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Abstract: Nigerian Research Reactor
(NIRR-1) is a tank-in-pool Miniature
Neutron Source (MNRS) reactor type that
originally uses 90.3% enriched UAIls-Al
which is a highly enriched uranium fuel as
the source of neutron. The recent
conversion of this reactor core to low-
enriched uranium with 13% enriched UO>
may significantly affect many neutronics
behavior in the core and hence power
output. Hence, the need to investigate the
likely changes in the neutronic parameters
that the fuel replacement may cause. This
study investigates the static neutronic
behavior in the reactor core lattice
arrangement  and  reactor  power
distribution using “Serpent” Monte Carlo
reactor Physics burnup simulation code
module computations which include multi-
group diffusion and flux-power reactivity
equation for ke eigenvalue and diffusion
solution respectively were carried out to
determine the effect of lattice geometry and
mesh on the power distribution in the core.
The result shows that the power
distribution is slightly affected by the
macroscopic group constant, heat transfer,
fluid temperature, coolant density and
fission reaction stability. The
computational results of power distribution
in arrayed fuel core and power distribution
per neutron energy generated in the reactor
indicate a uniform distribution. The result
is important in determining the effect of fuel
change and core configuration and in the
overall operational safety of the reactor.
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1.0 Introduction

Nigerian Research Reactor- 1 (NIRR-1) is
a miniature neutron source reactor (MNSR)
type with a nominal thermal power of 30
kW under steady-state conditions (Jonah et
al, 2012). It is designed by the China
Institute of Atomic Energy (CIAE). The
reactor achieved its first criticality on 3
February 2004 and has been utilized for
Neutron Activation Analysis (NAA) and
limited radioisotope production for over 15
years (Balogun et al., 2005, Jonah etal.,
2005, Jonah et al., 2006). It is filled with
about 1.4 kg low enriched Uranium (LEU)
and has a limited core excess reactivity of
3.94 mK measured during onsite zero
power and criticality experiments (SAR,
2021). The reactor can operate at full power
for a maximum of 3 hours mainly due to its
large negative temperature feedback
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effects. Its design was tanked in the pool
with 347 active fuels 3 dummy elements
and 4 tie rods arranged in 11 concentric
circular arrays as its core. The reactor core
is surrounded by a beryllium reflector of 10
cm thickness. The major work of the
beryllium reflector is to reduce the
reactivity interference of irradiated samples
and neutrons (Jonah, 2011). The inner and
outer irradiation channels of NIRR-1 are
located in and just after the beryllium
reflectors (Aliyu et al., 2017). As built fuel
of NIRR-1 is 13% enriched UO; clad in
zircology.

Neutron  thermalization/moderation s
achieved by the light water as a coolant and
moderator. Detailed description of NIRR-1
facility has been reported elsewhere
(Ahmed et al., 2002, Balogun, 2003, Jonah
et al., 2006). Heat removal from the core of
this reactor is achieved by water
recirculation and natural convection. The
coolant flow is at transitional state from
laminar to turbulent. The characteristic of
the coolant circulation was ascertained in
the study by (Guo, 1983, Shi, 1990) and
thermal hydraulics simulation tests (Zhang,
1984).

Previous literature (Ahmed et al., 2008;
Balogun, 2003) indicate that fuel power
distribution in the fuel lattice depends on
the types and properties of the fuel material,
control rod responses and reactivity
compensation. It was also noted that reactor
core assembly affects power distribution
under the influence of moderator type,
metallic reflectors and low critical mass
(Ahmed et al., 2011; Yahaya et al., 2017).
The reactor criticality and power output is
determined by the effective multiplication
factor (Kegr). In the analysis of reactivity-
initiated accidents (Musa, 2023), it is noted
that the NIRR-1 core becomes prompt
critical when the inserted reactivity is larger
than the delayed neutron fraction. This
effect caused energy deposition in the core

to rise rapidly until the negative fuel
temperature feedback terminated the rise in
the energy within a tenth few of a few
seconds. The energy produced increased at
an exponential rate with a corresponding
incease in the reactor power (Musa, 2023).
Nuclear reactor cores are hexagonal or
rectangular lattices of fuel pins assemblies,
where each assembly is itself a lattice of
fuel, control, and instrumentation pins,
surrounded by moderator material that
moderates fission neutron energy and
carries away heat (Timothy and Jain, 2012).
Fuel pins are normally cylindrical and
contain uranium-based fuel, absorbing
material for controlling the nuclear chain
reaction, or instrumentation. Assemblies
vary from one reactor to another depending
on the degree of enrichment in the fuel
material, type and function of the control
rod, or other parameters (Timothy and Jain,
2012).

