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The aim of this study is to validate the reactor physics lattice transport code DRAGON5 and the Monte
Carlo code OpenMC by neutronic analysis of critical experiments of light water cores. In this work the
analysis of integral parameters of five light water reactor critical experiments TRX-1, TRX-2, BAPL-1,
BAPL-2, and BAPL-3 is achieved based on evaluated nuclear data library ENDF/B-VIL.1. BAPL and TRX
experiments provide experimental buckling and are suitable benchmark lattices for validating the deter-

_’lfg(w"rds" ministic reactor physics lattice transport code DRAGONS5 and the stochastic OpenMC code as well as eval-
BAPL uating nuclear data library. The integral parameters of the abovementioned critical experiments are

calculated using DRAGON5 and OpenMC codes. To assess our calculation scheme the calculated integral
parameters are compared to the measured values as well as the earlier published MCNP results based on
the Chinese evaluated nuclear data library CENDL-3.0. Our calculations led to results in good agreement

Critical experiments
Integral parameters
Code validation

DRAGONS5 with the experiment and the earlier MCNP calculation results. Therefore, this study reveals the potential
OpenMC validation of the reactor physics lattice transport code DRAGON5 and the Monte Carlo code OpenMC
ENDF/B-VIL1 using ENDF/B-VIL1 nuclear data library.

© 2019 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction validation of the results quality, especially when new nuclear data

are used.

The light water reactors (LWR) such as the 2 MW TRIGA Mark-II
research reactor are still an important component of modern reac-
tor fuel management strategies. A lot of effort was devoted in the
past to the development and to the validation of adequate neutron
transport calculation codes for design calculation of LWRs, and var-
ious accurate neutronic calculations were performed using specific
methods and nuclear data libraries. However, the frequent utiliza-
tion of the existing code systems for calculations of LWR configu-
rations requires a continuous and rigorous verification and
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OpenMC (version 0.10) and DRAGON5 provide open-source
implementations of stochastic and deterministic resolution tech-
niques of neutron transport equation, respectively. Both codes
are distributed by recognized North-American universities and
are currently used worldwide.

The computer code DRAGONS5 (Hébert, 2009; Marleau et al.,
2017) is widely used for core calculations of a wide variety of ther-
mal reactors. It consists of a transport code programmed by the
Institute of Nuclear Engineering of Polytechnique Montréal,
Canada. It is cell and assembly calculations software (Marleau
et al.,, 2017) used to solve the neutron transport equation using
the collision probability or characteristics methods. While the
Monte Carlo code OpenMC (Romano et al., 2015) is a Monte Carlo
particle transport simulation code focused on neutron calculations.
It is capable of simulating 3D models based on constructive solid
geometry with second-order surfaces.

Earlier studies performed by members of ERSN Laboratory of
University Abdelmalek Essaadi (EI Bakkari et al., 2010, 2013;
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Chham et al., 2016) have been focused on Monte Carlo modeling of
The Moroccan TRIGA MARK II reactor by use of MCNP code.

The aim of this study is to validate the reactor physics lattice
transport code DRAGON5 and the Monte Carlo code OpenMC by
TRX and BAPL critical experiments of light water reactors for future
neutronics analysis of 2 MW TRIGA Mark-II research reactor of
CENM, Rabat, Morocco.

2. Material and methods

In this study, the input files of TRX and BAPL benchmark lattices
of LWRs are modeled with DRAGON5 and OpenMC codes. The exper-
iments analyzed in this paper are water-moderated lattices of
slightly enriched (1.3 wt%) uranium metal rods (TRX-1 and TRX-2)
and water-moderated critical lattices of 1.311 wt% enriched ura-
nium oxide rods (BAPL-1 through BAPL-3). The calculations of inte-
gral parameters for TRX and BAPL benchmark lattices were carried
out using the evaluated nuclear data libraries ENDF/B-VII.1. The cal-
culated integral parameters were compared with the experimental
and MCNP results based on CENDL-3.0 library (Hongwei, 2007).

2.1. Codes description

Neutronic calculations are based on “Deterministic” and
“Stochastic” methods. In deterministic methods the transport
equation is solved as a differential equation (Hébert, 2009). In
stochastic methods such as Monte Carlo discrete particle histories
are tracked and averaged in a random walk directed by interaction
probabilities. Deterministic methods usually involve multi-group
approaches while Monte Carlo can work with continuous energy
cross-section libraries.

