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Abstract

The emission of gamma radiation in nuclear reactors manifests itself as heat which
may substantially impact irradiation applications and reactor safety. Evaluating
this phenomenon can increase the efficiency and safety of the reactor and its irra-
diation materials. Calculating or predicting the gamma heating (GH) in a nuclear
reactor is not a simple task, especially when not all parameters of the reactor
are known. This dissertation incorporates various methods for verifying results,
including operational data, calculations and measurements. The thesis is divided
into five research chapters to illuminate uncharted areas for simulation codes and
to better understand factors influencing the GH. Study 1 applies the overall sys-
tem for calculation of reactors (OSCAR-4) code system to the McMaster Nuclear
Reactor (MNR) for understanding and verifying core-follow calculations against
the MNR operational data. Based on this understanding, the calculational scheme
presented advances to the operational fuel management data by (i) embodying an
axial U-235 distribution profile and (ii) including all fissile materials present in
the core. Study 2 gives insight into the impact of control rods (CR) movement on
axial fuel inventory using the OSCAR-4 and Serpent-2 simulation codes. This was
done to study whether OSCAR-4 performs as well as the time-consuming Serpent-
2 for core-follow calculations. It was found that averaging the CRs movement can

precisely predict fuel inventory without requiring detailed CRs tracking. Study 3

il



focused on improving MNR fuel operational data which were subsequently used in
both the OSCAR-4 and Serpent-2 simulation codes. This research emphasizes the
importance of applying the fuel inventory correction factor to any MNR cycle to
accurately predict the fuel inventory at any given stage of a cycle. Study 4 involved
the experimental measurement of GH using the SCK-CEN gamma thermometer
(GT) in three irradiation sites at 27 GH values. In addition, a Serpent-2 simulation
was conducted to calculate the GH at the same 27 points with an understanding
of uncertainties accompanied by the measurement. Similarly, MCNP-6 code was
implemented with the same methodology used for both OSCAR-4 and Serpent-
2 and showed a very good agreement with the reactor operation data and GH
measurement. The computational tools program provided a good prediction and
evaluation of the GH. Finally, study 5 expanded the evaluation and uncertainty
quantification of the GH under several reactor core conditions and time-dependent
sets. The measurements presented in this work indicate that, even over four years,
the combined effects of fuel burnup and fuel management operations do not sig-
nificantly change the GH level inside the beryllium site. This is likely due to the

overall distribution of the MNR core configuration and fuel burnup.
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Chapter 1

Introduction

1.1 Background

Research reactors are major contributors to improving human health
and quality of life, manufacturing better industrial products, and ad-
vancing science and technology. In order to ensure their safe opera-
tion, a complete understanding of reactor parameters and conditions
is deemed important in safety assessments for a sustainable continu-
ous supply of isotope production and material irradiation [1]. Many
countries have built research reactors and operated them for many
years. Figures 1.1 and 1.2 show the timeline and regional distribution

of research reactors worldwide.
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Timeline for All Facilities worldwide

= Total
C— Developing Countries

Number of Countries
[#5]
L=}

I

1950s 1960s 1970s 1980s 1990s 2000s 2010s
Year

F1GURE 1.1: Timeline of Research Reactors for category: Isotope
Production Facilities, TAEA.

Geographical Distribution for Isotope Production Facilities

Morth Amenca [20%) Eastern Ewrop

{26%)

|Midgle East and South Asia {107} Touth East Aziz and the Fachic (55

Latin America {10%)

FI1GURE 1.2: Regional distribution of Research Reactors for cate-
gory: Isotope Production Facilities, TAEA.

Nuclear research reactors produce neutrons and photons that can

be widely used for multipurpose applications involving education,
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training, and production of radioisotopes for medicine and indus-
try. They also serve in applied research and for testing various types
of nuclear fuel and studying the radiation resistance of new mate-
rials. Therefore, providing information on several peaceful appli-
cations has always been recommended by the International Atomic
Energy Agency (IAEA).

One of such recommendations is irradiation applications, in which
target materials and irradiation conditions can be optimized for higher
quality of the irradiation purposes, such as isotope production, ac-
tivation analysis, experiments, measurement analysis and others [2].
Nonetheless, several factors may influence the quality and environ-
mental condition of any irradiation test in any nuclear reactor. These
include reactor fuel composition, power density, core configuration
and other such parameters. All these parameters strongly exhibit
the gamma heating dependent behavior at any nuclear reactor core.
Excessive gamma radiation can cause overheating and is therefore a
safety parameter. Having an on-line information of essential physical
parameters for the follow-up and analysis before any experiment is
carried out is necessary.

Previous research in this field concerning nuclear research reactors
have largely focused on neutron flux [3] [4] [5], which is an impor-
tant parameter in any nuclear reactor for multiple reasons, such as
obtaining required activity for isotope production, specimen irradi-
ation etc. However, literature reviews show a lack of comprehensive
information on gamma heating that is evaluated by both simulations
and measurements under several core conditions. In addition, there

is no previous research combining the studying of the gamma heating
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(GH) with the actual reactor core condition for low and medium re-
search reactor, and more specifically for the MNR core, one of which
is fuel core inventory in different time frames.

Efforts are therefore put in place to quantify all uncertainties that
can influence this condition either computationally or experimen-
tally. In the last few years there has been a growing interest in
studying the nuclear/gamma heating, which is the main cause for
temperature rise in non-fuelled regions of a nuclear reactor [6]. If
gamma heat and its associated uncertainties are not taken into con-

sideration in reactor analysis, reactor safety could be compromised.

1.2 Motivation

Nuclear research reactors will continue playing a vital role worldwide
in the coming decades [7]. In Canada, the major nuclear research, ed-
ucation, and commercial reactor is located at McMaster University,
the McMaster Nuclear Reactor (MNR). MNR is the major inter-
national supplier of the medical isotope iodine-125, used for cancer
brachytherapy, and is the only approved North American supplier
of holmium-166 microspheres for radioembolic therapy among other
commercial applications such as aircraft safety and resources discov-
ery support.

Thus, in order to support the sustainability of the MNR and, at
the same time, pursue its applications for providing services to max-
imize the quality of life, utilizing computational tools to develop,
validate and optimize is crucial. Reliable core analysis for isotope
inventory is necessitated for any computational tools application in

order to, eventually, help evaluating not only the gamma heating but
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also the other reactor core safety parameters. Computational tools
calculation will be benchmarked against measurements and opera-
tional data.

Up until the date of this research, MNR fuel inventory estimates
were mainly used to support fuel management using a semi-empirical
measurement based system. This method is time-consuming and
conservative approach to estimating U235 depletion with relatively
high uncertainty for use in detailed physics calculations. The time
evolution of material composition is a vital parameter in any simu-
lation code application. Therefore, prior to implementing a compu-
tational code against operational data or measurement, fuel compo-
sition has to be analyzed. Once this uncharted area is illuminated,
measurement and operational parameters can be utilized in parallel
with the computational tools.

In addition, research reactors are small reactors with high power
density. As a result, the core experiences a high gamma flux that
leads to heat generation and hence changes in the irradiation condi-
tions. A few incidents due to radiation damage have been noticed
during sample irradiation, one of these has been reported in MNR [8].
For such incidents, it was of interest to investigate and evaluate the

gamma heating for any future irradiation.
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Chapter 2

Reactor Physics Theory and
Background

In general, two types of reactor core calculation are used to solve
neutron and photon transport. Those are: (i) the stochastic method,
where a detail information of particles is provided by simulating indi-
vidual particles and recording some aspects of their average behavior,
and (ii) the deterministic method, where approximation is made on
the transport equation to solve the reactor physics parameters in a
shorter time and usually it gives fairly comparable to the most detail
method (stochastic). This chapter introduces the fundamental con-

cepts of reactor physics theory that are used throughout this thesis.

2.1 Neutron Interactions

The neutron is an electrically neutral particle. It can pass easily
through the atomic electron cloud and may interact with nuclei of
the atoms. Neutrons interact with material in either a scattering or

an absorption interaction.
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2.1.1 Neutron Scattering

In this type of interaction, the neutron can undergo elastic scattering
or inelastic scattering. The former interaction can occur by way of
the potential scattering interaction mechanism. The cross-section for

this scattering can be approximated by
0. = 47 R?, (2.1)

Where R is the nuclear radius. In this type of scattering, the
neutron collides with the nucleus without being absorbed. As a con-
sequence, the neutron loses energy and alters its direction based upon
the target nuclei mass (A). The neutron energy in elastic scattering
ranges between a maximum energy nearly equivalent to the incident

energy of F, and a minimum energy of aF,

ab, < E < E,,
where o can be defined as
_ (A-1)?
o = (A+1)2-

The other type of scattering is inelastic scattering in which the
neutron is absorbed by the nucleus and then re-emitted with different
energy. It differs from elastic scattering in that it keeps the nucleus
in an excited state. Hence, the nucleus later de-excites by emitting

one or more y-rays.

2.1.2 Neutron Absorption

The next type of neutron interaction is neutron absorption in which
a neutron is absorbed and a compound nucleus is formed. Subse-

quently, the compound nucleus undergoes de-excitation by either:

8
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« Radiative capture where the target nucleus absorbs the neu-
tron and then emits one or several v-rays to reach a stable
ground state. The neutron will transform the mass number
M to M+1. This interaction represents a neutron loss for the
system.

« Fission reaction where the nucleus of an atom is split into two
or more nuclei. As a result, lower mass atoms are produced and
fission neutrons are released.

The fission reaction is the principal source of nuclear energy. It
releases energy with the target nucleus of approximately 200 MeV,
this varies with target nucleus. The majority of the released energy
is formed as kinetic energy of the fission products. Table 2.1 shows
the kinetic energies of the particles resulting from U-235 fission. The
sum of these kinetic energies is equal to the total energy released by
fission. Most of this energy can be recovered, except for the energy

of the neutrinos, which escape the reactor without interacting.

TABLE 2.1: Emitted energies from U-235 fission.

Form Emitted Energy (MeV)

Fission fragments 168

Fission product decay

[ rays 8

gamma rays 7

neutrinos 12
Prompt gamma rays 7
Fission neutrons )
TOTAL 207

Fission products, along with neutrons are emitted after a fissile

nucleus undergoes nuclear fission. The fission fragment yield depends
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upon the fissile isotope e.g. U-235 and Pu-239. These two isotopes

can produce different fission products, see Figure 2.1 [9].

0.1

Fission Yield (%)

0.01}

0.001%
75 85 95 105 115 125 135 145 155
Atomic Mass Number

FiGure 2.1: Cumulative thermal fission product-yield distribu-
tions for U-235 and Pu-239 [10].

The fission fragments produced are generally unstable. They will
eventually seek stability through series of transformations such as
emitting v-ray or $-decay or by ejecting a neutron. The latter are
produced after the initial fission, they are called delayed neutrons

and play a major role in reactor kinetics and control.

2.2 Neutron production

The neutron emissions inside a nuclear reactor can be categorized
into: prompt and delayed neutrons. The prompt neutrons emit im-
mediately following fission processes in a matter of 1071® seconds.

The prompt neutrons energy spectrum can be well described by the

10
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function

X(E) = 0.453 x e 153 Fginh /229 x E, (2.2)

where x(F) is the fraction of the prompt neutrons with energy F in

MeV. Figure 2.2 shows the prompt neutron energy spectrum.

04

035

0] 2 4 6 8 10
Energy (MeV)

FICURE 2.2: Prompt neutron energy spectrum

The unstable fission products can also emit neutrons (delayed neu-
trons). The fission fragments can undergo one or more - decays before
emitting a neutron. Due to the different half-lives of the delayed neu-

trons emissions, it was found adequate to group them in six groups
(see Table 2.2).

11
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TABLE 2.2: Delayed neutrons for thermal fission in U-235.

Group | Half-life (sec) | Decay constant (sec—') | Fraction (5;)
1 55.72 0.0124 0.000215
2 22.72 0.0305 0.001424
3 6.22 0.111 0.001274
4 2.3 0.301 0.002568
5) 0.61 1.14 0.000748
6 0.23 3.01 0.000273

2.3 Neutron transport

The propagation of neutron in a nuclear reactor core is a stochastic
process, through which interaction with medium is a probabilistic
manner. The neutron in a multi-dimensional phase-space system can
be described from Boltzmann transport equation (BTE), which is
originally the fundamental tool for describing the dynamics of dilute
gases. The BTE describes the statistical behaviour of radiations
motion through media. For instance, a particle in a nuclear rector
can be located at any position 7, with an energy E, and a direction
of motion defined by the unit vector Q. Figure 2.3 demonstrates the
differential volume of phase-space d3r dQ) dE at any given position
with vector 7 in a small volume d®r, traveling in some direction €2,

with some infinitesimally small energy group dE at time t.

12
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FIGURE 2.3: Multi-dimensional phase-space system of a particle at
position 7, direction ) and energy E, per unit volume, solid angle
and energy [11].

In an arbitrary volume with neutrons in a nuclear reactor, a neu-
tron can either appear or disappear following collision. These mech-
anisms can be classified into various phenomena such as: neutron
source, neutron streaming, neutron scattering, neutron leakage and
neutron absorption. Therefore, in order to define how neutrons in-
teract, it is imperative to describe the population of those neutrons
within an element of a multi-dimensional phase-space. Those popu-
lation can be described as the number of neutrons within the spatial

element d®r about ¥ moving within the solid angle element dQ) about

13
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Q, with energy in the range dE about E, and can be written as

n(r, E,Q,t) d°r dQ) dE dt (2.3)

This term is the most general angular neutron density function.
It is the fundamental term required to define the exact equation.
However, this quantity by itself can not describe the interaction fre-
quency, therefore the macroscopic cross section and neutron speed
are introduced with the neutron density to determine the reaction

rate as follow

R(7, E,Q,t) = vXn(F, E,Q, t) (2.4)

The quantity of vn(7, E, ), t) is the angular neutron flux [0 ).
From this reaction rate, one can describe all the reaction types that
may cause either gains or losses in any defined system. For instance,
for many one-group, two-group and three-group energies, fission is
always a source term in transport equation as their energy is started
with a minimum of 1 MeV. The absorption reaction rate is neutron
loss. The differential scattering can be either considered as a gain
or loss, as a high energy neutron may collide with the medium and
lose/gain energy to E, this term can be described as ¥ (7, B/ —
E Q) — ﬁ,t) or X (r, B — £, QO — Q’,t). Neutron sources can also
gain our system with neutrons as well as neutron streaming into our

system. Finally, the neutron leakage into or from the system can be

described with the term of neutron current as follow

A

i(7, E,Q,t).dS = vQn(F, E,Q, t).dS (2.5)

14


http://www.mcmaster.ca/
http://www.biology.mcmaster.ca/

Ph.D.— Mohammed ALQAHTANI; McMaster University— Engineering Physics

where this terms describes the angular neutron current density rate
at which neutrons with energy dE about E and direction dQ) about
Q passing through a surface element dS at location r.

The neutron transport equation describes all the phenomena that
may lead to an appearance/disappearance of the neutron. There are
other minor reactions that can cause neutron production and will
not be considered in the equations such as photo-fission and (n,in)
reactions. Considering all the terms introduced in this section, the

NTE can now be written as follows:

10¢(7, B, t)

= s(r, B, Q)+ [ ¥ [TdE'S,(F E - B,& — 1)

v ot
N = X(E) — o0 . -
(7 B Y ) + = [ a9 [T AEV(E)S(Ee( B, O, 1)
where:

s(r, B, Q, t) is all the neutron sources in the system,

o(7, E,,t) is the angular neutron flux in (7, E, (1, t).

v(F) is the number of neutrons appeared in region 7 at energy E
following a fission reaction at the same location,

X(FE) is the fission spectrum, in other words, the probability for a
neutron to appear with energy E in region 7,

Y ¢(E") is the macroscopic neutron fission cross section

¥4 (7, E') is the total macroscopic neutron cross section that cause
the system to lose neutron by either scattering or absorption inter-
action,

YXs(M B — E, QY — QO F ) is the macroscopic scattering neutron

15
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cross section from all other dE’, d€) to the system of dF, dQ,
and - Vo(r, E, Q,t) describes the neutrons leakage out from the

system.

