (BKM). The simulation was carried out along
the first 60 s of time with iteration steps of 0.1 s. All Langenbuch transient results shows
relevant points commented before in Figure 16. Figure 17 (c) of 20 s refers to the near point of
maximum total power and Figure 17 (a) and (f) the near extreme points of the plot.
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Figure 17: Half radial plane of the neutronic power evolution for Langenbuch-CRM transient.

3D-VVER440 AER Reactor

Water-Water energetic reactor (VVER) is a pressurized water reactor with a possible delivery
design of 440 MW among others. This benchmark corresponds to an asymmetric control rod
ejection accident in a VVER-440 core. A plane of this reactor showing the geometry of the
reactor and the disposition of materials together with the initial position of control rods are
shown in Figure 18. The three-dimensional core is 250.0 cm of high with 25 full assembly
across the core diameter, the hexagonal lattice pitch is 14.7 cm and the albedo factor is 0.5.
Vacuum boundary conditions are applied at the frontier of the reactor. Cross section data are
given in Table 12. The data reference of 3D-VVER440 benchmark problem are extracted from
Chao and Shatilla [16]. The transient is defined as follows. The control rod denoted by number
26 is ejected in the first 0.08 seconds. Then, scram is initiated inserting the safety rods 23 and
25 at 1.0 s with constant velocity, the bottom position is reached at 11.0 s. The drop of control
rod group 21 is also started at 1.0 s with the same velocity.
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Figure 18: Core configuration and material distribution of VVER440 reactor.

Table 12: Cross section definition for the VVER440 reactor.

Material Group D¢ Zag VEfe 212
(cm) (em™) (em™) (em™)

1 —Fuel 1 1.3466e+0 8.3620e-3  4.4488e-3 1.6893e-2
2 3.7169e-1 6.4277e-2 7.3530e-2

2 — Fuel 1 1.3377e+0 8.7970e-3 5.5337e-3  1.5912e-2
2 3.6918e-1 7.9361e-2 1.0581le-1

3 —Fuel 1 1.3322e+0 9.4620e-3 7.0391e-3  1.4888e-2
2 3.6502e-1 1.0010e-1 1.4964e-1

4 — Absorber 1 1.1953e+0 1.3372e-2 0.0000e+0 2.2264e-2
2 1.9313e-1 1.3498e-1 0.0000e+0

5 - Radial Refl. 1 1.4485e+0 9.2200e-4 0.0000e+0 3.2262e-2
2 3.2839e-2  3.2839e-2  0.0000e+0

6 — Axial Refl. 1 1.3413e+0 2.1530e-3  0.0000e+0 2.7148e-2
2 2.4871e-1 6.4655e-2 0.0000e+0

Static results

Figure 19 shows the half radial plane of the neutronic power for 3D-VVER benchmark. Six rods
control are located hexagonally on the reactor, and additional rods control is located in the
center of the reactor. The maximum neutronic power is found at the boundary of the reactor,
near of the control rods. Figure 20 (a) and (b) show the double half-cut of the VVER440 3D
reactor with fast flux and thermal flux results, respectively. Four of seven control rods of the
benchmark are visible in the three-dimensional Figures. The maximum fast flux is found at
the boundary of the reactor, while the maximum thermal flux is much more homogeneous on
the reactor.
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Figure 19: Half radial plane of the neutronic power for VWVER440 3D reactor.

Table 13 shows the results obtained for the fundamental eigenvalue, k¢, using SP;, SP3
and SP5; approximations. Also, the number of DoFs is shown and the mean relative and
maximum relative difference for the axial power between both SP; & SP3 approximation and
SP5 approximation are displayed for the reactor configuration. kegr are in good agreement for
SPn approximations and equal to each other up to the hundredths number.

Figure 20: Fast flux (a) and Thermal flux (b) for VWVER440 3D reactor.

Table 13: Comparative results for VVER440 reactor.

SPy  DoFs ket  Akegr (pcm) & (%)  Emax
SP; 857882 1.01138 127 1.56  0.05
SP; 1715764 1.01261 4 0.04 0.00
SPs 2573646 1.01265 0
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Transient results

Figure 21 shows the total power evolution as a function of the time (s) for 12 axial planes of
fixed mesh and PARCS [21], where a strong rod-cusping effect is present in the computations.
The albedo factor was 0.4965 for this computation. The computations of transient using
13 axial planes (12 fixed and 1 moving) was performed to avoid the rod-cusping. Moving
mesh results are comparable to both PARCS code to 120 axial planes ant finite element result
with fixed mesh to 60 axial planes. The data results are performed along 4 second of total
computation time and 0.01 s of time iteration steps. The distribution of data presents a total
power maximum of 10 approximately for 1.6 s around of evolution time.
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Figure 21: Total power of fixed mesh for VVER440 3D reactor.
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