The study presented is focused on the
simulation of NIRR-1 lattice geometry and
mesh to determine their effects on power
distribution. A low-enriched uranium fuel
(UOy) is used in the study. The SERPENT
model employed in the study used actual
reactor and fuel design data to simulate the
scenarios. The obtained results are
benchmarked using the NEA nuclear data.
The following section of this paper
describes the theory of fission chain
reactions applied to nuclear reactors, the
code used in the simulation and the
calculation setup. The results obtained for
the power distribution are presented and
discussed in the last section.

2.0 Theory of fission chain reaction

Nuclear reactors work on the principle of
fission reactions. Fission reaction isa chain
reaction induced by neutrons in heavy
nuclei like Uranium which results in the
production of lighter nuclides and more
neutrons. The reaction is accompanied by
the release of energy of about 200 MeV per
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event. The neutrons emitted by the fission
nuclei can be used to induce more fission
reactions that may result in inducing a
chain of fission events. The chain reaction
can quantitatively be described in terms of
multiplication factor (k) which is defined as
the ratio of number of fission neutrons in
one generation to the number of fission
neutrons in the preceding generation. The k
for theoretical infinite reactor is expressed
in Equation 1 as (John and Anthony, 2001;
James and Louis, 1976)

ko = -2 (1)

NrpG
where nrg is the number of fission neutron

in generation , nepg is the number of fission
neutron in preceding generation.

If k is greater than 1, it means that the
fission neutrons are increasing from one
generation to another and the energy
released by the fission reaction is
increasing with time. The reactor is said to
operate at the supercritical level. When k is
less than 1, the fission neutrons decrease
with time and the reaction is said to be
subcritical. However, if k equates to 1, then
the reaction proceeds at a constant rate
which means that energy is released at a
steady level and the reaction is said to be
critical (James and Louis, 1976). Nuclear
reactors are designed to operate at a critical
level. This is achieved by choosing a
particular reactor material composition and
configuration, and then readjusting the k
value until is unity (John and Anthony,
2001).

Equation 1 will lead to oversimplification
when considering a finite reactor, in which
some of the neutrons are lost from the
system through leakage or absorbed in non-
productive capture. Therefore, an effective
multiplication factor is proposed to
describe the state of criticality. The
effective multiplication factor (Kkeg) IS
expressed in Equation 2 (John and
Anthony, 2001; Shannon, 2018):

eff = % (2)

where P(t) is the rate of neutron production
in the reactor and L(t) is the rate of neutron
loss (absorbed and captured) in the reactor.
The production and the loss rates will
change with time due to fuel consumption.
The neutron lifetime (I) is defined by
Equation 3.

— N@®

where N(t) is the total neutron population in
the reactor at a time t and L(t) is the rate of
neutron loss. Equation 3 is important in
studying the neutron population behaviour
in a reactor (John and Anthony, 2001). The
neutron population at any time t, assuming
an initial number of neutrons (N,) in the
reactor at time t = 0 is given by Equation 4.

N(t) = Ngexp [(%) t] 4)
Equation 4 indicates that the growth or
decay of the neutron population in a nuclear
reactor is an exponential growth law. The
reactor period T which is expressed in
Equation 5 (John and Anthony, 2001).

1

Equation 5 shows that as the
multiplication factor reaches unity, the
reactor period T approaches infinity which
corresponds to reactor power or time-
independent neutron population. The value
of k will determine whether the reaction is
controllable or not and hence the power
output.

The reactivity, p which is the measure of
the deviation of the reactor from the critical
level is expressed as Equation 6 (Shannon,
2018).

A positive reactivity indicates a supercritical
reactor a zero reactivity indicates a critical
reactor, and a negative reactivity indicates a
subcritical reactor (Shannon, 2018). The
temperature coefficients of reactivity a,
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which characterises the reactivity feedback
due to variation in temperature T of the core
is given by Equation 7 (James and Louis,
1976).

_ ap
aT=Zjaj=Zja_Tj (7)
The above equation describes the effect of
temperature feedback on reactor stability.
For reactors with a positive ay, the increase
in temperature would cause an increase in
reactivity (p) and hence the power output.
In this case, the reactor would be unstable
with respect to the variation in temperature.
However, if the reactor possesses negative
ar, then it is clear that an increase in
temperature would cause a decrease in
reactivity and hence a decrease in the
reactor power which tends to stabilise the
reactor power (James and Louis, 1976).
Thermal process in the core are
characterised by different time behaviours.
It is observed that the temperature response
changes in the reactor is rapid to any
change in power level but it takes an
appreciable amount of time to transfer this
thermal energy to the coolant which means
the temperature response of the coolant is
much slower compared to that of core.