2.4 Reactor Physics Theory

The NTE describes the transport of neutron particles from one col-
lision with an atom to another. It is a ‘balance’ statement that
accounts for all additions and subtractions in a given increment of
space, energy, direction and time. The NTE cannot be solved ana-
lytically unless simplifying assumptions are made. Numerical tech-
niques are often implemented to obtain physically realistic solutions
to the NTE. These techniques can be classified into: (i) stochastic
methods, and (ii) deterministic methods [12]. This section will pro-
vide the reactor physics theory that is used throughout the journal

articles included in this thesis.

2.4.1 Stochastic method

In stochastic nuclear physics codes, such as MCNP and Serpent, in-
dividual particles are simulated, tracked, and then some aspects of
their average behavior are scored. The Monte Carlo method creates
a series of particle histories by using random sampling techniques. It
can be used in the combined neutron/photon transport, and hence
based on the type of the neutron interaction, one or more photons can

be produced. Subsequently, photon tracking is performed. Photon
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interaction will be discussed later in this chapter. The results ob-
tained by MC methods are estimated results which should lie within
some confidence interval about the ‘true’ value [13].

The MC method uses statistical processes to simulate the inter-
action of nuclear particles with materials. This statistical sampling
processes is calculated based on random numbers. It comprises of
particles tracking from its source throughout its life to its disappear-
ance i.e. leaking and absorption. Figure 2.4 describes the process of

random walk of neutron incident on a fissile material.

Event Log

1. Neutron scatter
Photon Production
2. Fission
Photon Production

Heutron Capture Incident

Neutron Leakage
Neutron

FPhoton Scatter

Photon Leakage

= o, s W

Fhoton Capture Fissiconable
Void Material Void

FIGURE 2.4: Neutron random walk in a fissile or fissionable mate-
rial [14].

The simulation approach in MC in Figure 2.6 is as follows: the
neutron interacts at point 1, where a scattering interaction occurred
and photon is emitted in random direction. At event 2, a fission
interaction takes place which results in termination of the neutron
and emission of two neutrons and one photon. The first neutron
emitted in event 3 is absorbed and the second neutron at event 4
escapes from the system. The photon in event 5 is scattered before

it escapes from the material.
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Now, all the described previous events are one neutron tracking
history from source to death. Therefore, for better results that can
estimate the true value, more neutrons histories are required [15]. In
general, the uncertainty in the calculation decreases inversely pro-

portion to the square root of the number of histories.

2.4.2 Diffusion equation

Another method for solving the NTE is by using a deterministic
method, in this case the diffusion approximation. This method is
widely used in the field of the reactor core calculation for solving
reactor core physics parameters and fuel burnup calculations. To re-
duce the computational load and the NTE complexity for solving the
neutron flux, the neutron diffusion equation employs approximations
on the neutron transport equation. Those are: neutrons inside the
reactor behave in the same way as solute in a solution. For instance,
if the neutron flux is concentrated at one point along z-axis Fick’s
law that describes the net number of neutrons passing through an
area per unit time is
dg

= -D"" 2.
J - (2.7)

where J, is the net number of neutrons per unit area per time n/cm?s,
D is the diffusion coefficient in cm. The Fick’s law diffusion approx-
imation is not valid under: strong absorption, near the surface and
when there is a strongly anisotropic scattering.

In a 3D calculation the Fick’s law becomes a gradient of the flux

which then can be replaced by the leakage to have one equation with
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one unknown. Now, the diffusion equation can be written as

10¢(7r,t . . 5
Ugbét) — DV29(7,t) + 2u0(7, 1) = vX1.0(7, 1) (2.8)

Furthermore, some approximations have been implemented in the
equation such as P, angular flux approximation, isotropic neutron

sources, and isotropic scattering [16].

2.4.3 Photon interaction and transport

The photon transport mode in Serpent is utilized whenever pho-
ton heating studies are performed. Serpent provides several features
for the photon transport mode such as a coupled neutron-photon
transport mode, radioactive decay source mode and bremsstrahlung
emission by beta particles. There are four main types of photon in-
teractions such as photoelectric effect, Compton scattering, Rayleigh

scattering, and electron-positron pair production.

T T TTTTTIT I TTTTITT T TTTII I T TTETT
120 - g

100~ Photoelectric effect
— dominant
80 {

Pair production
dominant =]

60|~

40+

Atomic number

Compton effect
dominant

0 (Y R AT A O 0 T 1
0.01 0.05 0.1 05 1 5 10 50 100

Photon energy (MeV)

FIGURE 2.5: Regions of the photoelectric effect, Compton scat-
tering, and pair production with respect to the photon energy and
atomic mass number.
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The Monte Carlo photon particle transport method follows each
photon in a random walk process with the Markov property. Photons
travel in straight lines between interaction sites in a geometry which
consists of homogeneous material regions with well-defined bound-
aries. Photon interacts with matter as they would occur with indi-
vidual atoms, ignoring any molecular or lattice structure effects. In
addition, the secondary photons in Serpent-2 are created in electron-
positron annihilation, atomic relaxation and bremsstrahlung of elec-

trons and positrons [17].

2.5 Computer codes used in this study

The computational tools that were used in this study are: (i) OSCAR-
4, which is comprised of two internal codes named as HEterogeneous
Assembly DEpletion (HEADE) code and Multi-Group Reactor Anal-
ysis Code (MGRAC) code; and (ii) Monte Carlo particle Serpent-2
and MCNP-6.2 code system. These codes are briefly described in

this section.

2.5.1 OSCAR-4 code system

The OSCAR-4 approach to compute the neutron population distri-
bution in MNR core is to divide the reactor into relatively large vol-
umes called neutronic nodes. In each node, a set of spatially homo-
geneous "equivalent" few-group parameters is assigned. The homoge-
neous and few-group/energy condensation can be defined according
to Generalized Equivalence Theory; They are used in MGRAC and

are flux-volume weighted. For instance, the energy condensation,
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and spatial homogenization of a macroscopic cross section can be

defined as follows:

_ v g dVAE X, (B)$(E)
vy Jp1*dVdE O(E)

where X, represents the general integral energy condensation and

2ig

(2.9)

spatial homogenization for any mixture of material with neutron en-
ergy between E; and Ey;. OSCAR-4 separates the homogenization
procedure into two independent phases, namely a radial and an ax-
ial homogenization phase. Radial homogenization takes place at the
2-D lattice physics level where the spatial heterogeneity in the radial
plane are explicitly modeled in 2-D transport theory calculations
for each assembly segment type (fuel and non-fuel). The homoge-
nization of the axial heterogeneity of any assembly is based on 1-D
diffusion theory within the whole core calculations. The axial het-
erogeneities in any given fuel assembly or reflector are represented by
layers of varying heights, the heights being determined by the super-
positioning of exposure nodes, in this work the axial fuel was divided
into seven layers. Each of the axial layer is treated as a homogeneous
region with constant cross-sections. The solution of this axial 1-D
few-group diffusion equations is based on the Multi-group Analytic
Nodal Method (MANM) with transverse (radial) leakages treated
as effective absorption cross-sections or as fixed sources. Finally, the
equivalent homogeneous axial side fluxes that are needed to compute
axial discontinuity factors are determined from the analytic solution
of a two-point boundary problem for each homogenized neutronic
node [18]. The following Figure depicts the OSCAR-4 calculational

tool in each part of the calculation.
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FIGURE 2.6: OSCAR~4 calculational path [18].

HEADE code

HEADE is a 2D code that is used to generate a few-group homog-
enized cross section. It is the first step in the calculational path of
the OSCAR-4 system. HEADE uses the collision probability (CP)
method to solve the NTE. The method of the CP is applied into par-
titioned discrete meshes or volumes in which flux and cross section
are constant. In general, the CP method can be formulated using

the integral transport equation and can be written as [19]

q)i = ZTj%i[(Esj + I/Efj)q)j + S()j], (210)
J
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where 777" here relates the fluxes by the probabilities and can be

written as
—a(r;,ry)

o 1 €
T~ = — | dr; | drj——————— (2.11)
‘/;/‘/Z /V] ]471"7“1‘—7’]"2

Where the optical path length « is
a(ry,r;) = |/T,jzt(R)dR\ (2.12)

The McMaster Nuclear Reactor (MNR) fuel is an MTR-fuel type
which constitutes of 18 plates of which 16 are fueled with Low En-
riched Uranium (LEU), and two peripheral dummy aluminium plates.
The 2D calculation in fuel assembly (FA) using HEADE was carried

out by dividing the cross sectional fuel into meshes as seen Figure 2.7

Fuel

Cladding

Coolant

Aluminum

0.127 x1.038 cm

FIGURE 2.7: Fuel assembly generated by HEADE.

Figure 2.7 shows an example of a lattice cell that contains three

meshes in the y-direction: fuel meat in the center with 0.051 cm
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thickness, and aluminum cladding with 0.038 cm on either side (total
0.127 cm); and one mesh in the z-direction of 1.038 cm.

In the HEADE code, group homogenized cross-sections and nodal
equivalence parameters, needed by the global core diffusion solver,
are generated. In addition, collapsed few-energy parameters are cal-

culated for each material type in the reactor.

Multi-Group Reactor Analysis Code (MGRAC)

The MGRAC code is the final step required to complete the OSCAR-
4 run. In this part, a 3D full core assembly layout is defined, con-
structed of various assembly types based on the cross-section mix-
tures available in the LINX library. In order to successfully run the
MGRAC code, several files have to be defined for each fuel, reflector,
and surrounding regions. Those are:
o CONFIG file - describes the core geometric layout.
o LOAD file - describes the placement of the elements prior to the
start of the cycle.
o BASE file - describes the axial material structure of a given base
assembly type.
o HIST file - describes the isotopic data of an actual, named as-
sembly.
« INPUT file - describes the cycle/scenario to be simulated - hence
power levels, rod positions, depletion steps, etc.
The global diffusion calculation MGRAC would contain a number
of assemblies placed within configurations somewhat different from
the idealized infinite medium lattice applied in the HEADE calcula-

tion, and hence, equivalence is partially lost.
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In this part, the Beggining of cycle (BOC) and End of Cycle (EOC)
along with the reactor plant data are specified in order to determine
core-follow parameters. Omne of the important parameters is fuel
burnup. The fuel burnup calculation used in OSCAR-4 is a predictor
corrector method. This method is based upon two-step calculations
performed at the beginning and the end of each step. The flux and
cross section at the beginning of the step are used to deplete the
fuel, and then the flux and cross section at the end of the step are
calculated. In the predictor corrector method, the averages of the

two parameters are used to deplete the fuel.

OSCAR Analysis System (OASYS)

Up to the last section, OSCAR core calculation for any given cycle
can be completely performed. However, for such a large number of
cycles, the reactor modelling automation with OASYS needs to be
utilized. The OASYS code uses the automation capabilities in the
OASYS system to perform the necessary corefollow calculation for
the past cycle, and then perform the reload analysis calculation for

the coming cycle.

2.5.2 Serpent-2 Modelling of the MNR

The MNR Serpent-2 model includes the reactor core, the reflector
and the surrounding beams — all of which are modelled explicitly as
described in the MNR facility specification report [20]. The nuclear
data library used in this model is ENDF/B-VII.1 [21].

25


http://www.mcmaster.ca/
http://www.biology.mcmaster.ca/

Ph.D.— Mohammed ALQAHTANI; McMaster University— Engineering Physics

FIGURE 2.8: MNR Serpent-2 model.

The predictor-corrector approach was used for burnup calcula-
tions. In addition, to take into consideration spatial distribution
of burnup, each fuel assembly was divided into seven axial zones
with different material numbers. This will calculate the flux and the
reaction rates over each axial burnup zone per fuel assembly. Also,
the initial number densities used in this work were obtained from
this study since the starting core used in this study (Core 54A in
2007).

One major setback for burnup in the Serpent code aside been com-
putationally expensive, is its difficult to take into consideration the
movement of the control rods during burnup which affects the flux
shapes and power distribution in the core. This is however important
for core-follow calculations as the control rods degree of withdrawal
are regularly moved during reactor operations. This drawback was

also investigated in this research and an appropriate method was
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suggested to do the core-follow calculation burnup.

Serpent-2 energy deposition calculation

The Serpent-2 code offers four different modes (0-3) with different
combination of accuracy and time requirement. In mode 0 and 1,
all energy is deposited at fission sites. The only difference between
them is that mode 0 deposits a constant energy per fission; whereas
the mode 1 gives components of energy release due to fission as a
function of incident neutron energy. These two modes produce in-
accurate energy deposition since all energies are deposited locally.
In mode 2, offers an improvement to the accuracy by providing the
neutron energy deposition along its history. However, in this mode,
the photon energy is deposited locally at the fission sites.

The most accurate mode 3 in Serpent-2 was used in this work.
This modes adds photon heating deposition which is scored after
each interaction by any of the three photon interaction methods,
photoelectric effect, Compton scattering and pair production. The
delayed photon heating can be calculated using any of the two meth-
ods either assuming the delayed gammas is deposited with the same
distribution as the prompt gammas and hence use the correction fac-
tor, or by solving the Bateman equations which gives more accurate
energy deposition of delayed gamma. The two methods of delayed

gammas were utilized in this dissertation.

2.5.3 MCNP-6 modelling of the MNR

The MCNP-6 model of the MNR core was primarily developed in
2001. Prior this thesis, the last updated core was received for the
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cycle 54A (2007). A continuous updating to reflect various changes
in the geometry and material compositions were carried out. In
this thesis, emphasis was placed on the updating the core materials.
Figure shows the MCNP-6 model for the MNR core.

0

FIGURE 2.9: MNR core using MCNP-6.

One geometrical simplification was implemented in MCNP-6 and
Serpent-2 models: the representation of the curved fuel plates with
non-curved plates. This approximation was judged to have little
physical significance and the rest of the model is a correct represen-

tation of the core geometry.

MCNP-6.2 energy deposition

The energy deposition tally utilized in this work by MCNP-6.2 is

the F6 tally, where the neutron and photon energy deposition is
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determined using the heating numbers from the nuclear data tables.
These heating numbers are estimates of the energy deposited per unit
track length. This tally includes all reactions and scores interact at
the point of interest. The general description of this tally can be

seen in the following equation

F6 = ‘1/ I, | [H(E)®(r, E,t)dEdtdV (2.13)

where H(E) is the heating response in MeV/g, depends on the
particle type. This tally is merely track-length estimators of the
flux with an energy-dependent multiplier, H(E). The heating tally is
merely flux tally multiplied by an energy-dependent multiplier (FM
card). The heating response H(E) is calculated depending on the

context, neutron or photon, as follow

H(E) = 01(E)Huy(E) (2.14)

where H,,,(E) for neutron and photon is

Hog(E)y = E - Sipi(B)|Ewa E) — Q + E,(E)]  (2.15)

Houg(E), = E — S2pi(E) Bour) (2.16)

where Hg,, is the heating number, o; is the total cross section,
pi(F) is the reaction probability of i (Compton scattering, pair-
production, photoelectric), E is the incident neutron energy, E o
is the average exiting energy,neutron or photon, for reaction i with
incident neutron energy E, E. is the average gamma emission energy

and (); is the Q-value of reaction i.
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This paper introduces the three-dimensional reactor core analy-
sis code OSCAR-4 developed by the South African Nuclear Energy
Corporation (Necsa). The OSCAR-4 code was used to calculate and
verify the fuel inventory against the MNR core operational data.
The comparison results between OSCAR-4 code and the MNR oper-
ational data were in good agreement with small divergence along the
period of the comparison (three years). Lacking of the consideration
of Pu-239 in LEU-type fuel will cause a higher consumption in U-235
and as a result a variation in the fuel inventory evaluation in the two
methods. For the purpose of this thesis, the fuel composition needed
as inputs to the simulation codes have to improve this prior to any

future comparisons with the MNR core.
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Knowledge of the isotopic composition of a nuclear
reactor core is important for accurate core-follow and
reload analysis. In the McMaster Nuclear Reactor, fuel
depletion estimates are based upon a semi-empirical
calculation using flux-wire measurements. These
estimates are used to plan and guide fuelling operations.
To further support operations, an OSCAR-4 model is being
developed. To evaluate the performance of the OSCAR-4
code for this application, 2 points of comparison,
considering the period between 2007 and 2010, are
presented: (i) the multiplication factor k. and (ii) U-235
fuel inventory. The latter is compared with a simple
first-order semi-empirical calculation. The calculation of
ke for the last operational 3 months yields 0.997 + 0.002
(vs. 1.000 for an operating reactor), and differences in
both core-average inventory and the maximum standard
fuel assembly inventories estimates are found to be 5.7%

and 7.5%, respectively.
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1. Introduction

The McMaster Nuclear Reactor (MNR) is a light-water moderated
material testing reactor (MTR) used for, among other things, the produc-
tion of the medical radio-isotope I-125, neutron radiography, reactor
physics experiments, and education and training purposes [1]. The stan-
dard operating schedule at MNR is two 8-hour shifts per day, Monday to
Friday, with an extra shift on some Saturdays.