In this study, the reactor physics lattice transport code DRA-
GONS5 and the Monte Carlo OpenMC code were used in our valida-
tion study through TRX and BAPL critical experiments of light
water reactors.

2.1.1. DRAGON5

The computer code DRAGON5 (Marleau et al., 2017; Jai et al.,
2017) is an open-source code performed by the Institute of Nuclear
Engineering of Polytechnique Montréal, Canada. The lattice DRA-
GON code is designed as a collection of modules that can simulate
the neutron behavior of a unit cell or a fuel assembly in a nuclear
reactor. It includes all of the functionalities that characterize a
lattice cell code, namely: the interpolation of microscopic cross
sections supplied by means of standard libraries; the resonance
self-shielding calculations in multidimensional geometries; the
multigroup and multidimensional neutron flux calculations that
can take into account neutron leakage; the transport-transport or
transport-diffusion equivalence calculations as well as editing of
condensed and homogenized nuclear properties for reactor calcu-
lations; and finally, the isotopic depletion calculations.

2.1.2. OpenMC

OpenMC is a Monte Carlo particle transport simulation code
(Romano et al., 2015) focused on neutron criticality calculations.
It is capable of simulating 3D models based on constructive solid
geometry with second-order surfaces. OpenMC supports either
continuous-energy or multi-group transport. The continuous-
energy particle interaction data is based on a native HDF5 format
that can be generated from ACE files used by the MCNP and Ser-
pent Monte Carlo codes. The actual nuclear data library adopted
by OpenMC code is based on ENDF/B-VII.1 and provided by NNDC
in ACE format (NNDC, 2011).

OpenMC was originally developed by members of the Computa-
tional Reactor Physics Group at the Massachusetts Institute of

Fig. 1. Cross-section of pin cell and the core with 764 rods of TRX-1 modeled by
DRAGONS.

Technology starting in 2011. In the present work, we used
ERSN-OpenMC, which is a Graphical User Interface for OpenMC
(El Bakkali et al., 2014).

2.2. Description of benchmark experiments TRX and BAPL

In this paper, two thermal reactor benchmark cases, TRX and
BAPL, from the Cross Section Working Group Benchmark
Specifications (CSEWG) were used (CSEWG, 1986).

TRX experiments consist of two H,O moderated lattices TRX-1
and TRX-2 of slightly enriched (Hardy, 1970) (1.3 wt%) uranium
metal rods in a triangular pattern, with diameters of 0.98297 cm.
Moreover, we treat the benchmark cores and Pin cell of TRX
(Kobayashi and Zukeran, 1995; Okumura and Mori, 2003), cores
which are consisting of 764 and 578 fuel rods for TRX-1 and
TRX-2, respectively. A cross-section of a pin cell and full core of
TRX is shown in Fig. 1.

BAPL experiments are three H,O moderated lattices BAPL-1,
BAPL-2, and BAPL-3 of slightly enriched (Hellens et al., 1964)
(1.311 wt%) uranium oxide rods with diameters of 0.9728 cm in a
triangular pattern. Measured lattice parameters include p28, §%°,
8?8, and C (definitions are given in Section 3). These lattices
directly test the U-235 resonance fission integral and thermal fis-
sion cross section. They also test U-238 shielded resonance capture
and the thermal capture cross section. They are sensitive to the
U-238 fast fission cross-section, U-238 inelastic scattering, and
the U-235 fission spectrum.

2.3. Description of materials and geometry of TRX and BAPL
benchmarks

Tables 1 and 2 give the useful material and geometry character-
istics of TRX (Brown et al., 1958) and BAPL (Hellens et al., 1964),
respectively.

Table 1
Materials and geometry summary of TRX (Brown et al., 1958).

Pitch (cm) TRX-1: 1.8060, 764 rods (hexagonal)
TRX-2: 2.1740, 578 rods (hexagonal)
Water/fuel volume ratio TRX-1: 2.35
TRX-2: 4.02
Moderator H,0

Fuel material

Fuel Isotopic Concentration
(10%* Atoms/cm?) U-238: 0.047205

Radius of fuel rods (cm) 0.4915

Clad material Al

U (1.3 w% enrichment)
U-235: 0.0006253

Clad Isotopic Concentration Al: 0.06025
(10%* Atoms/cm>)

Outer radius of clad (cm) 0.5753

Thickness of clad (cm) 0.0711

Temperature (all components) (K) 293.0
Experimental buckling B? (cm~2) TRX-1: 0.0057 +0.0001
TRX-2: 0.005469 + 0.000036




H. El Yaakoubi et al./Journal of King Saud University - Science 31 (2019) 1271-1275 1273

Table 2
Materials and geometry summary of BAPL (Hellens et al., 1964).