3.0 Materials and Methods
3.1 Simulation condition set-up

Serpent code was used to calculate single
assembly lattice physics data and
homogenized few-group cross-section data
that are used in the study. It is a Monte
Carlo transport code designed for a reactor
core calculation. It was written in an ANSI-
C programming language and operated on
a Linux environment. The source code of
this software was compiled to runs using
GNU Make utility files. Whereby, all
execution commands or operational
assignments for running a nuclear reactor
simulation programs used to request a
higher computational system of the highest
order capacity. Thereafter, it produced a
graphical output solution of the simulation
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with an open-source GD graphics library.
Finally, the study used 'sss’ as an
executable command to runs the input file
that were successfully compiled. All output
for this nuclear reactor analysis, modelling
and simulation were extracted using an
OCTAVE platform. Technically, this code
performed all of the intended neutronics
analysis. The code required only to know
the location of the input file that contained
all the necessary information about NIRR-
1 specification. These specifications
include the description of the specific
geometry, cladding, fuel materials, and
source neutron population of the reactor.
The choice of the cross-section library was
necessary for all calculations to be
completed noted in the present study and
earlier study by (Leppénen, 2009). The
input to the generic reactor was done on a
10 cm scale. The geometry simulation was
made on a 1m grid cell, which is a typical
node size for SERPENT usage. Detailed
description, formulation theories and
calculations of SERPENT are described
elsewhere (Leppnen, 2016; Leppnen et al.,
2013; Leppnen and Isotalo, 2012).

3.2 Programming aspect of the simulation

The fuels of the Nigeria Research reactor
are arranged in a circular form of eleven
concentric cycles as shown in Figure 1 (a).
The fuel elements are all enriched uranium
alloy extrusion clad with aluminum. They
are arranged in ten multi-concentric circle
layers at a pitch distance of 10.95 mm. The
analysis the original design of the NIRR-1
reactor was adopted in designing our inputs
program and different approaches in
simulating the reactor was followed for
consideration and justification purpose.
These elemental components used as the
nuclear fuel models for core conversion
were selected from the software. The core
of the reactor with 350 lattice positions and
374 fuel elements were modelled as
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accurately as possible in the SERPENT
code as shown in Figure 1 (b). The size of
the computational domain for the reactor
core was 230 mm x 230 mm x 230 mm
which gives a total number of 12167000

()

cell control volume and this is the typical
size of the NIRR-1 reactor core. The model
is used to simulate input and output data for
analysis.

(b)

Figure 1: Models developed for NIRR-1 (a) Original NIRR-1 array fuel core
(b)Serpent 1.1.7 NIRR-1 lattice in arrayed fuel core

4.0 Results and Discussions

The power distribution in arrayed fuel core
of the reactor is presented in Figure 2. The
figure indicates a uniform neutron flux in
the lattice region and hence uniform power
distribution. It should be noted that in each
nuclear reactor, there is a direct
proportionality between the neutron flux
and the reactor thermal power. It is
therefore essential to maintained a balance
between the rate of heat generation and
removal to prevent the temperature rise and
power surge which if not checked could
lead to the melting of the fuel and result in
the failure of reactor core and other
structural materials. The heat removal in
the reactor is maintained by reactor safety
systems including control rod and coolant.
In reactor physics, the thermal hydraulics
of nuclear reactors described the concept
involving the coupling of heat transfer and
fluid dynamics to accomplish the desired
heat removal rate from the core under both
normal  operation and  accidental
conditions. It should be mentioned here that
the analysis indicates a slight change in
power distribution with the change in
macroscopic  group constant, coolant

density and temperature, heat transfer,
fission reaction stability and the response of
the control rod. In most cases, there is a
direct  relationship  between  these
parameters and the core power distribution
and output in line to theoretical prediction.
The response of the control rod was
observed to be directly related to reactor
start-up, shutdown, reactivity
compensation and power regulation.