The in-core fuel management in MNR is an important task for keeping the
reactor operation optimal for isotope production and for running experi-
ments. This includes fuel reload and fuel shuffling, which can be carried
out with the goal of satisfying certain criteria, such as boosting the neu-
tron flux in the irradiation positions and beam tubes and meeting safety
constraints and economic parameters. In MNR, prior to fuel reload or
shuffling, the fuel inventory of U-235 for each standard fuel assembly
(SFA) is estimated from a flux-wire measurement and the preceding
operation cycle energy output.

As part of the overall system for calculation of reactors (OSCAR-4) code
validation, the fuel composition must be estimated adequately. The pur-
pose of this study is two-fold: (i) testing the OSCAR-4 code model, this
is done by seeing how the code predicts ke =1 as this is an actual value
to compare against the reactor operation, using the critical rods posi-
tions, and (ii) examining the fuel composition with depletion including a
comparison against a first-order semi-empirical approach.

2. The MNR

MNR is a light-water cooled and moderated plate-fuel reactor
with a U-235 enrichment of 19.75% and a maximum neutron flux of
5.8x 10" n/cm? s [1]. It is licensed to operate at a power up to
5 MWy,. The nominal power is 3 MWy,. Reactivity within the MNR core
is controlled by 5 silver-indium-cadmium (Ag-In-Cd) shim-safety rods
and 1 stainless steel regulating rod. The core is comprised of MTR-type
fuel assemblies arranged in a 9 X 6 grid plate [1]. Cooling of the core is
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TasLE 1. A general description of the MNR facility and core
specifications [3].

Parameter Specification

Type of reactor Open-pool MTR
Maximum/nominal power 5/3 MWy,
Maximum neutron flux 58x10" n/cm? s

(3 MW)

Coolant and moderator Light water

Reflector Graphite and beryllium

Coolant circulation Natural circulation or forced downward
flow

Fuel type U3Si,-Al dispersion Al-clad curved plate
fuel

Fresh SFA and CFA 1.89x 1072 and 1.67 x 1072 at/b.cm
atom density
LEU enrichment
HEU enrichment

Control system

19.75%

93%

5 Ag-In-Cd shim safety rods and
1 stainless steel rod

achieved at low power via natural circulation and at high
power via forced down-flow driven by the hydrostatic head
of the pool and returned by a pump. An MNR SFA contains
18 curved plates, the inner 16 of which contain fuel while
the 2 outer (dummy) plates are aluminium. The MNR control
fuel assembly (CFA) contains 9 fuelled plates, leaving space
for an absorber rod in the center. The SFA and CFA share
the same outer assembly dimensions, differing only in
material specifications and number of plates. Lattice spacing
on the MNR grid is 8.100 cm X 7.709 cm radially. The core
has an active height of 60 cm. A row of graphite assemblies
acts as a reflector on 1 side of the core, while the other sides
are flanked by a lead block and 6 radial beam tubes [1].
Table 1 presents the general core specifications of the MNR.

For the nonproliferation of nuclear materials, MNR started to
convert the fuel to low enriched uranium (LEU) in 1998 on a
burnup basis and was totally converted to LEU in 2007.

3. Calculational Tool

3.1. The OSCAR-4 code system

The OSCAR-4 was developed and is supported by the
Radiation and Reactor Theory section of Necsa (South
Africa Nuclear Energy Corporation) [2, 3]. The code is com-
prised of 3 main modules: CROGEN, CROLIN and CORANA.

The CROGEN module includes the 2-D lattice code HEADE that
uses the collision probability method to solve the
neutron transport equation to generate multi-group cell
cross-sections and nodal parameters based on a WIMS-E
172-group cross-section library. The MNR model adopts a
6 group structure that is used by Necsa for the SAFARI-1
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METHOD FOR CORE-FOLLOW DEPLETION CALCULATION IN MNR - M. ALQAHTANI, S. DAY AND

A BUIJS

reactor. Cell data are then passed to the CROLIN module,
which uses the POLX and LINX codes to paramatrize (POLX
code) the multi-group cell data and link it (LINX code) into a
runtime library used by the core solver. The core analysis
module, CORANA, uses the nodal diffusion theory solver
MGRAC (multi-group reactor analysis code). MGRAC compiles
all the geometry (CONFIG), fuel load (LOAD), axial levels
(BASE), and history (HIST) of the assemblies and produces a
3-D core solution. A schematic of the subset of the OSCAR cal-
culation path used in this study is shown in Figure 1.

MGRAC can perform both snapshot flux and reactivity solu-
tions, as well as cycle depletion analysis. Depletion is con-
ducted in a quasi-static fashion, using alternating flux and
burnup calculations. A predictor-corrector scheme is used
to capture the nonlinear impact of changing number den-
sities on flux, and step sizes are limited by the rate of change
of plant data (rod positions, power levels, etc.). This process
is largely automated using the OASYS (OCSAR analysis
system) as illustrated in Figure 2.

One of the inputs to OASYS is the reactor operation history
(plant data), such as reactor power, operation time, control
rod positions, shutdown times, number of time steps per
burn step, Xenon tracking/equilibrium, and critical rod
searching. In this study, the plant data for MNR operation
are captured in 1 log entry per day (12-14 hours burn step).
Each entry includes the reactor power and start-up critical
rod positions (1 position for the low-worth regulating rod
and 1 for the gang-operated shim-safety rods). Because of
the xenon transient in each day, MNR absorber rods are
repositioned several times each day. In this study a single
core-follow timestep was used per operational day with daily
average extraction rod positions to account for the rod move-
ment. This is adopted to improve tracking the axial profile of
each fuel assembly compared with using the start-up rod

CROGEN
CROLIN -
i [ ! I !
’come‘ ‘ LOAD BASE ‘ ’ HIST ‘
CORANA | ! | ! |
FIGURE 1. OSCAR-4 reactor calculational path for MNR.
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FIGURE 3. MNR core grid configuration, cycle 54A.

positions for the entire burnup timestep. In contrast, the
critical rod positions, which is the position at the reactor
start-up, were used for the kg predictions. Figure 3 presents
the first core configuration of the first cycle.

4. Methodology

4.1. The first-order semi-empirical method (FOSEM)

As part of fuel management activities at MNR, a set of short-
length Mn-Cu flux wires are inserted into the coolant chan-
nels, as shown in Figure 4, of each SFA and activated at low
power [4]. This activation profile is used to estimate the
power profile of the core which in turn is available for use
in fuel consumption estimates. The wire holder design is
such that a collar stops the holder at the top of the fuel plates
and consistently positions the flux wire near the axial center-
line of the active height of the core. The flux wires are then
irradiated at low power, typically 200 W, for about
10 minutes. The activation reaction induced in the wires is
described by the following equation:

55Mn + n — 5°Mn(2.58h) +y (e8]

After the radial wires are irradiated, they are removed. The
activity induced in the **Mn is counted using an Nal detector
system. Each wire is measured twice and the background is
subtracted. The measured activity is then converted into a
relative flux distribution across the reactor core. With that,
given that the cycle length and reactor power are known
from reactor operation data, the fuel depletion at the end of
cycle (EOC) for each fuel assembly can be estimated. A sim-
plistic approach to a fuel consumption estimate assumes all
fission power coming from U-235 thermal fission and leads
to the following equation.

M35 = Mizs — CX (2

where M35 and M}, are the U-235 amounts in gram at the
EOC and beginning of cycle, respectively; C is the consump-
tion value in g/MWh; and X is the total energy released up
to the EOC in MWh. This semi-empirical method was used
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FIGURE 4. Wire holder (top), x-y and x-z views of a fuel assembly.

at MNR for high enriched uranium (HEU) fuel cycle calcula-
tions, with a value of C=0.05417 g/MWh of U-235. It is
herein investigated in comparison with the OSCAR-4 simula-
tion approach in light of the current LEU fuel cycle.

The assumptions made in the flux-wire estimate of the fuel
depletion are: (i) the flux wires are consistently positioned
in the central coolant channel of each SFA, (ii) the assembly
average fission rate is proportional to Mn activation in the
central coolant channel, (iii) the activation distribution is
representative of an average flux distribution over the oper-
ating cycle, and (iv) burnup occurs only by U-235 fission.

4.2. Modelling MNR in OSCAR-4

The work described here considers MNR operational data
from 2007 until 2010, starting with Core 54A (February
2007). This core configuration contained only 1 HEU SFA
and 36 LEU FAs (30 SFAs and 6 CFAs) at different degrees
of fuel burnup.

The MNR OSCAR-4 model is based on the one developed by
NECSA for a 2008-2011 IAEA Coordinated Research Project
[5], used for calculation of Core 54A characteristics. This
model has been only slightly modified and is applied to
core-follow cases for multiple reactor cycles in the work
herein.

The MNR core model is defined as a 12 x 11 rectangular
node grid. Each in-core node is associated with a grid posi-
tion in the MNR grid plate, housing a single type of core com-
ponent (e.g, fuel, reflector, irradiation position). The ex-core
nodes are of the same dimension and extend the model
3 nodes (roughly 24 cm) beyond the grid plate. Ex-core
nodes include those for beam tubes and the gamma shield
lead block.

The active height of the core is divided into 7 axial layers of
8.57 cm each, see Figure 5, allowing for the capture of the
axial variation in fuel consumption. The axial reflector
(i.e., above and below the active core) is modelled by 2 addi-
tional layers, a homogeneous light water and aluminum
blend (6 cm), and light water (9 cm). The MNR model here
is 15 x 12 assemblies, adding up to 1260 calculational nodes,
and with 31 standard fuel assemblies and 6 control fuel
assemblies, adding up to 259 fuel calculation nodes. Initial
number densities for each element over the 7 layers were
taken from the in-house empirical approach.

The MNR 18-plate SFA was modelled as an infinite lattice on
a 2-D Cartesian mesh. All 18 plates, as well as the side plates
and side water, were captured explicitly. Apart from ignoring
the curvature of the fuel plates, the fuel assembly was mod-
elled as per nominal dimensions. The span or width of the
fuel plates was dictated by the distance maintained between
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FIGURE 5. Axial fuel nodes or burnup zones used for core-
follow calculations (all in cm).

the 2 side plates. Similarly, the nominal thickness of the fuel
plate, including that of the clad and fuel meat, is maintained.
Side plate dimensions were also conserved, requiring a thin
row of cells beyond the 2 dummy plates to capture the small
amount of water that exists beyond the ends of the side
plates. Each fuel plate was divided into 8 sub-cells (meshes),
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the middle 6 containing fuel meat (around 1.038 cm each)
and the outer 2 composed of only the extension of the clad
between the fuel meat and the side plates.

For the reflector assemblies and ex-core structures some
approximations were made for the complexity of the model
geometry, necessitated by the restrictions of using a 2-D car-
tesian geometry code. In all cases material volume was con-
served. The graphite and beryllium reflector model
geometries are shown in Figures 6 and 7. The model for the
central irradiation position is identical to that for the graph-
ite reflector assembly with only the graphite material
replaced by light water. The ex-core regions, i.e., beyond the
MNR Grid Plate, which include structure such as the beam
tubes and lead block, were modelled by conserving the
volume of the different materials.

The HEADE code was used to produce a set of homogenized
microscopic cross-sections. HEADE uses 38 isotopes that
are important isotopic fission and actinide chains in the reac-
tor calculation. Additionally, HEADE considers all the other
isotopes lumped into a single structural macroscopic
material. The energy group structure used was the 6-neutron
energy group structure (HEADE uses nuclear data from the
WIMS-E 172-group library, which were then collapsed into
6 groups for this study) [6].

5. Start-up Critical Rod Positions

The operational data of MNR are recorded on a daily basis.
The information provides (i) reactor power, (ii) control rod
extraction in 30 minute periods during the operation, and

% ol Sample Graphite Support
™ ™7 Ring Block Angle

FIGURE 6. Actual and modelled graphite assembly. The left diagram was obtained from reactor drawings and presented also in

Day [1].
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FIGURE 7. Actual and modelled Be assembly. The left diagram was obtained from reactor drawings and presented also in

Day [1].

TABLE 2. MNR operational data for the first week of the cycle 544, 2007.

Date Power (MWy,) Start-up time (hh:mm) Shim CRs (%) Reg. CR (%) Shut-down time (hh:mm)
Monday, 26 February 2007 3 11:14 77 50 22:45
Tuesday, 27 February 2007 3 8:36 96 70 22:45
Wednesday, 28 February 2007 3 9:06 100 100 22:45
Thursday, 1 March 2007 3 9:02 100 70 21:30

2 21:30 100 65 22:45
Friday, 2 March 2007 3 8:46 100 70 22:45

Saturday, 3 March 2007 — —
Sunday, 4 March 2007 — —

(iii) the total time of the reactor operation. Table 2 illustrates
an example of the first few days from the operational data
that was used for this investigation.

Table 2 presents sample data of the first week of this calcula-
tion from the control room data sheet. These data show the
start-up extraction position. The data used for this study
are extending until January 2010. The calculation in this
study evaluates all the available data, which is extending up
to January 2010. These data were used to test and compare
the ke values for each day to the actual value. In contrast, a
daily average control rod extraction was used for the
depletion calculation. More detailed Operations data that
records rod positions every 30 minutes, were used to calcu-
late the daily average positions.

6. Results and Analysis

6.1. OSCAR4 k. calculation
The first comparison made with the MNR operational data is
the effective multiplication factor at the critical control rod

positions (start-up). MNR experiences xenon poisoning in the
early hour during the weekdays. Therefore, the control rod
positions in the start-up, after the night-shift shutdown, are
usually extracted higher than the rest of the day to achieve
the criticality. In this model, MGRAC treats the xenon concen-
tration explicitly. Figure 8 shows the ke at the critical rod
positions for the daily operational data covering the entire
period of study. Owing to the long-documented data for this
study, about 1050 days of information including shutdown
days, Figure 8 presents solely the operational days.

Figure 8 shows the calculated k. values and the control rod
positions extracted from the operational data (Table 2).
The tracked data contain 31 cycles with a total of 738 opera-
tional days of the core-follow calculation. The total core
burnup between the beginning and the end of this calculation
is 33.1 MWD/kg, and about 1279 MWD energy was released.
A number of trends are evident in Figure 8. Firstly, there
appears to be a day-to-day variation in the critical kg esti-
mates related to the specific day of the week. All the ks peaks,
or control rod valleys, can only be found on Mondays.
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FIGURE 8. ke and critical rod position (% extraction) vs. operating days.

TasLE 3. Multiplication factor and its
standard deviation for 8 points average.

Operation days kegt £ 0

1-92 0.99296 +0.00191
93-185 0.99437 +0.00049
186-278 0.99609 +0.00123
279-371 0.99529 +0.00043
372-463 0.99518 +0.00031
464-555 0.99351 +0.00136
556-647 0.99517 +0.00031
647-738 0.99684 + 0.00196

Secondly, the cycle trend of the kg, which varies from 7 to
80 days per cycle, is decreasing, i.e., the calculated critical keg
decreases per cycle. These 2 observations can be explained
by inconsistencies between rod worth and xenon worth in
the model. In contrast to Mondays, the xenon concentration
is considerably high during the start-up for all operating
days. This will lead to extraction of the control rods to com-
pensate for the negative reactivity in the core, contrary to
Mondays, when xenon concentration is significantly low after
40-50 hours of shutdown. Thirdly, the overall trend of the keg
is improving, i.e., getting closer to unity. Unlike FOSEM, the
core inventory tracking is considering all the major isotopes
inventory that are neutronically important. Table 3 presents
8 values of ke, each is averaging 92 operational days along
with its standard deviation to the total average.

6.2. Tracking comparison of U-235 contents in MNR
core and a fuel assembly

The next stage of the analysis involved comparison of
depletion estimates derived from the FOSEM estimates with
those from the OSCAR-4 model. In this calculation we use
the control rod average insertion during the reactor opera-
tion. This is thought to be an improvement on the approach
used for the ke estimates described previously. Table 4
shows each date of the data available in MNR for each EOC.
These data are plotted in Figure 9 along with the OSCAR-4
calculation.