Pitch (cm) BAPL-1: 1.5578 (hexagonal)
BAPL-2: 1.6523 (hexagonal)

BAPL-3: 1.8057 (hexagonal)

Water/fuel volume.ratio BAPL-1: 1.43
BAPL-2: 1.78
BAPL-3: 2.40

Moderator H,0

Fuel material
Fuel Isotopic Concentration (10?4 Atoms/cm?)

UO; (1.311 w% enrichment)
0: 0.046946

U-235: 0.0003112

U-238: 0.023127

Radius of fuel rods (cm) 0.4864

Clad material Al

Clad Isotopic Concentration (10% Atoms/cm®)  Al: 0.06025
Outer radius of clad (cm) 0.5753
Thickness of clad (cm) 0.0711

Temperature (all components) (K) 293.0

Experimental buckling B? (cm—2) BAPL-1:
0.003259 £ 0.000015
BAPL-2:
0.003347 £ 0.000015
BAPL-3:
0.003422 +0.000013

3. Integral parameters calculations

Results of original works on TRX and BAPL lattices are provided
with experimental buckling values. These values are needed in
DRAGON5 computing code to perform leakage calculation and
model the finite medium. The OpenMC (version 0.10) Monte Carlo
code is not designed to handle buckling during simulation. In this
work we have used the experimental buckling values of TRX
benchmarks to deduce the effective multiplication factors Keg from
infinite cell calculations. The absorption, fission, and total capture
reaction rates for U-235 and U-238 isotopes are calculated at room
temperature of 293 K, in the thermal and epithermal energy ranges
using the codes DRAGONS5 and OpenMC. The thermal cutoff energy
in our calculations is set to 0.625 eV. For both codes neutron cross
sections are processed based on the ENDF/B-VIIL.1 evaluated data
file.

The integral parameters analyzed in this study are given by the
following equations (Sher and Fiarman, 1976) are the effective
multiplication factor and the spectral indices:

Kegr = finite medium effective multiplication factor
p?8 = Ratio of epithermal to thermal 23U captures
= (Z)Bml(ZIE = (Za — Z0pn/(Za — Zo)in

%% = Ratio of epithermal to thermal 2*°U fission
= (2Bl (SO
528 = Ratio of 238U fission to 23U fission
=(ZH®(=h>
C = Ratio of 2*%U captures to 2*°U fission
=(ZO*®(=h*

- (S EhP (i

3.1. DRAGONS calculations

The TRX and BAPL benchmark lattices were modeled by DRA-
GON5 code explicitly in two-dimensional hexagonal geometry
with reflective boundary condition. The maximum details of
benchmark specifications are taken into account. The neutron
transport equation resolution is performed in 2D geometry using
the collision probability method (CP) (Hébert, 2009; Marleau
et al,, 2017) and invoking the self-shielding model implemented
in DRAGON5 code. Various advanced self-shielding models are
provided by the code. They are based on two main approaches:

equivalence in dilution or subgroup models. In this study we
restricted our calculations to use of self-shielding calculations
based on equivalence in dilution model provided by SHI module
of DRAGONS5 code. Finally, as TRX and BAPL benchmarks are pro-
viding experimental buckling values, it is suitable to run calcula-
tions using a fixed buckling with k-infinite as the eigenvalue
(type K). The resulting flux obtained using the 172 energy-groups
library based on ENDF/B-VIL.1 is used to calculate reaction rates
defining the above spectral indices.

3.2. OpenMC calculations

Monte Carlo calculation of neutron flux and integral parameters
is performed by means of our 3D model of the TRX and BAPL lat-
tices. The OpenMC models are detailed as much as possible to min-
imize the effect of geometry and materials data uncertainties. To
provide effective multiplication factors with statistical errors
around 2 pcm, calculations were conducted in eigenvalue mode
simulating a set of 2300 batches; in each batch 1,000,000 neutrons
are tracked. In order to ensure the fission source convergence, we
discarded 300 batches. Hence, all the reactions rates are obtained
with relative statistical errors in the range 0.003%-0.005%. Contin-
uous energy neutron data library based on ENDF/B-VII.1 were used
in all Monte Carlo calculations.

