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a b s t r a c t

NTP-ERSN is a package developed for solving the multigroup form of the discrete ordinates, character-
istics and collision probability of the Boltzmann transport equation in one-dimensional cartesian ge-
ometry, by combining pin cells. In this work, C5G7 MOX benchmark is used to verify the accuracy and
efficiency of NTP-ERSN package, by treating reactor core problems without spatial homogenization. This
benchmark requires solutions in the form of normalized pin powers as well as the vectors and the
eigenvalue. All NTP-ERSN simulations are carried out with appropriate spatial and angular approxima-
tions. A good agreement between NTP-ERSN results with those obtained with OpenMC calculation code
for seven energy groups. In addition, our studies about angular and mesh refinements are carried out to
produce better quality solution. Moreover, NTP-ERSN GUI has also been updated and adapted to python 3
programming language.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The development of high fidelity transport calculation codes for
a precise prediction of the spatial and energy distribution of the
neutron flux is a necessity for the analysis of nuclear reactors with
geometric complexity and heterogeneity. Also, the construction
and general design of the neutron calculation code is based on
solving the neutron transport equation [1,2]. In the steady-state
hypothesis, this equation depends on the spatial variables, the
neutron energy and the angular direction [3], which makes its
analytical resolution only possible in limited cases. The application
of the Monte Carlo method is therefore necessary to obtain high
precision of calculation thanks to a large part of the computing
resources consumed [4], on the other hand, the application of
deterministic methods based on the discretization of space phase,
do not require a lot of computing resources.

The main deterministic methods include the discrete ordinate
method [2,5], the characteristics method [6], the first collision
probability method [7], the PN method [8] and the multigroup
).

by Elsevier Korea LLC. This is an
diffusion approximation [9] representing the simplest and most
widespread methods.

NTP-ERSN (Neutron Transport Package-Equipe Radiations et
Syst�emes Nucl�eaires), is an open-source code, developed at the
Abdelmalek Essaadi University, Tetouan, Morocco, written by
FORTRAN90 for educational purposes to solve the equation of
multi-group neutron transport in steady-state using a deterministic
approach [10]. This package is provided with a graphical user
interface to facilitate its use. This article focuses to model the fuel
assembly, fuel cells using NTP-ERSN package and the OpenMC code
[11], and the verification of the obtained physical parameters of the
reactor by comparing the two codes.

The three methods that have been implemented in NTP-ERSN
package, namely the collision probability (CP) method, the
discrete ordinate method (SN) and the characteristic method (MOC)
are used, then the OpenMC code was used using the multi-group
data of the effective sections proposed by Ref. [12].

The paper is built as follows. First, we present the modifications
to the C5G7 benchmark as well as the grid structure used. We
discuss the NTP-ERSN package with the interface and provide an
example to illustrate the methodology of using the package and
finally we compare the results obtained from the package with
those of the OpenMC code.
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Fig. 1. C5G7 benchmark definition.

Fig. 2. Assemblies composition.

Fig. 3. Pins composition. Material I is UO2 fuel, material II is 4:3% MOX, material III is
7:0% MOX, material IV is 8:7% MOX, material V is the fission chamber and material VI is
the guide tube.

Fig. 4. Pins com

Fig. 5. New conception of the NTP-ERSN
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2. Problem statement

A reactor corresponds to a one dimensional mixed oxide (MOX)
problem, derived from the C5G7 fuel assembly benchmark [12]. The
left side is the reflective boundary condition, and the right side is
the vacuum boundary condition. Materials from the left side to
right are MOX with different enrichments, UO2 and Moderator,
Fig. 1. Each assembly consists of 17 pins 1.26 cm wide. In order to
preserve the basic phyiscal properties of the C5G7 system while
passing from C5G7 2D to C5G7 1D, a more appropriate simplifica-
tion of the 2D benchmark geometry has been made by keeping the
volume fraction of fuel constant. To keep the same fuel fraction in
1D, the fuel should be approximately 0.727050 cm across, with
0.266475 cm of moderator on either side. The particular composi-
tion of each one of the assemblies can be found in Fig. 2 and the
pins composition is presented in Fig. 3. Seven energy group cross
sections for every material are taken from Ref. [12]. Due to the large
differences in energy spectrum among the various materials and
the strong leakage, it’s a good case for code NTP-ERSN [10] accuracy
verification.