TasLE 4. EOC first-order semi-
empirical method date.

Cycle L.D. EOC (day/month/year)
54A 27/03/2007
54B 30/04/2007
55A 25/06/2007
55B 02/08/2007
55C 03/10/2007
55E 07/01/2008
55F 07/04/2008
55G 17/06/2008
56A 29/09/2008
56B 05/01/2009
56C 09/03/2009
56D 13/05/2009
56H 08/01/2010
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FiGure 10. MNR-333 U235 content vs. burnup.

The EOC core inventory estimate from the FOSEM approxi-
mation shows a noticeably lower U-235 inventory than that
from the OSCAR-4 model. The data show an initial burnin
period as both calculations start from the same fuel composi-
tion estimates. To further examine these differences a
detailed tracking of SFA (MNR-333) was selected to present
its U-235 depletion over the period of this calculation. The
MNR-333 SFA was introduced to the core in the fresh
(unirradiated) state in Core Cycle 54A, the first cycle of this
calculation. Figure 10 illustrates the U-235 against burnup.

The OSCAR-4 fuel depletion calculation shows a divergence
from the FOSEM estimate during the fuel irradiation calcula-
tion. A notable discrepancy can already be seen after a num-
ber of cycles. This is due to the assumption that all the energy
comes from U-235 fission in the FOSEM approximation. This

OSCAR-4 CODE SYSTEM COMPARISON AND ANALYSIS WITH A FIRST-ORDER SEMI-EMPIRICAL
METHOD FOR CORE-FOLLOW DEPLETION CALCULATION IN MNR - M. ALQAHTANI, S. DAY AND

A.BUIJS
—LEU
= 0.052 ——— U
s —
=
2 005
| =
S
a
5
g 0048
3 T
@
& 0.046
>
0.044 .
0 20 40 60 80 100
Energy [MWD]
FiGure 11. HEU and LEU fuel consumption using HEADE

cell calculation.

4 %108

w

[N

Pu-239 inventory [at/b.cm]
N

0 20 40 60 80 100
Energy [MWD]

FiIGURE 12. HEU and LEU Pu-239 buildup using HEADE cell
calculation.

assumption is more accurate for HEU case. Thus, using the
same value of C=0.05417 g/MWh for HEU to LEU is not
straightforward.

Figures 11 and 12 show the fuel consumption (in g/MWh)
variation throughout the fuel irradiation and the Pu-239
buildup, respectively. In LEU fuel, unlike HEU fuel, the
U-238 concentration is considerable. This results in a
buildup of the Pu-239 and a subsequent contribution to the
total fission rate and energy release from Pu-239 fission. As
a result, for the same energy generation the U-235 consump-
tion is significantly reduced compared with the estimates
from the FOSEM. To further illustrate this effect, Figure 13
shows the U-235 consumption in g/MWh with burnup.
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approximation method.

TABLE 5. Atom density differences.

FOSEM (at/ OSCAR-4 (at/ Difference
Parameter b.cm) b.cm) (%)
MNR-329 1.153E-3 1.271E-3 10.20
SFAs total 1.260E-3 1.332E-3 5.70
average

At 90 MWD (typical SFA exit burnup in MNR), the consump-
tion of U-235 in LEU is only about half of that in HEU. This
calculation was done with HEADE for both HEU and LEU.

The buildup of Pu-239 shows the opposite effect, as shown in

Figure 14; compared with LEU, there is almost no buildup of

Pu-239 in HEU.

The fuel inventory estimates from FOSEM approximation are
lower than the OSCAR-4 code. Table 5 summarizes the maxi-
mum difference, which is found in MNR-329, among all SFAs,
and the average difference of all SFAs.

The maximum difference that was found in MNR-329 SFA
with 10.2% does not solely represent the atom density dif-
ference. In fact, this difference includes other uncertainties
in both methods as indicated in the methodology, which
are out of scope for this study. To explain this difference,
MNR-329 was primarily located at high power level between
2 control rods in 5E position (see section 3) until March
2009. Then, MNR-329 was moved to the peripheral region
in 2F for the next 2 months. In May 2009, it was moved again

to 1C for 5 months before it was lastly moved, in October
2009, to 6D for the rest of the period.

To present the maximum difference that was found in
MNR-329 due to the atom density concentration,
Equations (3) and (4) are used.

Ay.azs = C

x 100 3)

where C is the fuel consumption value of the FOSEM approxi-
mation and C is the average value of the fuel consumption
from Figure 11:

E

1

C:E / C(E)dE (4)
0

where E is the energy release, and C(E) is the consumption
value at a specific energy E. The difference for MNR-329, at
63.65 MWD in January 2010, was found to be 7.58%. In other
words, 2.62% of the difference is due to the other factors that
are not related to the fuel inventory such as power
distribution.

7. Conclusion

Core-follow calculations for MNR were performed using the
OSCAR-4 code system. Results of the operational period of
3 years, comprised of 31 cycles, were used to predict the
multiplication factor of each start-up critical condition, for a
total of 738 days. In addition, a simple FOSEM of U-235
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estimates was utilized to compare with OSCAR-4 simulation
model to investigate fuel consumption.

It was found that the ks is improving, i.e., getting closer to
unity, as core inventory is being tracked. This was due to
the consumption rate of the U-235 when LEU fuel is being
used. Additionally, noticeable peaks were seen when critical-
ity calculation occurred on Mondays. This perhaps due to the
CRs worth differences between the actual value to the model
value. Further investigation is left as future work.

The OSCAR-4 model U-235 depletion estimates showed
notable differences compared with those using the FOSEM,
which was found to significantly overestimate U-235
consumption. This overestimation of the fuel depletion in
the FOSEM was found due to the lack of consideration of
Pu-239 to the energy production. Differences in U-235 inven-
tory in the individual SFAs increase with fuel exposure, to an
average of 5.7% and to a maximum of 10.2% for a single SFA.

The findings suggest that OSCAR-4 represents an improve-
ment over the FOSEM for core follow calculations. The
OSCAR-4 code for MNR core-follow purposes can better esti-
mate the fuel inventory since all fissile isotopes that contrib-
ute to the energy production are considered.
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The previous chapter has demonstrated the precision of the OSCAR-
4 code system utilization for the MNR core inventory. However, for
the purpose of this thesis, the Monte Carlo particle transport code
has to be employed for the photon tracking calculations. Since the
calculation of the MNR core history using Monte Carlo codes will
require considerable computer resources and would be rather cum-
bersome to follow, this paper determines the feasibility of using the
Serpent-2 code system for a long-period of core burnup history. This
paper proves that despite control rods movement having been ap-

proximated, no significant change was encountered.

44


http://www.mcmaster.ca/
http://www.biology.mcmaster.ca/

Ph.D.— Mohammed ALQAHTANI; McMaster University— Engineering Physics

Progress in Nuclear Energy 129 (2020) 103501

Contents lists available at ScienceDirect

Progress in Nuclear Energy

g |
e TN =
ELSEVIER journal homepage: http://www.elsevier.com/locate/pnucene

Check for

Simulation approach and code functionality assessment using deterministic | @&
and Monte Carlo codes system for U-235 core-follow depletion calculation

Mohammed Alqahtani ", Adriaan Buijs?, S.E. Day*

2 McMaster University, Department of Engineering Physics, Hamilton, Ontario, Canada
® KACST, Nuclear Science Research Institute (NSRI), Riyadh, Saudi Arabia

ARTICLE INFO ABSTRACT

Keywords:
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Improving the performance of reactor simulation codes and adequately predicting the fuel composition are
crucial to increase the accuracy of simulations and the quality of the analysis. McMaster Nuclear Reactor (MNR)
follows a strict daily operational and shutdown schedule, except for Sundays. This results in a buildup of neutron
poison during the reactor shutdown and hence the Control Rods (CRs) are extracted in the time of the reactor
startup. Therefore, tracking MNR core composition using faithful Control Rods (CRs) positions data to estimate
the axial fuel inventory profile is not yet established. In this study, nodal diffusion (OSCAR-4) and Monte Carlo
(Serpent-2) simulations codes were employed. This study investigates: (1) code-to-code differences in the
multiplication factor (kes) and in the axial fuel inventory considering the same burnup step sizes and total energy
release with all CRs out; (2) for long cycles of core calculation, Monte Carlo stochastic code is computationally
expensive, therefore an adequate temporal discretization steps are studied and identified. The ke values for the
fresh reactor when all rods are out is: 1.1339 and 1.1283, and the results at the end of the burnup calculation is:
1.0101 and 1.0049, for Serpent-2 and OSCAR-4, respectively. In addition, the findings showed that averaging the
CRs travel distance, for calculation the fuel inventory, can provide results similar to those with most tracked CRs
motion.

1. Introduction xenon, build-up during the night which results in a need to extract the
CRs for the next start-up to reach criticality. Hence, this motion of the
CRs will alter the axial power distributions and as a result fuel inventory.

To study the impact of the axial fuel inventory in MNR by the CRs

The availability of operational data history of U-235 is essential to
enhance safety, economics and performance of any nuclear reactor

(Determination of research, 1992). McMaster Nuclear Reactor (MNR)
uses flux-wire measurements to estimate the U-235 fuel inventory
(Algahtani et al., 2018). Two recent studies at McMaster Nuclear
Reactor (MNR) have investigated and validated the U-235 using two
simulations codes, OSCAR-4 and Serpent-2, with the operational data
history (Alqahtani et al., 2019), and (Algahtani et al., 2020). However, a
challenging problem which arises in this domain is considering each
standard fuel assembly (SFA) and control fuel assembly (CFA) as
one-node lumped fuel composition. This has been widely adopted at
MNR operational estimates since decades (Algahtani et al., 2019).

The operational schedule of MNR is a daily start-up and shutdown
during the week except Sunday. This causes neutron poison, mainly

motion, different temporal discretization step sizes are investigated
using the two simulation codes: Serpent-2 and OSCAR-4.

However, using Monte Carlo simulation code (Serpent-2) to track
fuel inventory with a short time-step size for long period i.e. a daily step
size for a three-month cycle is computationally expensive. Since the
time-consuming transport calculation has to be repeated for each time
step, finding an adequate step length is investigated here using Serpent-
2 code system.

Previous studies have shown the effect of using realistic axially
heterogeneous fuel compositions, several axial layers per fuel assembly,
instead of uniform ones for Material Testing Reactor (MTR) type. In
reference (Arthur and MalouchCheikhDiop, 2016), the axial fuel

Abbreviations: SFA, Standard Fuel Assembly; CFA, Control Fuel Assembly; CR, Control Rod; EOL, End Of Life; FA, Fuel Assembly; HEADE, HEterogeneous As-
sembly DEpletion; LEU, Low-Enriched Uranium; MGRAC, Multi-Group Reactor Analysis Code; MNR, McMaster Nuclear Reactor; MTR, materials test reactor; CIF,

Central Irradiation Facility.
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compositions profile on fluxes showed no differences when considering
more than seven axial layers. Similarly, in reference (Vutheam Dos et al.,
2020), using seven axial layers (meshes) and one radial mesh for each
fuel assembly (FA) is enough for precise depletion simulation of the
MTR.

No study to date has examined the impact of the control rods (CRs)
motion on the axial fuel assemblies composition (U-235). One of the
simplest ways of tackling this problem is by dividing the axial fuel as-
semblies (FAs) into several layers and then analyzing the axial core fuel
when CRs position are varying. In this paper we present two types of
simulations to study the differences when using the same time-step sizes
and total exposure, with all rods out of the core; and to find the adequate
time-step size, when the CRs inserted, for core follow calculation. The
investigation is performed on the axial adjacent fuel to the CRs, which
are the CFAs.

2. Methodology
2.1. Codes modelling

Two simulation codes were utilized in this paper, OSCAR-4 and
Serpent-2. OSCAR4 performs detailed 2D transport calculations on the
scale of a single assembly, and to use this solution to produce averaged,
or homogenized, parameters for the assembly. Calculation of full 3D
core model using nodal diffusion method is used (Miiller et al., 1994).
Serpent-2 is a continuous-energy reactor physics code that solves the
Boltzman equation by using the Monte Carlo method. Once neutron
interaction occurs, or non-stable isotopes exist, Bateman equations are
solved to provide changes to the material composition (Leppanen and
Thesis, 2007).

Predictor-corrector method for calculating the fuel burn-up was used
in the both codes. This method is based on two-step calculations: (i)
beginning-of-step that uses constant extrapolation or explicit Euler
method, and (ii) at the end-of-step where material is depleted over the
interval, and new flux and cross sections are calculated. The average of
the two fluxes is then used to deplete the fuel in predictor-corrector
method. The method that was used in Serpent-2 for solving the Bate-
man equations describing the changes in the isotopic compositions
caused by neutron-induced reactions and radioactive decay is the Che-
byshev Rational Approximation Method (CRAM) (Pusa and Leppanen,
2010).

Cross section data are necessary for criticality and fuel depletion
calculation. In OSCAR-4, six-neutron-energy group structures were used
(HEADE, which performs 2D cell calculation utilizing collision proba-
bility method and produces homogenized and condensed cross sections
data). The nuclear data used here is WIMS-E 172-group cross section
library based on JEF-2.2 (Algahtani et al., 2020). In Serpent-2,
ENDF/BVILO cross sections were used in ACE format (Chadwick et al.,
2006).

2.2. Model description

MNR is an open-pool type Materials Test Reactor (MTR). It consists
of 9 by 6 grid, with assemblies that contains Standard Fuel Assemblies
(SFAs), Control Fuel Assemblies (CFAs) with low enriched uranium
(LEU), graphite reflectors, a beryllium reflector and a central irradiation
facility (CIF). The fuel assemblies, in both codes, were divided into seven
axial layers to capture the axial distributions of the neutron flux and fuel
depletion of each FA and CFA.

In the 3D full core simulation, Serpent-2 captures the geometrical
details of the assemblies as well as the out-core details such as beam
tubes and additional reflectors. In OSCAR-4, two stages of calculations
were performed. First, a 2D cell calculation capturing the geometrical
detail and the collapsing of neutron energy group cross section. Then, 3D
reactor core calculation using nodal diffusion methods with homoge-
nized cross sections, is constructed using the various cross section sets
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produced from the 2D calculation. Figs. 1 and 2 present the core
configuration used in this work of MNR and the core simulation model
using Serpent-2, respectively.

The MNR core contains six CFAs that house the CRs. These CFAs have
the same outer dimensions as the standard fuel assemblies. The MNR
CFAs contain nine plates, all of which are fuelled (i.e., no dummy plates)
and a central aluminum guide to house the CRs. As can be seen from
Figs. 1 and 2 that the out-core of the MNR is flanked by a large lead block
from the West peripheral and six radial beam-tubes in the North and East
peripheral sides. The general core specifications and fuel materials of
MNR are given in Table 1 (Day, 2011).

2.3. Simulation approach

The depletion calculation was carried out in both codes with the
same initial fresh fuel composition. The parameters that are important in
core calculation such as kegr, MNR core power levels (prior and after
irradiation), and the fuel inventory of U-235 are present in this analysis.
The latter will investigate the CRs effect on the axial CFAs fuel in-
ventory. This will include both; finding the adequate number of steps,
and OSCAR-4 to Serpent-2 U-235 inventory differences.

In the first part of the study, OSCAR-4 and Serpent-2 simulated the
MNR with 48 time-step of five days with all CRs extracted. The total time
of irradiation was 240 days and the reactor power used was 5 MWy,. The
total energy released of 1200 MWD was selected based upon the first
three CFAs End Of Life (EOL), and the number of steps was selected
based on the observable variation on the axial fuel inventory changing.

Second, the calculational time in Serpent-2 code is a challenge
therefore, an adequate number of steps has to be identified considering
both: (i) possible lowest calculational time, and (ii) insignificant dif-
ferences in the fuel inventory. This can be done by using different time-
step investigation conserving the total energy release.

In this work, we consider the full range of the CRs motion to study
the maximum differences that could happen when approximations on
the CRs motion are considered. The operational conditions in MNR for
the shim CRs extractions should always be minimally extracted 60% (36
cm) to have a sufficient negative reactivity for the shutdown safety
purposes. In addition, the exit fuel depletion is nominally 35% U-235
depletion for the CFA (Day et al. Garland).