Fig. 2: NIRR-1 power distribution in
arrayed fuel core
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In Fig.3, a spectrum of the power
distribution per neutron energy generated
by the NIRR-1 reactor with the low-
enriched uranium fuel is depicted. The
figure showed an interesting and good
distribution of power for all the lattices in
agreement with the power distribution
shown in Figure 2. The central dark blue
colour region of the spectrum indicated that
the power in the core region is evenly
distributed. Even though a control rod is
within this region and is essentially
responsible for controlling the power and
the flux in a symmetrical form. The results
indicate that the reactor work normally with
the criticality label, which is numerically
one. The subsequent variations in colour
that it to say as the intensity of the blue
colour reduces or becomes pale indicated
the radial movement of the neutron in the
lattices. Moreover, the spectrum shows that
the insertion of the control rod into the core
centre of the NIRR-1 reactor and its
desertion out of it was excellent. In

addition, the spectrum shows that the
reactor can accept to use or operate with un-
irradiated low enriched uranium fuel for it
started up long period operation and shut
down as well. The spectrum gave a good
view and remained the same under all
ranges of neutron energy which implies that
the reactor can efficiently work even at very
low neutron populations. By good choice of
neutron source number and subcritical
multiplication  process, the nuclear
instrument would be able to monitor and
detect the neutron populations throughout
the reactor's operational period. Therefore,
this was done here in this study. Indeed, in
this analysis neutron source installation
was done appropriately which is why the
power distribution was successfully
achieved and controlled. The
uncontrollable reactor power distribution
would raise the temperature of the reactor
and also lead to a criticality problem that
cannot be detected or controlled with just
rod withdrawal.

POWDISTR10
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power distrbution in lattice
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Fig. 3: Spectrum of the power distribution per neutron energy
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The outline border between each two
colours, grid boxes and pixel meshes is
referred as the waiting period between
every time the rods were incrementally
withdrawn. At each waiting period, the
neutron population were increased through
subcritical multiplication. On this basis and
with a sufficient magnitude of the source
neutron with less than one value of the Kes,
the chain reaction is automatically
sustained even if are not self-sustainable.
Therefore, the leaked out and neutron lost
through absorption were fully
compensated. Moreover, the NIRR-1 was
designed as a thermal reactor, which used
water as its moderator and reflector as well
but it caused no effect on this chosen fuel
material chemically. Predictably, the power
distribution ~ shows  uniformity  in
temperature, fuel depletion good neutron
flux shaping and choice of poisons.

4.0 Conclusion

The NIRR-1 reactor core lattice was modelled
and simulated using Monte Carlo neutron
transport code called Serpent. The analysis
shows that there is a uniform power distribution
across the core of reactor with the same
symmetrical effect. The results of power
distribution in arrayed fuel core and
spectrum of the power distribution per
neutron energy agrees closely with one
another by showing a uniform power
distribution. Indeed, the output of the reactor
operation was reasonable even with low energy
hence neutron population agrees with the
choice of our neutron source and the operable
multiplication factor.

50  Acknowledgement

We acknowledged the financial support to
the postgraduate studentship of the first
author by the Tertiary Education Trust
Fund (TETFund). Research facilities used
at Universiti Teknologi Malaysia and
support grant are greatly acknowledged.

6.0  References

Ahmed, Y. A., Ewa, I.0.B. & Umar, I.M.
(2002). Effective resonance energy
and non-ideality of epithermal neutron
flux distribution in neutron activation
analysis.  Nigerian  Journal  of
Physics, 14, 1, pp. 82-85.

Ahmed, Y. A., Balogun, G. 1., Jonah, S.A.
& Funtua, I.1. (2008). The behavior of
reactor power and flux resulting from
changes in core-coolant temperature
for a miniature neutron source reactor.
Annals of Nuclear Energy. 35, 12, pp.
2417-2419.

Ahmed, Y. A., Mansir, I. B., Yusuf, I.,
Balogun, G. I. & Jonah, S.A. (2011).
Effects of core excess reactivity and
coolant average temperature on
maximum operable time of NIRR-1
miniature neutron source reactor.
Nuclear Engineering and Design.
241, 5, pp. 1559-1564.

Aliyu, U., Hamzah, K., Sadiqg, U. &Sunday,
JA. (2017). Slant tube
characterization for the
implementation of ko - standardization
in  Nigerian Reseach Reactor-1.
Malaysian Journal of Fundamental
and Applied Sciences. 13, 2, pp. 95—
99.

Balogun, G. I. (2003). Automating some
analysis and design calculations of

miniature neutron source reactor at
CERT (I). Annals of Nuclear Energy.
30, pp. 1-92.

Balogun, G.I., Jonah, S. A. & Umar, I. M.
(2005). Measures Aimed at Enhancing
Safe Operation of the Nigeria
Research Reactor-1 (NIRR-1).
International conference on the
operational safety performance in
nuclear installations; Vienna
(Austria); 30 Nov- 2 Dec 2005; IAEA-
CN-133/19.