In the first grid structure, each pin cell was built with fuel placed
in the middle and the moderator on either sides, then the fuel and
moderator domain was covered with a finer spatial mesh sets such
position.

software developed in this work.



Fig. 6. Inserting geometry data.

Fig. 7. Insertion of multi-group cross sections data.

M. Lahdour, T. El Bardouni, O. El Hajjaji et al. Nuclear Engineering and Technology 53 (2021) 1079e1087
as (A), (B), (C) and (D) of Fig. 4.
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Fig. 8. Geometry, flux and pin power visualization.

Fig. 9. Selected standard output for the URRb-H20a(IN)-2-0-SL benchmark.
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3. Presentation of the NTP-ERSN

NTP-ERSN [10] was developed as a versatile platform for
deploying new digital techniques and algorithms. NTP-ERSN was
created for educational purposes to solve the steady-state
1082
multigroup neutron transport equation using the probability of
collision (CP) method, the discrete ordinate method (SN) or the
characteristic method (MOC) in one-dimensional cartesian geom-
etry. This codewas developed usingmodern software development
standards to increase its value as a research and collaboration tool.
It is provided by a graphical user interface programmed by python 3
language as shown in Fig. 5.

The nuclear reactor cores are constructed as rectangular lat-
tices of assemblies, where each assembly is itself a lattice of fuel,
control, and instrumentation pins, surrounded by water or other
material that moderates neutron energy and carries away fission
heat. In this new version 1.2, the input file of the NTP-ERSN
package has been modified for two purposes, one to take ac-
count of the repeated structure in the lattice of assembly and core,
and the other, to simplify the overall process of writing input files
through instantiating the pin cells and using them to construct
assemblies as well reactor cores. In the Listing 1, we illustrate a
sample input file tutorial for the NTP-ERSN package, which uses a
single JSON name list for its input. This JSON input file contains a
simplest geometry model one can imagine: a finite heterogeneous
system consisting of two materials. Here, the materials consisting
of uranium and water are taken from the benchmark URRb-
H20a(IN)-2-0-SL [13]. The input data contain simulation param-
eters such as the definition of the geometry, the definition of the
macroscopic section data, the application of the boundary con-
dition to the external border of the geometry to make the system
finite or infinite, The NTP-ERSN/benchmarks/directory in the NTP-



Table 1
MOC results for one-dimensional C5G7 benchmark.

Polynomial order N Submesh Calculate keff aPercent error

SC 4 (A) 1.20675 0.02320
4 (B) 1.20682 0.02901
4 (C) 1.20433 0.17737
4 (D) 1.20332 0.26109

96 (A) 1.20976 0.27269
96 (B) 1.20983 0.27849
96 (C) 1.20755 0.08951
96 (D) 1.20648 0.00082

300 (A) 1.20990 0.28430
300 (B) 1.20991 0.28512
300 (C) 1.20763 0.09614
300 (D) 1.20656 0.00745

DD0 4 (A) 1.20599 0.03978
4 (B) 1.20422 0.18649
4 (C) 1.20349 0.24700
4 (D) 1.20331 0.26192

96 (A) 1.20743 0.07957
96 (B) 1.20695 0.03978
96 (C) 1.20656 0.00745
96 (D) 1.20644 0.00248

300 (A) 1.20769 0.10112
300 (B) 1.20702 0.04558
300 (C) 1.20664 0.01409
300 (D) 1.20651 0.00331
Transport Reference 1.20647 ± 3 pcm

a Percent error.¼ jcal � ref j � 100=ref

Table 2
SN results for one-dimensional C5G7 benchmark.