Several time-step sizes for tracking the CRs were implemented. The
core height is 60 cm. The minimum CRs extraction started at 60% (36
cm) and then a step (S) size is added for each additional time step. For
instance, the most tracked CRs is 48 time-step (48 S) that means it will
need a total of 48 S to reach fully extracted CRs at 60 cm. This will
provide the maximum possibility of the CRs variation during MNR
operation. Averaging the CRs motion will also be investigated, as per
equation (1). Table 2 shows the data used when approximation is
considered for handling the averaging CRs travelling in each case. This
data will be used to find the adequate number of steps.

o

where; CRy is the average CRs used in the model at specific time-step,
CRpin. is the minimum CRs extraction as per MNR operational condi-
tion which is 60%, CR; is the mid-point of the CRs travelling in each step
i for s number of steps, and ¢; is the time step length in Day.

The reactor power remained constant during the calculation. In case
of power variations during the calculation, the reactor power must be
considered in the previous equation with its time duration.

For Serpent-2, 500 cycles with 80,000 neutron histories each were
run, with 50 cycles skipped as inactive; therefore, a total of 40,000,000
neutron histories were simulated. The statistical uncertainty in the keg
was 0.16 mk and a maximum of statistical error in local assembly power
is 0.14%. The Shannon entropy converged at the 30th cycle owing to the
approximation in the axial seven layers with lumped 16 fuel plates in

CRy = CRuin. + @
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Fig. 1. MNR core configuration.

Fig. 2. Serpent-2 model of MNR core.

each layer. Therefore, 50 cycles were skipped for fission source

convergence.

3. Results and analysis

One of the major objectives in this work is to reduce the

Table 1
MNR specification.

Parameter

Value and description

Core lattice size (x-direction)
Core lattice size (y-direction)
Active core height

Fuel type

Enrichment

Coolant and moderator material

Reflector material

Fuel meat thickness

Fuel plate thickness

Coolant gap size

Fuel Assembly (FA) atom density

Control Fuel Assembly (CFA) atom
density

8.1 cm

7.7 cm

60 cm

U3Si-Al dispersion Al-clad curved plate
fuel

19.75 wt% (LEU)

Light water

Graphite

0.051 cm

0.127 cm

0.300 cm

1.8899 x 10~ at/b.cm
1.6679 x 10~% at/b.cm

Table 2

Data used in Serpent-2 code.
No. of Steps Label Time-step CRs Extraction Each Step
#) (#89) (days) (%)
One 1s 240 80
Two 28 120 70, 90
Three 3S 80 66.67, 80, 93.33
Eight 8s 30 62.5,n;1 + 5, ..,97.5
Sixteen 16 S 15 61.25, n; 1 + 2.5, ...,98.75
Twenty four 248 10 60.83, n;_; + 1.67, .
Forty eight 48 S 5 60.42, n;_; + 0.83, ...,99.58

computational time using Serpent-2 and one solution has suggested is to
average the CRs travel. The maximum calculational time in OSCAR-4
was found 2.47 min with 48 time-step size. In Serpent-2, the calcula-
tional time is varying significantly in each time-step case. The variation
is linear related to the number of time-step used. A total of 20 shared
memory multiprocessing (omp) were used in each step in Serpent-2.
Table 3 shows the data used when approximation is considered for
handling the averaging CRs travelling in each case. This data will be
used to find the adequate number of steps.

3.1. All rods out

Fig. 3 shows the multiplication factor (kes) that was tracked during
the calculation when both of the models had fully extracted CRs. The
burnup calculation was performed here with the same number of steps
for both codes, 48 steps with five days per step.

From Fig. 3, the kegr was found at the Beginning of Calculation (BOC)
at: 1.1339 and 1.1283, and at the End Of Calculation (EOC): 1.0101 and
1.0049, for Serpent-2 and OSCAR-4, respectively. Considering 48

Table 3
Computational time using Serpent-2.

Label Time-step Calculation Time
(#9) (days) (hh:mm)

1s 240 00:42

2S 120 01:26

3s 80 02:03

8S 30 07:27

16 S 15 14:12

248 10 22:32

48 S 5 45:23
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Fig. 3. ke versus the operating time for different simulation codes.

temporal discretization steps, a total of 240 days, was enough to deplete
the U-235 to nearly its EOL in three CFAs (MNRC63, MNR-C64, and
MNR-C65). Additionally, having the CRs fully extracted for the whole
duration of this calculation will provide information on the differences
between the two models when considering different calculation methods
and different nuclear data libraries. Prior to analyzing the CFAs atom
densities resulting from the burn-up calculation, the radial power dis-
tribution across the MNR core can be used to predict the depletion
behaviour across the core from the two codes. Figs. 4 and 5 show the
assembly power fraction distribution in percentage (%) of the total
power of 5 MWy, for Serpent-2 (L) and OSCAR-4 (R) when both models
started with the same initial atom density (fresh fuel) and fully extracted
CRs.

Power distributions vary as fuel burn-up occurs due to the accumu-
lation of fission products and depletion of the fissile isotopes. During fuel
depletion, fission reaction rate or power distributions in the high burn-
up assemblies decrease as shown in the previous figures. Fig. 6 shows the
CFAs powers at both BOC and EOC.

Fig. 7 shows the axial U-235 inventory in the CFAs following 48 time-
step, with total MNR core energy released of 1200 MWD, with all rods
out of the core. Each node represents an 8.57 cm length with a total
length of 60 cm. The CFA ID can be identified from Fig. 1.

The uppermost axial node of each CFA has slightly higher concen-
tration than the lowest nodes due to the CRs existence above the reactor
core. The overall axial profile for each CFA in OSCAR-4 is more sym-
metrical than those in Serpent-2. The maximum difference can be seen in
the MNR-C65 with 4.3% deviation at 21 cm elevation and 2.2% overall
average difference between the two codes along the axial CFA. Even
though the methods and the nuclear data libraries used in both codes are

7 6 5 4 3 2 ;|

A 205 250 303 3.09 1.82
B 185|1.66|346|251|373 351 219
c 3.15 456 4.17|ﬂ| 2.44
D 203 284 392 422 409 367 235

E [ | 1.65 | 3.04 | 234 | 3.39 | 1.93 | 1.92

F 193 224 258 243 211
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different, this deviation is mainly due to the local power differences
between the two codes, see Fig. 5.

3.2. Effect of the CRs averaging travelling on the axial fuel inventory

Prior to comparing axial fuel inventory (U-235) using the Serpent-2
and OSCAR-4, a code self-investigation was implemented to simulate the
MNR with several temporal discretization steps, see Table 3. For each
step, the average CRs travel equation (1) was used. This was important
to find an adequate number of steps that can be used when core-follow
calculation is utilized. The adequate number of steps consider both the
calculational time and the non-significant change in the axial atom
density profile (<1%). The following Figs. 8 and 9 show the axial U-235
fuel inventory in the most depleted three CFAs.

For those with more than one time-step, the number of steps to
deplete the fuel inventory does not have a significant impact on the axial
fuel distribution profile. In both codes, a minimum of two time-step (2 S)
demonstrates an axial U-235 profile similar to those with higher time-
step. In other words, varying the CRs with a maximum of 20% (12
cm) is still providing results similar to those with 0.83% (0.5 cm) in each
step when CRs average travel is considered.

From the short review above, the results confirm that the impact of
averaging the CRs motion using equation (1) on the axial U-235 fuel
depletion is not significant. Therefore, considering the CRs average
travel can still provide information similar to those with the detailed
tracking CRs positions.

3.3. U-235 inventory comparisons between OSCAR-4 and Serpent-2

It was previously demonstrated that no considerable discrepancies
can be found when more than 1 S is considered. The following Fig. 10
shows the fuel inventory with 2 S using Serpent-2 and OSCAR-4 codes
system.

Similar axial fuel inventory profile has been observed between the
codes. The maximum differences between the two codes were found at
the uppermost axial nodes in the three CFAs (MNR-C63, MNR-C64 and
MNR-C65) with 5.5%, 5.5% and 5%; and 2.7%, 2.8% and 3.6% average
difference over the axial CFA. One of the major factors that contribute to
this discrepancy is the CRs worth. Insertion of different CRs worth can
cause the power distribution to peak toward the bottom and/or absorb
more in the local insertion. Table 4 shows the CRs worth using the two
codes models when the core is loaded with fresh fuel.

Each CR has different negative reactivity worth based on the local
neutron flux. The collective CRs worth is different than the sum of each
individual CR. Higher negative reactivity worth results in higher
neutron absorption, and hence lower local power. The maximum three
CRs worth are found in the same region as the maximum CFAs inventory
differences located. Another important factor to be considered in
analyzing the axial fuel inventory depletion is the thermal neutron flux.
Fig. 11 shows the axial CFA thermal neutron flux used in Fig. 10

7 6 5 4 3 2 1
A 2434 2.58 73.03 §3.94 1.94

2.5 [EEESENSSIN 2.33

2 |162]3.48
c 3.2 4.48 415' z.34| 2.56
D 219 28 3.85 408 399 342 238

m

1.92| 1.63' 3.06| 2.25' 3.29| 1.82| 3.93

F 203 224 247 238 1.96

Fig. 4. Assembly power fraction (%) map for the fresh core, Serpent-2 (L) and OSCAR-4 (R).
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Fig. 5. Assembly power fraction (%) map for the depleted core, Serpent-2 (L) and OSCAR-4 (R).
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Fig. 6. CFAs powers at BOC and EOC.

calculation in the three CFAs (MNR-C63, MNR-C64, and MNR-C65).

The CRs effect plays a major role in the thermal neutron flux of the
upper-half CFAs.

However, no significant changes have been observed in the lower-
half CFAs when the CRs have been withdrawn. The major cause to the
differences between the two codes is the radial/assembly powers, see
Figs. 4 and 5.

This work is limited as changes in fission product concentrations (e.g.
xenon, samarium) during the reactor shutdown and self shielding were
not studied. Nevertheless, at this level of understanding we believe that
fission products will not have a significant impact on the U-235 profile as

it was shown in Figs. 4 and 5 when power distribution between BOL and
EOL did not vary significantly.

4. Conclusion

MNR Core-follow calculation analysis for 240 days was performed
using the OSCAR4 and Serpent-2 code systems. Various modelling ap-
proaches were investigated to study the effect of the CRs average trav-
elling on the axial CFAs fuel inventory. Although approximations were
made in the CRs motion, no loss of accuracy was found in terms of the
fuel concentration is encountered when considering higher than one-
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Table 4

CRs worth in Serpent-2 and OSCAR-4.

Progress in Nuclear Energy 129 (2020) 103501

Author contribution

CRs Label OSCAR-4 (mk)  Serpent-2 (mk) Differences (mk) Mohammed Algahtani: Conceptualization, Methodology, Validation,
Formal Analysis, Investigation, Writing - Review & Editing, Visualiza-
CR-C61 3.28 3.98 +£0.19 0.71 £0.19 . . . - . .
CR-C62 8.90 11.62 + 0.21 279 + 0.21 tion. Adriaan Buijs: Supervision. Simon Day: Supervision.
CR-C63 21.43 27.67 £ 0.18 6.52 £0.18
CR-C64 23.94 30.52 + 0.21 6.80 + 0.21
CR-C65 19.03 26.17 + 0.20 7.25 £ 0.20 Declaration of competing interest
CR-C66 7.63 10.57 + 0.19 3.04 +£0.19
Ilecti th .72 112 + 0.2 19.40 + 0.2 . .
Collective CRs wor 707 % 0-20 9-40 + 020 The authors declare that they have no known competing financial
13
gplo— . . : , . 10"
—F— Serpent-2, CRs 70%
71 OSCAR-4, CRs 70% 4 —F— Serpent-2, CRs 70:/0
- Serpent-2. CRs 90% =7 ——— OSCAR-4, CRs 70%
& —— OSCAR-4, CRs 90% o~ Serpent-2, CRs 90%
E6F 7 E6 - —— OSCAR-4, CRs 90%
= = -
x5 x5
3 E
§4 54
5 =
g3 23
£ E
= 2
82 5
£ 5, :
1
i i " " i 0 * . y * y
00 10 20 30 40 50 60 0 10 20 50 o = g
MNR-C64 height [cm
MNR-C63 height [cm] ght fcm]
sari18
8 10
—— Serpent-2, CRs 70%
——— OSCAR-4, CRs 70%|
o~ Serpent-2, CRs 90%
£6 —— OSCAR-4, CRs 90%
3 u
-] 5
&
54 1
3
c3 T
®
E2 1
Q
&
Fq .
0 L H H
0 10 20 30 40 50 60

MNR-C65 height [cm]

Fig. 11. Serpent-2 U-235 fuel concentration for different time-step.

time step. In this investigation, it was found that the highest difference
of the fuel inventory, when fuel is fresh and all CRs are out, was found in
MNR-C65 with 4.3% in the lower-middle node and 2.2% for the average
axial U-235. Whereas, when averaging the CRs travelling, the fuel in-
ventory profile between codes was found similar in the three CFAs. The
highest node difference between the two simulations were found in the
upper most node of MNRC63 and MNR-C64 with 5.5%, and for assembly
average difference was in the MNR-C65 with 3.6%.

Averaging the CRs movement using Serpent-2 code for MNR core-
follow calculation should be able to estimate the fuel inventory in a
very good agreement as if a detailed CRs tracking is considered.
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This paper introduces a method of the measurement-based MNR
core inventory using a fuel correction factor. This factor has been
superimposed on the MNR fuel inventory of the operational data doc-
uments. The MNR core tracking was implemented using the daily
core-follow in OSCAR-4 and rods 3-5 steps in Serpent-2, where each
step is less than those used in the previous research. It was shown
that the method had improved the results for the whole period of the
comparisons. No divergence was seen when a longer period of calcu-
lation was carried out, This method proves that superimposing the
correction factor for the MNR core measurement-based inventory is

crucial for any future code utilized for calculation/analysis purposes.
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management strategy, such as by optimizing the core pattern for sample irradiation purposes and for pro-
viding an economical fuel cycle length. Operational data history for the McMaster Nuclear Reactor (MNR)
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tent using the nodal diffusion code Overall System for CAlculation of Reactors (OSCAR-4) against standard
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1. Introduction

Lack of knowledge of the fuel inventory in a nuclear reactor
leads to underestimation of important reactor core parameters
such as the effective multiplication factor (kes) and the neutron
flux/power distribution when codes simulation are implemented.
In a research reactor, the estimation of fuel inventory is highly
important for reactor safety and for the optimization of neutron

Abbreviations: CFA, control fuel assembly; CIF, central irradiation facility; CR,
control rod; CRAM, Chebyshev rational approximation method; EOL, end of life; FA,
fuel assembly; FIC, fuel inventory correction; HEADE, the 2D cell calculation module
of OSCAR-4; HEU, high-enriched uranium; LEU, low-enriched uranium; MGRAC,
Multi-Group Reactor Analysis Code; MNR, McMaster Nuclear Reactor; MTR,
materials test reactor; MWd, megawatt-days; OSCAR-4, nodal diffusion code;
Serpent 2, Monte Carlo simulation code; SFA, standard fuel assembly.
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tani).
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0306-4549/© 2020 Elsevier Ltd. All rights reserved.

flux at irradiation sites for radioisotope production purposes. A
large number of existing researches have studied the reactor core
parameters such as fuel burnup, multiplication factor and power
distribution (Amin et al., 2017), fuel depletion and buildup of plu-
tonium (Aldawahrah et al., 2018; Khattab and Dawahra, 2011;
Dawabhra et al., 2015; Dawabhra et al., 2015).

Frequent refuelling and/or reshuffling fuels in nuclear research
reactors and continuously changing core conditions provide oppor-
tunities for developing a reactor-specific database of core-flow
parameters and flux distributions that can be used for benchmark-
ing (International Atomic Energy Agency, 2008).

In the McMaster Nuclear Reactor (MNR), U-235 fuel inventory
measurement is a routine that occurs during each reload/shuffle
cycle. Therefore, to perform core analysis to simulate processes
in any given time using computer code, operational data of U-
235 is necessitated by those computational tools. Previous studies
of fuel inventory using OSCAR-4 code (Standera et al., 2008) with
MNR operational data history have focused on U-235 content
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(Algahtani et al., 2019). The study covered a calculation period of
three years (2007-2010) and showed a diverging difference each
cycle between the two calculation methods during core-follow
inventory calculation due to the lack of consideration of some fis-
sile isotopes, mainly Pu-239, in the MNR measurement-based esti-
mate method of U-235.