4. Results and discussions

The integral parameters for TRX and BAPL thermal benchmark
lattices are calculated using DRAGON5 and OpenMC codes. The
obtained results are summarized in Tables 3-5. For each bench-
mark lattice, the measured (CSEWG, 1986) and MCNP (Hongwei,
2007) calculated values as well as our calculated integral parame-
ters are given. The associated relative deviation of calculated val-
ues from experiment are also provided.

In comparison to the experiment results it is found that the cal-
culated effective multiplication factors keg for TRX and BAPL lat-
tices using the ENDF-B/VIL.1 data library are generally in good
agreement with experimental values. Nevertheless, the maximum
uncertainty in Kegs was 0.47% for BAPL-1 obtained by DRAGONS5 and
0.2% for TRX2 obtained by OpenMC in the case of full core simula-
tion. In most TRX cases, pin cell and core calculated values of the
remaining integral parameters show feeble errors compared to
the measured values. These errors remain less than 4% for calcula-
tions achieved by DRAGON5 and 6% in the case of OpenMC
calculations.

In the case of BAPL-2 and BAPL-3 OpenMC calculation slightly
underestimates the values of 5%°> and 528 when compared to exper-
iment and DRAGONS5 calculated values. Nevertheless, similar
behavior of these two parameters is seen in values calculated using
MCNP (Hongwei, 2007). Since the measurements of parameter C’
are not available for BAPL lattices, the comparison was done with
values obtained by MCNP code of reference (Hongwei, 2007). The
relative differences to experiment in the results based on ENDF/
B-VIL.1 evaluated data library by DRAGON5 and OpenMC codes
are relatively improved.