SN Submesh Calculate keff aPercent error

S4 (A) 1.20599 0.03978
S4 (B) 1.20422 0.18649
S4 (C) 1.20349 0.24700
S4 (D) 1.20326 0.26606

S96 (A) 1.20743 0.07957
S96 (B) 1.20695 0.03978
S96 (C) 1.20656 0.00745
S96 (D) 1.20644 0.00248

S300 (A) 1.20754 0.08868
S300 (B) 1.20702 0.04558
S300 (C) 1.20664 0.01409
S300 (D) 1.20651 0.00331
Transport Reference 1.20647 ± 3 pcm

a Percent error.¼ jcal � ref j � 100=ref

Table 3
CP results for one-dimensional C5G7 benchmark.

Submesh Calculate keff aPercent error

(A) 1.20982 0.27766
(B) 1.20988 0.28264
(C) 1.20760 0.09366
(D) 1.20677 0.02486
Transport Reference 1.20647 ± 3 pcm

a Percent error.¼ jcal � ref j � 100=ref

Fig. 10. C5G7 MOX benchmark modeled by NTP-ERSN package.
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ERSN folder includes a set of simple and complex examples of
package operation ranging from a single pin cell to the C5G7
reference problem. The NTP-ESRN package can also automatically
generate the input file without having a thorough knowledge of
the JSON syntax. Figs. 6 and 7 describe the important steps to



Fig. 11. Normalized scalar flux profiles by NTP-ERSN package solutions. Fig. 11a to g, correspond to normalized scalar flux profiles of energy group from 1 (fast energy group) to 7
(thermal energy group), respectively, and Fig. 11h corresponds to the normalized scalar total flux profile.
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generate the input file, which makes NTP-ERSN very easy to use.
The geometry visualizations are visible as soon as the input file is
finished, on the other hand, the flux and the pin power distribu-
tions can be visualized after a multigroup calculation as illustrated
in Fig. 8. Another advantage in this new version 1.2 of NTP-ERSN, it
allows users to launch the package from a command prompt in
Linux, without going through the graphical user interface. Its
execution is done after specifying the path to the location where
the input file was placed, this path must be written in the script.dir
file which is located in the NTP-ERSN/app/link/directory in the NTP-
ERSN folder, then, we place ourselves in the NTP-ERSN folder, then
we simply type python3 main.py or sh NTP-ERSN in the console to
launch the package as shown in Fig. 9. The NTP-ERSN version 1.2
package is published as open source software which can be found
here https://github.com/mohamedlahdour/NTP-ERSN.

Listing 1. Example NTP-ERSN package input file.
4. Validation of the NTP-ERSN

The reference solution including k-effective, scalar flux and
power distributions of the problem is given by the Monte Carlo
code OpenMC [11]. In order to obtain reliable reference results, we
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used 3000 cycles (including 500 inactive cycles) with 1000000
samplings particles for each cycle, which resulted in a statistical
error of less than 0:01% on the quantities calculated by OpenMC.
The benchmark solution is established by the CP, SN and MOC
method of the NTP-ERSN package, with different spatial mesh 3, 5,
10 and 20 in each pin cell (see Fig. 4) and different angular dis-
cretization 4, 96 and 300 only for the SN and MOC method. The
convergence criterion used in NTP-ERSN is 10�7 for the flux and
10�8 for the effective multiplication factor. Eq. (1) has been
implemented in the NTP-ERSN package to calculate the power
density distribution per pin, this power is defined as a weighted
sum of normalized neutron fluxes according to the most usual
criterion which is expressed in Eq. (2). The eigenvalue with the
percent error is summarized in Tables 1e3. The geometry visuali-
zation generated by NTP-ERSN and the normalized scalar flux re-
sults for all groups are shown in Fig. 10 and Fig. 11 respectively. To
assess the overall normalized pin power distribution, a direct
comparison of all pin powers of C5G7 benchmark between NTP-
ERSN and OpenMC is illustrated in Fig. 12 in the MOX assembly.