Therefore, tendency to perform best fuel inventory estimates
for the purpose of reactor core optimization, safety and simulation
codes validation. This paper provides a method for adjusting the
measured fuel inventory by introducing a U-235 fuel inventory
correction (FIC) factor to be utilized and implemented to the mea-
surement data. In addition, the Monte Carlo simulation code (Ser-
pent 2) reactor physics calculation will be used along with OSCAR-
4 nodal diffusion deterministic code to validate and compare some
operational parameters such as ke and the U-235 fuel inventory
measured using the flux-wire method. The code-to-code compar-
ison will additionally present an evaluation of the confidence of
the two sets of code by comparing their results against each other.

2. Methodology
2.1. Modeling codes

In general, there are two kinds of numerical code for conducting
reactor core analysis: deterministic and probabilistic (International
Atomic Energy Agency, 2019). Deterministic code is used widely
for core analysis and requires simplifications and/or approxima-
tions in the geometry and the physics. The OSCAR-4 code is a
nodal-diffusion-based deterministic code system used for reactor
calculation support. OSCAR-4 consists primarily of a 2D cell calcu-
lation named HEADE which uses nuclear data from the WIMS 172-
group based on JEF2.2 library collapsed into six energy groups. The
3D core calculation is then performed by Multi-Group Reactor
Analysis Code (MGRAC) for utilization in depletion and reactor cal-
culations. Once all cycles are built, the OASYS system in OSCAR-4 is
used to automate the core-follow calculation. Application to the
MNR using OSCAR-4 was previously studied in Algahtani et al.
(2019) to model the MNR core for the tracking of fuel composition.

The other method is the Monte Carlo method (probabilistic),
which has fewer or no approximations and provides high-fidelity
models for snapshot calculations. In many applications, the Monte
Carlo method requires powerful computer resources owing to the
detailed geometry description and the number of histories for
tracking particles. The Monte Carlo Serpent 2 code is continuous-
energy reactor physics code that solves the Boltzmann equations
by using the Monte Carlo method. The Bateman equations are
solved to account for changes in material composition due to fuel
irradiation (Leppdnen, 2015). The burnup calculation mode
method used in Serpent 2 for solving the Bateman equations (de-
scribing the changes in the isotopic compositions caused by
neutron-induced reactions and radioactive decay) is the Chebyshev
rational approximation method (CRAM) using the default order
values of 14 for the CRAM order (Pusa and Leppdnen, 2010). The
cross section library used in Serpent 2 is ENDF/B-VII in ACE format
(Chadwick et al., 2006).

In this study, we applied both of the computational tools
described in this section for conducting the McMaster Nuclear
Reactor (MNR) simulation calculation. In both sets of simulation
codes, the predictor-corrector method for calculating fuel burnup
is used. This method is based upon two-step calculations per-
formed at the beginning and the end of each step. The flux and
cross section at the beginning of the step are used to deplete the
fuel, and then the flux and cross section at the end of the step
are calculated. In the predictor-corrector method, the averages of
the two parameters are used to deplete the fuel.
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2.2. Model description

The MNR is an open-pool-type materials test reactor (MTR). It
consists of 9 by 6 assemblies that contain standard fuel assemblies
(SFAs), control fuel assemblies (CFAs) with low-enriched uranium
(LEU), graphite reflectors, a beryllium reflector, and a central irra-
diation facility (CIF).

In both sets of code, the fuel assemblies were divided into seven
axial zones. This was necessary to capture axial distributions of the
neutron flux and fuel depletion of each fuel assembly (FA) and CFA.

Serpent 2 captures the geometrical details of the assemblies as
well as the out-of-core details such as beam tubes and additional
reflectors. In OSCAR-4, two stages of calculations were performed.
First, a 2D cell calculation capturing the geometrical detail and
using energy condensation. Then, the 3D reactor core calculation
with homogenized cross sections. Fig. 1 presents the MNR core
configuration for one of the cycles used in this calculation. As can
be seen from the figure, the outer core region of the MNR is flanked
by a large lead block on the western periphery and six radial beam
tubes on the north and east sides. The general core specifications
and fuel materials of the MNR are given in Table 1 (Day, 2011).

2.3. Operational estimation of U-235 fuel inventory

A measurement using the flux-wire irradiation method is per-
formed in each of the 32 fuel assemblies to determine the fuel bur-
nup and/or depletion across the MNR core. One of the important
parameters used in evaluating the fuel burnup/depletion is the
U-235 consumption value [g/MWh]. This value is used together
with the operational energy released [megawatt-days (MWd)] to
estimate the local fuel burnup/depletion. Unlike use with the
high-enriched uranium (HEU) fuel type, with the LEU fuel type
the U-235 consumption valuel varies as the fuel burns (Algahtani
et al., 2019). In order to provide better operational fuel inventory
data to be used in simulation code, an FIC factor will be applied
and demonstrated along with the standard U-235 estimate
obtained using the flux-wire method. The U-235 consumption
value with LEU accounts for the energy production from other fis-
sile isotopes; details will be discussed in Section 3.1.

2.4. Simulation approach

The standard operating schedule at MNR is 14 h/d Monday
through Friday, with an extra shift of 8 h on some Saturdays. In
the OSCAR-4 code, daily fuel inventory tracking was used, 14 h of
operation and 10 h for decay shutdown, during the entire calcula-
tion period (2007-2013). This tracked the fuel inventory concen-
tration explicitly.

The Monte Carlo probabilistic code Serpent 2 is expensive in
terms of time, especially when a daily core-follow calculation
needs to be applied. Therefore, temporal discretization using sev-
eral time steps was applied with the aim of reducing the discretiza-
tion error due to the use of constant reaction rates in the depletion
calculations. However, using large time-step can lead to cause
large flux change and hence inaccurate results. Therefore, small
time-step to capture the flux shape over time is implemented.
For instance, the maximum step-length used in Serpent-2 was
around 15 days step size with 3 MW,, power. This leads to extract
energy from the hottest FA with 1.8 MWD/kgU burnup-step size.
The Serpent 2 model of the MNR core is shown in Fig. 2.

The MNR server, which uses CentOS Linux computing platform,
was used to run Serpent 2 code system in OpenMP parallel com-
puting. The simulation run in OpenMP mode used was 35 parallel
threads. Five hundred cycles of 80,000 neutron histories each were
run, with 70 cycles skipped as inactive; therefore, a total of
40,000,000 neutron histories were simulated at each burn step.
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Fig. 1. MNR core cross section.

Table 1
MNR specifications (Day, 2011).

Parameter Value and description
Core lattice size (x-direction) 8.1 cm
Core lattice size (y-direction) 7.7 cm
Active core height 60 cm
Fuel type Us;Si,-Al dispersion Al-clad curved plate
fuel
Enrichment 19.75 wt% (LEU)
Coolant and moderator Light water
material
Reflector material Graphite
Fuel meat thickness 0.051 cm
Fuel plate thickness 0.127 cm
Coolant gap size 0.300 cm

Number of plates per assembly
Fuel atom density

Control fuel atom density

16 fuelled and 2 dummy (external)
1.88994 x 107> at/b.cm
1.66794 x 107> at/b.cm

The maximum statistical error in the nodal assembly power was
less than 0.14%. The Shannon entropy converged at approximately
the 40th cycle. This was due to the geometrical division made in
the axial core, by which each FA and CFA was divided into seven
layers, lumping all inventory together in one node per layer.
Fig. 2 shows the MNR model using Serpent 2 code system (L),
and thermal flux distribution (R).

ImIHHHHHI\HIHI\IHHH\H|I|\|H|HH|HHI

3. Results and analysis
3.1. Implementation of the correction factor

In the MNR, following measurement of the local assembly flux
and collection of the recorded operational plant data (energy
released in MWd), the U-235 consumption value is used continu-
ously throughout the fuel’s life to estimate the fuel depletion. A
value of 0.05417 g/MWh has been used since the time when the
reactor core was fully HEU fueled. In 2007, however, the MNR core
was completely converted to using LEU fuel. Unlike use with HEU,
with LEU the U-235 consumption value changes constantly as the
fuel burns. With HEU, the concentration of the U-235 is so highly
enriched that all energy produced by the fuel comes only from
U-235. Even at end of life (EOL), the energy produced from non-
U-235 actinides- in HEU is still negligible. Table 2 shows the
energy production from HEU and LEU fuel at EOL (50% depletion)
using OSCAR-4.

Given the values in Table 2, it is still acceptable to consider the
consumption of an HEU fuel a constant value in the early stage of
fuel life. However, LEU fuel produces significant energy from acti-
nides other than U-235, and therefore, it is not efficient to estimate
U-235 with LEU fuel by using a constant value for consumption.
Accordingly, in order to adjust the recorded MNR data for U-235
to reliably estimate the core FAs, an FIC factor is introduced in this
study. This factor changes continuously as the fuel burnup
changes. Fig. 3(L) shows the fuel depletion content calculated using

0 1
i1 o
M

(AT &
N 00 0 00
LT (0T

Fig. 2. Serpent 2 simulation code model of MNR core (L), and thermal flux distribution (R).
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Table 2 “+ T T T T T T T T T
Fraction of fission power from actinides for high-enriched uranium (HEU) and low- 0
enriched uranium (LEU) at end of life (EOL). g 1.01F
HEU (%) LEU (%) E 1.005 \/\”/’\
U-235 99.54 91.21 S 1 1
U-236 0.03 0.03 =
U-238 0.01 0.42 8 09951
Pu-239 0.38 7.6 £ oo} |
Pu-241 0.03 0.73 E|
= 0.985 . s s N s s H : :
fvéb %Q% b:\Q o h\m A ®
the MNR and OSCAR-4 consumption value. As expected, MNR «© N «© © N ©
depletes more U-235 than OSCAR-4 owing to the U-235 consump- = 100 . . . . . . . . .
tion value constant used. Unlike OSCAR-4, where other fissile iso- = —— ShimRods
topes, i.e. Pu-239, can contribute to the energy production and S sof -
hence lower consumption of U-235. Fig. 3(R) shows the FIC factor ‘§
extracted from both methods of calculating depletion by dividing $ 6of ]
the MNR/HEU consumption value by the OSCAR-4/LEU value. uj, ok ]
As described in Table 1, the MNR fresh fuel contains 225 g §
(1.88994 107> atoms/(b.cm)) of U-235, and nominally the fuel ° 20F
removal is usually applied when approximately 50% depletion is 'g | ] | | | | | ] |
reached. From Fig. 3, as expected from the information given in © O% 9 © & & RS
Table 2, less LEU fuel content is consumed using OSCAR-4 (with % o o > » AN
LEU fuel) than MNR fuel as the fuel burns. The lesser the extent & & & & v &

to which the fuel is enriched, the greater the contribution of energy
released from other fissile materials, in this case mainly Pu-239.
The variation in fuel depletion as the fuel releases energy system-
atically alters the fuel content across the core. The effect of this
variation can therefore be accounted for by applying an FIC factor
to the operational recorded data, based on the values in Fig. 3 (R).

3.2. Validation of simulation code criticality data against operational
data

Throughout the code validation, criticality operational data
(key = 1) were used as a benchmark for validating and comparing
the simulation code used. Here, we examine the methodology used
to apply the FIC factor to the initial material composition extracted
from the operational data.

The MNR is a daily-operation reactor and is usually filled with
irradiation samples. According to the MNR operational data,
throughout the entire six-year calculation period, the reactor is
shut down on December 24 and begins operation again at the
beginning of the following year. This provides an opportunity to
compare the ke values under both the absence of xenon and the
absence of samples. Fig. 4 presents the k. values for the first oper-
ational day of each year along with the positions of the critical rods
for each calculation.

240

220

200

@
S

U-235 content (g)
>
o

500 1000 1500 2000 2500
Released Energy (MWh)

Fig. 4. Behavior of xenon concentration during the operational week of the
measurement.

A systematic difference can be seen between the two multipli-
cation factors. The MNR houses five shim rods and one regulating
rod. The operational limits for the control rod (CRs) are usually
maintained at no less than 60% and 20% extraction for the five-
shim rods and one-regulating rod, respectively. Therefore, studying
the CRs’ worth is important for gaining an improved understanding
of the differences between the code systems when all rods reach
their limit of extraction.

The regulating rod’s worth did not show a significant difference
between the sets of code: 2.23 mk and 1.76 mk for Serpent 2 and
OSCAR-4, respectively. Whereas for the five shim rods worth
extraction limit, however, there was a notable difference between
the two sets of code: 34.39 mk and 23.92 mk, respectively. Serpent
2 has a higher rod worth, and this is reflected in the multiplication
factor, as seen in Fig. 4.

3.3. U-235 operational plant data with simulation code
OSCAR-4 and Serpent 2 code sets were used to simulate the

MNR core for a period of six years (2007-2013). The data on four
FAs for the entire calculation period are presented in this paper.

1.14

o = =
8 - B

FIC Factor
5
3

0 500 1000 1500 2000 2500
Released Energy (MWh)

Fig. 3. Fuel depletion (L) (Algahtani et al., 2019), and fuel inventory correction (FIC) factor (R).

60


http://www.mcmaster.ca/
http://www.biology.mcmaster.ca/

Ph.D.— Mohammed ALQAHTANI; McMaster University— Engineering Physics

M. Algahtani et al./Annals of Nuclear Energy 145 (2020) 107590 5

These FAs were selected for having the shortest periods of energy
release (depletion) in order to track the depletion throughout the
period since its BOL. The initial condition of the depletion values
for these FAs were as follows: MNR-329, 13%; MNR-330, 6.5%;
MNR-332, 0.5%; and MNR-333, 1%. The amounts of U-235 in the
four FAs under all four methods were compared. Fig. 5 shows the
U-235 atom density as tracked using the four methods applied.

The standard deviation in the flux-wire method was calculated in
reference (Alqahtani et al., 2018).

The FIC factor increases exponentially as the fuel burns; this
means that the flux-wire method for calculating MNR fuel deple-
tion will tend to show higher depletion values. As can be seen in
Fig. 5, the U-235 atom density under the four methods employed
started at the same concentration except under the flux-wire
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method, which had a negligible lower concentration. All of the core
FAs were depleted using operational core-follow history data.

One of the four methods, the flux-wire method always gave the
lowest U-235 content, whereas the other three methods varied
from one FA to another. Fuel time exposure was conserved under
all methods, whereas FA local power varied with the method
owing to the uncertainty in each method. The previous study
was performed using Serpent 2 to estimate the flux-wire measure-
ment uncertainty for estimating the local power/flux (Algahtani
et al., 2018). The flux wire is assumed to sit in the near center of
each FA. However, the position of the wire may deviate from this
assumed position. The uncertainty in flux-wire positioning was
found to fall within the range of maximum standard deviation of
7% depending on the flux distribution inside the FA channels and
FA locations. Fig. 6 shows the FA power as tracked during the
core-follow calculation period along with the error bars that were
extracted from the flux-wire positioning.

In Fig. 6, the main cause of the variation in the FA power is due
to the fuel shuffling. This will lead the FA power to increase partic-
ularly in the region of high neutronic importance, and vice versa.
Local assembly power is inevitably reflected in the U-235 atom
results; i.e., the OSCAR-4 core-follow method in MNR-333 appears
to provide the lowest power throughout nearly the entire calcula-
tion period. Therefore, a higher U-235 atom density is expected at
the EOL calculation, as seen in Fig. 5.

3.4. Comparison of inventory of major isotopes between OSCAR-4 and
Serpent 2

U-235 enrichment at EOL is about 9-11%, whereas the U-238
concentration at EOL is considerably higher, about 85-87%, a major
contributor of isotope content in each FA. U-238 produces energy
from high-energy neutrons, and that energy is about 0.4-0.5%
throughout the FA’s life (Table 2). Similarly, Pu-239 is the major
energy contributor after U-235. This only happens when U-235
reaches a depletion of greater than 3%, which is around 75 opera-
tional days from its initial loading at MNR core of 3MW;,. Pu-239
energy production reaches 7-8% at EOL. Therefore, it is vital to
track the concentrations of these isotopes when different methods
and approaches are employed. All statistical errors from Serpent 2
simulation code showed in this section is below than 0.2 % and it is
represented as an error bar in all figures. Fig. 7 illustrates the U-238
concentrations as tracked during the calculation period.