Most of the DRAGONS5 calculated parameters are within the
uncertainty interval of the experiment results; Monte Carlo simu-
lations relative errors to experiment remain in some cases higher
than experimental uncertainties. Generally the obtained results
indicate that the calculation schemes based on DRAGON5 and
OpenMC codes and ENDF/B-VII.1 data file are reliable for the neu-
tronics analysis of thermal reactors. So, this work could be an
important contribution to basing future more extensive neutronic
calculations of light water reactors especially the analysis of the
Moroccan TRIGA MARK-II reactor.
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Table 3
Integral parameters calculated by DRAGON5 and OpenMC for TRX pin cell.
Lattice Integral Experimental® (CSEWG) MCNP* (CENDL-3.0) DRAGONS5® OpenMC*
parameter (CSEWG, 1986) (Hongwei, 2007) (ENDF-B/VIL.1) (ENDF-B/VIL1)
TRX-1 Ker 1.0000(0.30) 0.9975(-0.25) 0.9988(—0.12) 1.0024(0.24)
p?8 1.3200(1.60) 1.3608(3.09) 1.3600(3.03) 1.2900(-1.53)
52° 0.0987(1.00) 0.0980(—0.71) 0.0954(—3.34) 0.0945(—4.25)
528 0.0946(4.30) 0.0962(1.69) 0.0965(2.01) 0.0893(—5.49)
- 0.7970(1.00) 0.7922(-0.60) 0.7930(—0.50) 0.7740(—2.84)
TRX-2 Kefr 1.0000(0.10) 0.9982(-0.18) 0.9991(-0.09) 1.0019(0.19)
p%8 0.8370(1.90) 0.8530(1.91) 0.8700(3.94) 0.8150(—2.58)
5%° 0.0614(1.30) 0.0620(0.98) 0.0590(—3.90) 0.0582(—5.21)
528 0.0693(5.10) 0.0681(—1.73) 0.0709(2.30) 0.0654(5.98)
- 0.6470(0.93) 0.6387(—1.28) 0.6470(0.00) 0.6270(3.08)
$ Values in brackets are relative measurement uncertainties in %.
& The relative difference from measurement = [(calculated — experimental)/experimental] * 100 in %.
Table 4
Integral parameters calculated by DRAGON5 and OpenMC for TRX full core.
Lattice Integral Experimental® (CSEWG) MCNP® (CENDL-3.0) DRAGON5* OpenMC*
parameter (CSEWG, 1986) (Hongwei, 2007) (ENDF-B/VIL.1) (ENDF-B/VIL1)
TRX-1 Kefr 1.0000(0.30) 0.9975(-0.25) 0.9991(-0.09) 0.9981(-0.18)
p%8 1.3200(1.60) 1.3608(3.09) 1.3540(2.57) 1.2600(—4.10)
52° 0.0987(1.00) 0.0980(—0.71) 0.0968(—1.92) 0.0910(—7.80)
528 0.0946(4.30) 0.0962(1.69) 0.0921(—2.64) 0.0935(-1.16)
c 0.7970(1.00) 0.7922(-0.60) 0.8000(0.37) 0.7670(3.75)
TRX-2 Kesr 1.000(0.10) 0.9982(-0.18) 1.0004(0.04) 0.9979(0.20)
p%8 0.8370(1.90) 0.8530(1.91) 0.8310(-0.71) 0.8010(—4.27)
5%° 0.0614(1.30) 0.0620(0.98) 0.0591(—3.74) 0.0569(—7.26)
528 0.0693(5.10) 0.0681(—1.73) 0.0706(1.87) 0.0683(—1.30)
c 0.6470(0.93) 0.6387(—1.28) 0.6510(0.61) 0.6220(—3.78)
$ Values in brackets are relative measurement uncertainties in %.
& In brackets: the relative difference from measurement = [(calculated — experimental)/experimental] * 100 in %.
Table 5
Integral parameters calculated by DRAGON5 and OpenMC for BAPL.
Lattice Integral parameter Experimental® (CSEWG) MCNP* (CENDL-3.0) DRAGON5® OpenMC*
(CSEWG, 1986) (Hongwei, 2007) (ENDF-B/VIL1) (ENDF-B/VIL1)
BAPL-1 Ker 1.0000(0.10) 1.0023(0.23) 0.9953(-0.47) 1.0017(0.17)
p28 1.3900(0.72) 1.3923(0.16) 1.4600(5.03) 1.3660(—1.68)
52° 0.0840(2.40) 0.0820(—2.39) 0.0820(—2.38) 0.0799(—4.78)
528 0.0780(5.10) 0.0736(—5.61) 0.0769(—1.41) 0.0707(—9.36)
c - 0.7972 0.8190 0.7890
BAPL-2 Ker 1.0000(0.10) 1.0021(0.21) 1.0040(0.40) 1.0012(0.12)
p%8 1.1200(0.89) 1.1602(3.59) 1.1900(6.25) 1.1380(1.64)
52° 0.0680(1.50) 0.0669(—1.61) 0.0678(—0.29) 0.0652(—4.16)
528 0.0700(5.70) 0.0633(-9.57) 0.0704(0.57) 0.0635(-9.27)
c - 0.7274 0.6500 0.7210
BAPL-3 Kot 1.0000(0.10) 1.0021(0.21) 1.0010(0.10) 1.0004(0.04)
p*® 0.9060(1.10) 0.9130(0.77) 0.9320(2.86) 0.8930(—-1.36)
5%° 0.0520(1.90) 0.0515(—0.96) 0.0511(-1.73) 0.0508(—2.30)
528 0.0570(5.30) 0.0518(-9.12) 0.0548(—3.85) 0.0520(—8.76)
c - 0.6511 0.6580 0.6480

$ Values in brackets are relative measurement uncertainties in %.

& The relative difference from measurement = [(calculated — experimental)/experimental] * 100 in %.

5. Conclusion

In the present analysis, the critical experiments TRX and BAPL
were studied for validating the deterministic DRAGON5 and the
stochastic OpenMC codes as well as the nuclear data library
ENDF/B-VII.1. By comparing the calculated results with experiment
as well as earlier published MCNP values, it was found that the
results of integral parameters show no significant differences
between DRAGONS5 and OpenMC. This reflects that the benchmark
models developed by the two codes were good in predicting the
integral parameters of TRX and BAPL benchmark lattices of light
water reactors. The slight difference between the calculated results

is due to the different solution methods of each code with its asso-
ciated nuclear data. Therefore, this analysis validates the lattice
transport code DRAGON5 and Monte Carlo code OpenMC, and it
will be reliable to develop calculation scheme and nuclear data
for further neutronic analysis of the 2 MW TRIGA MARK-II research
reactor of Morocco.
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