Guo, Z. (1983). Physical calculations for
commercial MNSR. CIAE Technical



Communication in Physical Sciences, 2023, 10(1): 100-108

Report.

James J.D, & Louis J. (1976). Nuclear
Reactor Analysis. Michigan: JOHN
WILEY & SONS, Inc.

John R. L. & Antoni J. (2001). Introduction
to Nuclear Engineering. New
Jersey: Prentice Hall.

Jonah, S. A. Umar, I. M., Oladipo, M. O.
A., Balogun, G. 1. & Adeyemo, D.J.
(2006). Standardization of NIRR-1
irradiation and counting facilities for
instrumental ~ neutron  activation
analysis. Applied Radiation and
Isotopes, 64, pp. 818-822.

Jonah, S.A. (2011). Measured and
simulated reactivity insertion
transients characteristics of NIRR-1.
Annals of Nuclear Energy. 38, 2, 3,
pp. 295-297.

Jonah, S. A, Balogun, G. I, Umar, I. M. &
Mayaki, M. C. (2005). Neutron
spectrum parameters in irradiation
channels of the Nigeria Research
Reactor-1 (NIRR-1) for the kO-NAA
standardization. Journal of
Radioanalytical and Nuclear
Chemistry. 266, 1, pp. 83-88.

Jonah, S.A., Ibrahim, Y.V., Kalimulla, M.
& Matos, J. E. (2012). Steady State
Thermal  Hydraulic  Operational
Parameters and Safety Margin of

NIRR-1 with LEU Fuel using
PLTEMP-ANL  Code. European
Nuclear Conference (ENC),

Manchester, UK, pp. 9-12 December
2012.

Leppanen, J. (2009). PSG2/Serpent-a
Continuous-energy  Monte  Carlo
Reactor Physics Burnup Calculation
Code.Manual.

Leppénen, J. & Isotalo, A., (2012). Burnup
calculation methodology in the
serpent 2 monte carlo code. In:
PHYSOR 2012: Conference on
Advances in Reactor Physics.

107
Leppanen, J. (2016). Serpent-a
Continuous-energy  Monte Carlo

Reactor Physics Burnup Calculation
Code: User’s Manual, 2016. URL:
http://montecarlo.vtt.fi/download/
Serpent_manual.pdf. Manual.

Leppanen, J., Pusa, M., Viitanen, T.,

Valtavirta, V. & Kaltiaisenaho, T.
(2014). The serpent monte carlo
code: Status, development and
applications in 2013.

Musa, J. (2023). Analysis of Core Damage
States of Nigerian Research Reactor-1
(NIRR-1): Deterministic and
Probabilistic Safety Calculations. PhD
Thesis, Ahmadu Bello University,
Zaria.

SAR (2021). Nigeria Research Reactor-1.
Final Safety Analysis Report.

Shannon C. (2018). Conceptual design of

an organic-cooled small nuclear

reactor to support energy demands
in remote locations in Northern

Canada. Canada: Royal Military

College of Canada.

S.(1990). Low Power research
reactor thermal hydraulics; IAEA
Workshop on Low Power Research
Reactors CIAE, Beijing.

Yahaya, B., Ahmed, Y. A., Balogun, G. I.
& Agbo, S.A. (2017). Estimating
NIRR-1 burn-up and core lifetime
expectancy using the codes WIMS
and citation. Results in Physics. 7, pp.
596-603.

Timothy J. T. & Rajeev J. (2012). Creating
geometry and mesh models for
nuclear reactor core geometries using
a lattice hierarchy-based approach.
Engineering with Computers, 28 (4),
319-329.

Zhang, Y., (1984). Simulated heat transfer
test for MNSR, CIAE Technical
Report.

Shi,



javascript:void(0);
https://dl.acm.org/toc/engc/2012/28/4
https://dl.acm.org/toc/engc/2012/28/4
https://dl.acm.org/toc/engc/2012/28/4

Communication in Physical Sciences, 2023, 10(1): 100-108 108

Compliance with Ethical Standards Public.

Declarations Competing interests

The authors declare that they have no

. . The authors declared no conflict of interest.
conflict of interest.

Funding

Data availability ) .
L ) _ There is no source of external funding
All data used in this study will be readily A, thors' contributions

available to the public. All the authors participated equally in all
Consent for publication sections of the study.

Not Applicable

Availability of data and materials

The publisher has the right to make the data