Pu-239 is created by the transmutation of high concentrations
of U-238 into U-239 which then rapidly undergoes two - decays,
transforms into Np-239, and via a second -f decay is transformed
into Pu-239:

2389, U+{n—33°U—23°Np—33°Pu

Fig. 8 shows the evolution of Pu-239 during the calculation
period.

The buildup of Pu-239 is a result of neutron irradiation of the U-
238. The maximum difference was found in MNR-333 at EOL with
0.08% (5.92 x 107° at/b.cm) and 7.5% (3.07 x 10~° at/b.cm) for U-
238 and Pu-239, respectively. These two maximum differences
are negligible in comparison to the total three major isotopes pre-
sented in this section which is 8.62 x 10~ at/b.cm. Even though
two methods and approaches were used, the inventory concentra-
tions of U-235, U-238 and Pu-239 demonstrated very good
agreement.

4. Conclusion

Adjusted operational core history data for a six-year period
were used and compared with simulations by the OSCAR-4 and
Serpent 2 code systems. The two methods use different approaches

and different models. The OSCAR-4 code system uses a detailed
daily core-follow calculation, whereas Serpent 2 uses a few burn-
step sizes per cycle. The criticality calculation (kes) at the begin-
ning of each year, when there is zero xenon poison, was also
studied.

The highest difference in the U-235 fuel inventory values was
found in MNR-333, with a 6.97% difference between OSCAR-4
and the FIC factor method at EOL. This is mainly due to the local
power assembly. The calculated kg criticality values were found
to be systematically different owing to the difference in CR worth.
The absolute difference in the range of reactivity values was
approximately 4-6 mk and 3-5 mk for OSCAR-4 and Serpent 2
with the unity, respectively. The major isotope (U-238) content
showed similar behavior under the two code systems throughout
the calculation period except for MNR-333, for which a local power
difference was found in the two code systems. This was reflected
by the change in the Pu-239 difference for this FA.

The MNR core-follow calculation using Serpent 2 code with
consideration of few time-step sizes per cycle should be able to
estimate the fuel inventory in very good agreement with detailed
daily core-follow tracking.
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Previous chapters have extensively studied and analyzed the fuel
compositions for the MNR core. In this paper, 27 gamma heating
measurements have been performed in both axial and radial irra-
diation sites in the MNR core using the gamma thermometer ap-
paratus. An up-to-date fuel composition extraction from the MNR
core has been employed in the Serpent-2 code system. The compar-
isons of the measurements and the operational multiplication factor
(ke = 1) have been conducted with the Serpent-2 code. The results
have demonstrated that even though the measurement was carried
out in 2019, a very good agreement of the effective multiplication
factor with MNR critical rods position has been observed. In ad-
dition, a comparable of the gamma heating with the measurement
results have been observed. To this extent, the methods used in
this thesis allow the improvement of prediction capabilities of the
Serpent-2 code, and aid in the accurate development of any future

code utilization in the MNR core.
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ARTICLE INFO ABSTRACT

Interaction of radiation with matter results in heat generation and in effect, changes in the irradiation sample’s
quality. Knowledge about heat deposition within the irradiation sites can go a long way in enhancing the safety
and quality of the irradiation condition. To measure such results, SCK-CEN Gamma Thermometer (GT) is used
for experimentally measuring Gamma Heating (GH) during the operation of McMaster Nuclear Reactor (MNR) at
three irradiation sites. In addition, Monte Carlo reactor physics code (Serpent-2) is also used for modeling the
MNR in order to compare as well as validate it against experimental and operational measured data such as the
multiplication factor (k.s) during the operational day against the actual values (unity), the experimentally
measured GH values. After finding a difference of 0.45% at the beginning of the day and 0.32% at the end of the
day in the kef, a comparable GH profile was observed between the measurement and the calculation.
Additionally, the average axial differences of GH results found in the beryllium irradiation site (2A), and the

Keywords:

Irradiation site
Gamma heat

Gamma thermometer
Fuel assembly
Multiplication factor

graphite irradiation sites (8B and 8E) are 4.71%, 10.71%, and 11.72%.

1. Introduction

A 3 MWy, open-pool McMaster Nuclear Reactor (MNR) is widely
used for radioisotopes productions among several applications and ex-
periments. MNR is known to house various irradiation sites, both inside
and outside the reactor core. The open-pool design makes it feasible to
access those irradiation sites. In many cases, samples are encapsulated
before being placed for irradiation purposes. As a result, coolant is
prevented from flowing through the irradiated sample (target). In any
nuclear reactor, Gamma Heating (GH), which is a result of interaction
of radiation with matter, can significantly contribute to the matter/
sample heat generation, particularly in the absence of the direct contact
coolant. Evaluation of the nuclear heat, mainly GH, at any irradiation
site is one of the main important parameters for safety evaluation of in-
pile irradiation samples (IAEA, 2003). For this reason, irradiation
samples are typically considered under controlled conditions for high
quality production. In many cases, the GH in the MNR core irradiation
samples can alter both molecular structure and neutron cross section by
raising its temperature and in effect, lack of optimal irradiation con-
dition (IAEA, 2003; Harrell et al., 2018). Previous study was carried out
at MNR core to irradiate medical isotope device based on holmium-166
and caused massive damage to the microspheres. According to this
study, GH is the primary cause for the microspheres sample damage

* Corresponding author.

(Heysel et al., 2018).

A significant amount of heat is deposited their energy out of the
fission sites during the reactor operation (*15%) (Lamarsh and Baratta,
1982). This energy deposition, or the nuclear heat, arises from different
types of radiations; scattered neutron, prompt gamma, delayed gamma
and radiative capture emitted during the fission, decay and activation
processes. All these interactions will result in heat generation/deposi-
tion at any point inside the reactor. In all irradiation samples, the GH is
the main contributor to total heating (Lemaire et al., 2015). Hence, it is
imperative to study the GH in those sites to gauge the safety and effi-
cacy of irradiation targets.

In this study, experimental measurement of the GH is performed by
the differential temperature thermo-couple Gamma Thermometer (GT).
More specifically, GT was placed in three different irradiation sites
during the reactor operation to axially measure the GH. The reactor
power remained constant at 3 MWy, and the control rods (CRs) ex-
traction positions were recorded during the measurement campaign.
Additionally, Monte Carlo Serpent-2 code was used for modeling the
MNR core to be compared and validated against the measurement data.

2. McMaster nuclear reactor (MNR) description

The MNR is an MTR-type reactor with a core of low enriched

E-mail addresses: algahm1@mcmaster.ca, malqahtani@kacst.edu.sa (M. Alqahtani).
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Table 1

A general description of the MNR facility and core specifications.

Parameter

Specification

Type of reactor
Maximum/nominal power
Maximum neutron flux (3 MWy,)
Coolant and moderator
Reflector

Coolant circulation

Fuel type

Fresh SFA and CFA atom density
Enrichment

Control system

Plate, fuel meat and cladding
thickness

Core lattice size x and y

Core height

Open-pool MTR

5/3 MWy,

5.8 x 108 n/em* s

light water

graphite and beryllium

natural circulation or forced downward flow
Us3Si,-Al dispersion Al-clad plate fuel

1.89 x 1073 and 1.67 X 1073 at/b.cm

19.75 %

5 Ag-In-Cd shim safety rods and 1 stainless
steel rod

0.127, 0.051 and 0.038 cm

8.1 and 7.709 cm
60 cm

uranium (LEU) fuel. The MNR core grid comprises of six by nine as-
semblies wherein there are 32 standard fuel assembly (SFA), six control
fuel assembly (CFA), seven graphite reflector assemblies and one ber-
yllium assembly (Day, 2011; Alqahtani et al., 2019). The LEU fresh fuel
is made up with 19.75% enrichment. Light water is used for moderating
and cooling the reactor core. MNR contains several irradiation sites,
both inside and outside the core. The in-core irradiation sites are si-
tuated in the graphite reflector (G) and beryllium reflector (Be). The
MNR core lattice size for all assemblies are 8.1 cm by 7.709 cm. The
inner irradiation diameters of beryllium and graphite reflectors are 3.81
and 3.50 cm, respectively. Table 1 shows the MNR general description,
Fig. 1 demonstrates the MNR core configuration, and Fig. 2 shows the
cross-sectional view of the SFA and the CFA.

3. Method
3.1. Measurement set-up

The GH measurement campaign was performed on Tuesday,
October 08, 2019 in MNR core to axially map the GH in three different
irradiation sites. More specifically, the GH measurement was performed
at 20:15 at night. MNR is a daily operating reactor, therefore it is
preferable to run the measurement few hours following the reactor
start-up to burnout the excess of xenon concentration in order to avoid
a high Control Rods (CRs) fluctuation.

A small dimensions Gamma Thermometer (GT), manufactured by
the SCK-CEN in Belgium, was used to perform the measurement
(Aarestad, 1992). The GT measures the gamma heating through the
differential temperature thermocouple between hot and cold junctions.
Notably, the hot junction is insulated in the core of the GT, whereas the
cold junction is placed 6 cm above, outside the GT core, and establishes

9 8 7 6 5 4 3 2
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contact with coolant water. Fig. 3 and 4 illustrate the GT attached to
metallic in-pile and out-of-pile instrument cables, as well as its cross-
sectional view, respectively.

The GT and the differential thermocouple are made of AISI 304 and
AISI 316L stainless steel material, respectively. The hot junction, which
forms the inner GT core, is insulated by Argon gas at 1.25 MPa. It can
mainly be heated, and is eventually higher than the cold junction, when
GH is present. Light particles such as gamma rays will generate heat
(GH) when they interact with the GT core. In contrast, the cold junction
is continuously cooled by the coolant flow and can be assumed to have
a temperature similar to the coolant temperature. Both inlet and outlet
reactor coolant temperatures were recorded at around 30 and 36
Celsius degree. The GT is connected to a K-type thermocouple which
processes data (voltage) whenever there are different temperatures
between hot and cold junction. The signals processing of the different
temperatures (voltage creating) is recorded to a PC adjacent the reactor
pool on a frequency of 1 Hz.

The GT is mounted in an instrument rig to be placed in any irra-
diation site i.e. graphite and beryllium reflectors. The rig comprises of
both an inner race and outer body. The outer body is fixed after being
mounted on the graphite/beryllium site whereas the inner race is axi-
ally movable. The GT outer rig can fit inside the irradiation site. The
movable inner rig, with a diameter of 1.27 cm, allows the GT instru-
ment to sit laterally anywhere within 1.27 cm. A detailed description of
the mounted GT can be found in reference (Stoll, 2016).

The GT instrument can be axially positioned at any elevation from A
to I. The axial elevations differences between one level and another is
about 5 cm. The inner race contains a guide tube that is attached to the
lower part and can then be placed within any irradiation site. The ca-
libration factor specified by the supplier of the GT sensitivity is equal to
44.7 + 4.5 °C g/W.

For each axial elevation changes, the shim rods (SRs) and regulating
rod (RR) extraction positions were recorded during the measurement,
100% is fully extracted and vice versa with respect to the fuel height.
The SRs were only change 0.7%, from 78.3 to 79% extraction, during
all the measurement campaigns, whereas the RR was ranged from 65 to
72% when the GT was located in 2A and from 40 to 45% when it was in
8B and 8E. Table 2 illustrates the GT axial changes in 8B assembly with
CRs extractions in (%). Measurement was performed twice top-to-
bottom and bottom-to-top in each irradiation site.

The axial elevations points of the GT rig are the A to I levels. Each
level has a GH value inside the irradiation site in the reactor core from
the bottom to top, respectively. These levels are different between
beryllium and graphite reflectors owing to the different base level po-
sitions between the two reflectors, which is around 3.2 cm lower in the
graphite reflector.

The three different sites were selected based on the most accessible
adjacent sites to the reactor core. The reactor power was recorded
during measurement campaign at 3 + 0.02 MWy,. The GT was axially

A w G w

FA |Fuel Assembly
Control Fuel Assembly (Shim Follower)

Control Fuel Assembly (Regulating Follower)

Beryllium Assembly

G |Graphite Assembly

B w G FA

C w G FA FA
D G G w FA
E w G FA FA
F w G w FA FA FA

W |Light Water

Fig. 1. MNR core configuration.
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Fig. 2. Cross-sectional views of SFA (L), and CFA (R).

NN

Fig. 3. GT attached to the cables.

moved by the mounted rig in each site to measure the GH. This was
done twice from Bottom-To-Top (BTT) and Top-To-Bottom (TTB) sub-
sequent to which an average of the two measurements is calculated. For
each axial GH measurement, either BTT or TTB, an average of ten GH
values was obtained after a period of five time constants. This will yield
less uncertainty when collecting several data points.

3.2. Calculation

3.2.1. Calculation process

A full 3D core Monte Carlo neutron and photon transport model
Serpent-2 has been used to validate and compare parameters against
operational and measured data. The photon physics in Serpent-2 was
implemented in 2015 (Kaltiaisenaho, 2016). Recent development has
been undertaken for photon physics to estimate the energy deposition
at any location inside a reactor core.

Table 2

GT axial elevations and data recorded in 8B.
Axial Elevation GT Data Collection Five SRs (%) RR (%)
A 21:57:30 79 = 0.30 40 = 0.30
B 21:59:50 79 = 0.30 40 = 0.30
C 22:01:50 79 = 0.30 40 = 0.30
D 22:04:11 79 = 0.30 42 = 0.30
E 22:06:25 79 = 0.30 43 = 0.30
F 22:09:03 79 = 0.30 44 = 0.30
G 22:12:35 79 = 0.30 44 = 0.30
H 22:15:05 79 = 0.30 45 = 0.30
1 22:22:55 79 + 0.30 45 + 0.30

In Serpent-2, energy deposition calculation is performed every time
a photon or a neutron interaction occurs. In photon interaction, the
energy deposition calculation uses analog method for tracking photons
event-by-event. Photon interaction deposits their energy by: photo-
electric effect, Compton scattering and pair production. Whereas in
neutron, other than fission, the energy deposition is calculated using
kinetic energy released in materials (KERMA) coefficients. As described
in reference (Tuominen et al., 2019), the nuclear heating, or neutron/
photon heating, calculation in Serpent-2 can be expressed as

H(E) = piky(B)D(E)

X o)

where p, is the number density of nuclide i, ky(E) is the KERMA coef-
ficient for nuclide i and reaction j at incident energy E, and ®(E) is the
scalar neutron/photon flux. Nuclear data processing NJOY (Macfarlane
et al., 2018) can be used to calculate KERMA coefficients, which is
necessary for neutron heat deposition.

The energy deposition treatment in Serpent-2 is calculated on the
basis of the user’s needs. Four modes (0-3) exist for calculating the
energy deposition: constant energy deposition per fission, local energy
deposition, local photon energy deposition and coupled neutron-photon
transport. The most advanced energy deposition mode, coupled neu-
tron-photon transport (mode 3), is used in this investigation (Tuominen

0 o
g 9
] I 241 - cold junction
He-leak tested [
f \ hot junction 60
Filling gas = |
525

Fig. 4. Cross-sectional view of the GT built by SCK-CEN (Fourmentel et al., 2013).
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et al., 2019). In this mode, the fission site energy deposition, which is

calculated based on ENDF MF1 MT458 data (Trkov et al., 2018), is
given by
Efs,i = EFR + EB @)

Where EFR denotes the fission products’ kinetic energy, and EB is
the delayed beta energy. The two components from the previous
equation deposit their energy at the fission site. Meanwhile particles
such as photon and neutron dissipate their energy through the medium.

The delayed gamma energy deposition in Serpent-2 can be calcu-
lated by using one of the two different calculation methods: (1) by
solving Bateman equations to produce delayed gamma source then the
calculation can be read from a binary file. Once the binary file of fission
products and activated materials in the reactor is created, the secondary
simulation calculation can be used to estimate the delayed gamma, (2)
or by approximating delayed gamma energy deposition with the same
distribution as the prompt gamma energy distribution (Tuominen et al.,
2019). The approximated delayed gamma energy deposition is used for
this study as it provides a significant reduction in the calculation time.

3.2.2. Monte Carlo Serpent-2 modelling of the MNR

It is important to consider several parameters when validating or
comparing results of the experimental measurement with the compu-
tational code. These parameters include: core configuration, reactor
power, CRs extraction position, as well as fuel core inventory. All these
parameters were thoroughly considered and recorded during the mea-
surement.