P¼
XG
g¼1

Sfgj4g j (1)

1
Vt

XG
g¼1

ð

U

Sfg j4gjdV ¼1 (2)

where P is the neutron power, g is the number of the neutron en-
ergy group, Sfg is the macroscopic fission cross-section for neutrons
in the gth group, Vt is the volume total and j4g j is the neutron flux
density group g normalized by Eq. (2). If values for Sfg are not
available, the NTP-ERSN use ngSfg in Eq. (1) instead with ng is the
average number of prompt neutrons per the induced fission event
for neutrons in the gth group. This approximation considers that ng
is constant for all the materials in the core and all energy groups.

Table 1, presents the comparison of MOC method based NTP-
ERSN results with OpenMC calculation results. We do not observe
a significant loss of accuracy when we run NTP-ERSN package with
Step Characteristic (SC) and Diamond Differencing approximation
schemes [14], especially for a very fine spatial and angular grid.
Another characteristic of SC and DD approximation schemes is that
when the spatial and angular discretization become finer, the nu-
merical results become more accurate. Similarly, as seen in Tables 2
and 3 which presents the SN method and CP method results which
compared with those obtained by OpenMC code respectively. The
differences between the multiplication factors decrease when the
spatial or angular discretization is increased.

From Tables 1e3, we have found that with the most refined
angular and spatial discretizations (N¼ 300, mesh(D)), the k-
effective percent error is less than 0:004% between the SN, MOC
methods and the OpenMC code. And it is less than 0:025% between
the CP method and OpenMC. As seen in Fig. 11, the NTP-ERSN code
provides highly accurate neutron flux profiles by applying a mesh
tally (D) for all methods and 300 discretization angles only for
either SN and MOC methods. The normalized maximum pin power
is 1.39891, 1.39855, 1.39844 and 1.39813 for OpenMC code and.

SN, MOC and CP methods, respectively, located in the MOX as-
sembly (Pin Cell 4) matching the reference location, with a
maximum relative error less than 0:056%. The normalized mini-
mum pin power is 0.62874, 0.62899, 0.62916 and 0.62966 for
OpenMC code and SN, MOC and CPmethods, respectively, located in
the UO2 assembly (Pin cell 33) matching the reference location,
with a maximum relative error of 0:146% (see Table 4). Therefore
the results of the NTP-ERSN are reliable and sufficiently weak,

https://github.com/mohamedlahdour/NTP-ERSN


Fig. 12. Normalized pin power distribution.

Table 4
NTP-ERSN calculation results for Pin Power.

Maximum
Value

Relative Error
½%�

Maximum
Position

Minimum
Value

Relative Error
½%�

Minimum
Position

OpenMC 1.39891 e 4 0.62874 e 33
SN 1.39855 0.026 4 0.62899 0.039 33
MOC 1.39844 0.034 4 0.62916 0.066 33
CP 1.39813 0.056 4 0.62966 0.146 33
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comparing results with those of OpenMC can be proved that the
theoretical derivation and development of the NTP-ERSN package
are correct.
5. Conclusions

In this article, we presented the Open Source NTP-ERSN pack-
age, including a graphical user interface and a suite of numerical
methods dedicated to the solution of the Boltzmann transport
equation based on deterministic methods. The package can also run
through a command prompt without using the graphical interface.
The verification of the NTP-ERSN package was implemented by
configuring the famous reference C5G7 benchmark in one-
dimensional cartesian geometry. The results confirm a remark-
able agreement and demonstrate that the physical and theoretical
implementation of NTP-ERSN can be considered as verified for
these types of benchmarks. The input file technology in JSON
format with assembly geometry and pin cell modeling makes this
package very easy and widely applicable in multi-group criticality
calculations and therefore suitable for comparative analysis of
other deterministic transport codes. In the future, we will extend
the package for criticality calculation in multi-dimensional
geometry.
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