The MNR Serpent-2 model includes the reactor core, the reflector
and the surrounding beams — all of which are modelled explicitly as
described in Section 2.

The MNR core inventory modelling in Serpent-2 was extracted on
the basis of the reactor core operational data history at the date of
measurement. The implementation of the fuel compositions extraction
from the measurement-base estimate followed the procedure utilized in
reference (Alqahtani et al., 2020). The nuclear data library used in this
model is ENDF/B-VIL1 (Chadwick et al., 2011).

The GT instrument was modeled with the same materials that were
provided, see Section 3.1. All the statistical uncertainties are kept lower
than 1.5% in all GH calculations with 10,000 active histories and
80,000 particles per history, a total of 8 x 10° particles. The calcula-
tional time performed of this simulation were 39 h with 20 OpenMD
parallel threads. Owing to the computational expense associated with
the calculational time, a simple approximation in the GT calculation
model was implemented by assuming the energy deposition occurred
between the hot and cold junctions. Fig. 5 illustrates the MNR Serpent-2
model used in this work, see Section 2 for a detailed description.

Fig. 5. MNR Serpent-2 model.
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Fig. 6. Measured GH in two different times.

4. Results and analysis
4.1. Uncertainty quantification (UQ)

A series of measurements and simulations were conducted to eval-
uate some parameters that can influence the calculated/measured GH
quantities. These results can be affected by several factors owing to the
uncertainty caused by the reactor conditions, measurement conditions
and calculation approximation such as CRs position, reactor power and
GT spatial positioning, among others. Therefore, to ensure proper
treatment of these uncertainties, several sources of uncertainties asso-
ciated with the measurement are discussed. Other uncertainties related
to the nuclear data and dimensional tolerance are disregarded.

4.1.1. Minor contributions

One of the main kinds of calculation uncertainties is the physical
approximations made by the computer code model. The GT dimension
is small, see Fig. 4, therefore moving the instrument in each measure-
ment and simulating the model is computationally expensive. To avoid
that, the GT length was assumed to be all throughout the axial irra-
diation sites. A number of simulations were conducted to evaluate the
effect of such parameters. The differences of these approximations were
seen within the relative statistical error (< 0.6%). Therefore, this as-
sumption will help reducing the calculation time, which is 9 axial
points in each irradiation site (27 times reduction).

Other recorded reactor operational and instrumental uncertainties
are not seen significant such as: reactor power, which can be assumed
to be proportional to the GH results, 3 + 0.02 MW ,; CRs position
fluctuations +0.5 %; and electronic noise with a maximum around
+ 0.8% from the average value. The latter can be seen in Fig. 6. In ad-
dition, studying uncertainty of the short-live isotopes decay was per-
formed during the measurement. This is done by measuring each GH in
two different times. Fig. 6 shows two measured GH at the same axial
point and irradiation site (beryllium) in two different times (=1 h dif-
ferent). No variation can be seen from the two measured GH in Fig. 6
and the GH values are seen within the electronic noise.

Aside from estimated uncertainties from the measured and calcu-
lated GH values, other assumptions that have inherent uncertainties
need to be evaluated, such as the assumption of the cold junction
temperature being similar to the hot junction ambient temperature, see
Section 3.1. The average temperature difference between the inlet and
the outlet core flow obtained from the MNR control room is
5.55 * 0.05 °C. The distance between the hot and cold junction is
6 cm, see Fig. 4, and the core height is 60 cm. The MNR core flow is
downward with inlet and outlet temperature above and below the core,
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Fig. 7. Irradiation sites and inner lateral placement energy deposition density [W/cm®].

respectively. This means that the ambient GT temperature between the
two junctions is not exactly uniformed; the cold junction temperature is
slightly underestimated (colder). These deviation in the temperature
differences contribute to the uncertainty associated with the GH mea-
surement. Therefore, assuming a linear axial temperature increment
between inlet and outlet temperatures core (~0.1 °C/cm) can induce
uncertainty in the GH of 1.4%.

4.1.2. Major contributions

In order to optimize the measurement results, measurements should
always be accompanied by its uncertainty. Lack of uncertainties studies,
especially those with major influences, may lead to underestimate the

GH deposition, which then leads to the possibility of drawing incon-
sistent conclusions about the fidelity of code simulation. In this section,
major uncertainties are studied by Serpent-2 code and illustrated along
with the measured values in Section 4.1.1. Those are: (i) the GT radial
(lateral) placement inside the irradiation site, and (ii) the maximum
and minimum CRs extraction position.

Energy Deposition Density (EDD) will be used in studying the radial
GT position in unit [W/cm®] to demonstrate the average EDD dis-
tribution across different reflector assembly. The only different between
EDD and GH is the density division. Fig. 7 illustrates the EDD across the
three irradiation sites (L) as well as the lateral GT placement (R). The
irradiation site, in Fig. 7 (L), represents the complete radial cross
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Fig. 8. GH calculation in three irradiation sites with different RR positions.

Table 3
Summary of the uncertainty terms in each irradiation site.

Uncertainty Estimate (%)

Beryllium (2A) Graphite (8B) Graphite (8E)

Power 0.7 0.7 0.7
Electronic noise 0.8 0.8 0.8
Lateral placement 4.1 5.1 5.0
Temperature Differences 1.4 1.4 1.4
Combined u¢ (v) 4.5 5.4 5.3

sectional assembly 8.1 by 7.709 cm, whereas the lateral GT placement
in Fig. 7 (R) focuses in the possibilities of the GT locations inside the
irradiation site in Fig. 7 (L). The variations in EDD is primarily attrib-
uted to the photons interaction variation as the material mass number
and/or density changes.

As expected, the EDD is hotter at the corners toward the MNR core
centre, refer to Fig. 7 (L), same for GT lateral placement (R). In the
three reflector assemblies, the standard deviation of the lateral GT
placement shows 4.1%, 5.1% and 5% from the central irradiation pla-
cement for site 2A, 8B and 8E, respectively.

On the other hand, the GH uncertainty existence due to the CRs
variation is inevitable. For that reason, two Serpent-2 models were used
with different CRs positions, considering the maximum and minimum
extraction positions during each measurement which are: 79% and
78.3% for the five SRs, and 75% and 40% for one RR. Fig. 8 shows the
GH calculations in the three irradiation sites with different CRs ex-
traction positions.

As can be seen from Fig. 8, the GH in the beryllium irradiation site is
the most vulnerable to the CRs changes. The upper half part shows a
higher GH when RR is 75% extraction owing to the higher local flux
and hence local power near to the RR. Whereas the impact of the CRs on
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the axial GH in the majority points of the graphite sites are within the
statistical uncertainty error. This deduces that the CRs fluctuation in
this measurement does not significantly impact the GH in the graphite
irradiation sites. This may be attributed to the insignificant change in
SRs (0.8%) and the RR distant from the graphite irradiation sites, as
seen Fig. 1. Therefore, in order to simulate and compare the GH cal-
culations with measured values, CRs extractions in the beryllium site
need to be precisely considered. Fortunately, as mention in Section 3.1,
the RR fluctuation during the GH measurement in the beryllium site
was solely moved 7% (65-72%), therefore an average of the RR ex-
traction will be used which is 68.5%.

It is difficult to draw conclusions from uncertainties lying within the
statistical errors, therefore some of minor uncertainties discussed pre-
viously will not be considered in the final combined uncertainty.
Table 3 summarizes and tabulates all uncertainties that will accompany
the measured values. The final combined uncertainty for each irradia-
tion site was calculated as following (International Bureau of Weights
and Measures, 2011)

N
u? ()

2 ®)

Where u,, (y) is the combined uncertainty of an estimate y (GH),
irradiation site k, and u;(y) is the uncertainty of each independent
parameter defined in this section.

ug 0 =

4.2. Comparison with operational and measurement results

The calculated ke was compared to the actual value of unity
(ke =1) when CRs positions were in a critical position on Tuesday
(measurement day). The reactor operated on Monday for 14 h and was
shutdown for 10 h before being resumed on Tuesday. The calculated
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kegr on Tuesday at the beginning of day (BOD) using Serpent-2 with
95% confidence interval is 1.00451 + 0.00028, whereas the kg at the
beginning of the measurement time, which is about at the End Of Day
(EOD), is 1.00322 + 0.00028.

The bias of the calculated kg from expected values (ke = 1.00) are

0.45% and 0.32% Ak. Several conclusions can be drawn from the kg
biases that include: (i) the exact time of the MNR full power start-up as
xenon concentration is usually peaked on the next day (7-9 h following
shutdown); (ii) the CRs biases in both operator’s recording time and the
extraction position uncertainty (+ 0.5%), (iii) unlike CFAs, the axial
fuel burnup of the SFAs were modelled symmetrical, which in turn can
cause a positive reactivity to the reactor core. The axial fuel burnup
distribution of the MNR core are asymmetry, more burnup toward the
lower region, due to the persistent existence of the CRs in the upper
region of the MNR core.

All the calculation results and statistics-related uncertainties of the
GH that were previously presented in the UQ are collected and con-
sidered in the measured GH results. Fig. 9 illustrates both the measured
and calculated GH values. In the three irradiation sites, three axial GH
results were presented: the beryllium irradiation site (2A) is surrounded
by three fuel assemblies and as expected, it has the highest GH values.
Meanwhile, the GH values of the other two irradiation sites have GH
values are very similar to each other due to the lower power neigh-
boring, and only one fuel assembly neighboring from one side.

A comparable GH profile was observed in the three irradiation sites
between Serpent-2 and measurement values. The axial calculated va-
lues are systematically greater than the measured experimental ones in
the beryllium assembly, with the exception of the values with the axial
peripheries; the opposite were also observed in the graphite assemblies.

An average difference, in the Be (2A) site, of 4.71% was observed
with measured values. In addition, an average of 10.71% and 11.72%
were observed in the graphite assembly 8B and 8E. One limitation of
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our implementation of the 3D FA calculation is that it was assumed to
have an identical axial power distribution, cosine shape. However, in
order to implement the exact modeling, the control rods insertion effect
on FAs has to be considered, not only on the CFAs. Consequently, the
differences between the measured and calculated GH can be attribu-
table to that limitation. The GH profile is higher in the beryllium as-
sembly (2A), the major attributable to this is the nearest FAs powers, as
illustrated in Fig. 10.

The discrepancies between the two values, calculated and measured
GH, are expected owing to the power distribution differences, which in
turn, has a direct impact on the GH values. Although the maximum
axial power is seen in FA (7B), which is next to graphite site (8B), the
GH values are seen to be higher in the beryllium irradiation site. This is
due to the higher power when summing the adjacent FAs located
around the beryllium site (1A, 3A and 2B).

The three axial GH values are considered to be a strong reason for
damage in some material target. These values will be taken into con-
sideration for any future irradiation samples conditions.

5. Conclusion

An experimental instrumentation measurement of the GH at three
different irradiation sites in the MNR core were measured and simu-
lated. The results of the measurement were used, in addition to the
operational multiplication factor, as a benchmark, in order to compare
and validate them with a Monte Carlo Serpent-2 code model. Major and
minor uncertainties quantification in both measured and calculated GH
were analyzed and studied.

The biases of calculated ks from operational value are higher by
0.45% and 0.32% Ak for BOD and EOD, respectively. Most of the cal-
culated GH results are in a good agreement within the measured GH
uncertainties described in Section 4.1. A systematic higher GH was
observed in the beryllium sites and the opposite in the graphite sites.
This study is significant in that it provides a framework of a new
methodology of comparing MNR measurement data with simulation
codes.

Future research could examine the impact of the axial asymmetric
fuel burnup distribution on the GH results. In addition, study of the cold
junction temperature inside the reactor core could also provide addi-
tional important information to the measured GH values.
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Chapter 7

Time-dependent and MCNP-6.2
Code Evaluations of Gamma

Heating

This chapter describes the study of measuring and evaluating gamma
heating such as time-dependent gamma heating, decay gamma heat-
ing, as well as integrated decay GH to the nuclear transport MCNP-
6.2 code calculation. Also, the MCNP-6.2 code was compared with
the prompt GH from Serpent-2 to as well as the total GH with dif-

ferent evaluation of the secondary GH.
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7.1 Introduction

During reactor operation, gamma rays are mainly produced by fission
processes. In addition, gamma decay, especially with short half-
lives, can also contribute to total gamma heating. As a result, the
amount of gamma heating is a measure of local power generation.
Additionally, minutes following reactor shutdown, high fuel burnup
is more radioactive (high GH) than those with low fuel burnup.
This chapter presents calculational and experimental analyses for
the GH aiming at developing high-quality models. A few other fac-
tors have been studied to explore their effect on the GH level using
the GT instrument, see appendix C. Additionally, analysis of the
experimental GH results of two different time-dependent GH sce-
narios is presented as follows: (i) reactor operation (RO) GH time-
dependent for five consecutive years (2016-2020), and (ii) reactor
decay (RD) GH following MNR shutdown. Lastly, the Monte Carlo
N-Particle MCNP-6.2 model will be utilized to calculate the GH and

compare with the measurement and Serpent-2 code.

7.2 Time-Dependent Reactor-Operation Gamma-
Heating (TD-RO-GH)

Over the past few years (2016-2020), the MNR core has not altered
its core burnup configuration or distribution significantly. However,
fuel shuffling and/or loading is part of the MNR core fuel manage-
ment routine. These changes cause core reactivity variation, and

consequently, neutron and photon flux fluctuations across the core.

76


http://www.mcmaster.ca/
http://www.biology.mcmaster.ca/

Ph.D.— Mohammed ALQAHTANI; McMaster University— Engineering Physics

Any disturbance may lead to changes in the GH. Therefore, GH eval-
uation based on measurements in which both time and core changes
are considered will be investigated. Figure 7.1 presents the GH col-
lected data at the beryllium site (2A) throughout the past four years.
Each value is an average of hundreds of measured values at the cen-
tral axial point. All uncertainty contributions, which were described

in chapter 6, are included in each measured value.
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FIGURE 7.1: Measured gamma heating on several days during the
period 2016-2020.

Even though the core pattern and/or configuration is different in
each measurement, no significant changes have been observed in the
GH values. A recently published work [22] was performed for local
neutron flux level variation in one of the irradiation sites and con-
cluded that despite that the core shuffling that had been performed,

no change in the local flux was observed during the five months in

operation.
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However, in March 2018, it was found that the GH suffered a drop
during a week of operation. Although the GT instrument was kept
in the same position, a change of about 7-8% was observed. Subse-
quently, it was found that due to the failure in the RTD calibration,
which indicated a higher reactor power than the actual power. This
resulted in an apparently lower GH on 22-24 of March before correct
calibration was performed.

Another cause for such fluctuations in Figure 7.1 could be the fuel
burnup distribution across the MNR core. During the last four years,
the MNR core follows a certain burnup distribution across the core
and as a result no disturbance in fluxes may encounter. The fresher
the fuel assembly, the higher neutron importance will have and as
a result increase in local power. Figure 7.2 shows the MNR U-235
depletion in (%) distribution for each measured GH shown in Figure
7.1.
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FIGURE 7.2: Fuel depletion distribution in (%) for the measured
GH shown in Figure 7.1.
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Altering the core burnup distribution can cause fluctuations in
local power levels, thus changing GH values. To demonstrate, the
Serpent-2 Monte Carlo code was utilized to calculate local power
distribution, see Figure 7.3, considering the core burnup distribution

shown in Figure 7.1.
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FIGURE 7.3: Local power assembly fraction distribution in (%) for
the measured GH shown in Figure 7.1.

7.3 Time-Dependent Reactor-Decay Gamma-Heating
(TD RD GH)

7.3.1 Calculated RD-GH During Reactor Operation

Radioactive decay heat plays an important role in nuclear safety. It
contributes to the heat generation during both the reactor opera-
tion and reactor shutdown. Some radioactive isotopes are extremely

radioactive and decay within a very short time—they usually have
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half lives of seconds or a few minutes, while others stay for years
contained in the fuel.

Decay heat estimation relies heavily on computer code predictions.
Therefore, instead of approximating the decayed heat using a correc-
tion factor, as in chapter 6, a delayed gamma source would have to
be produced by solving the Bateman equations. This feature will
be used to calculate the decay heat for all MNR fuel nodes. Figure

7.4 shows the calculated and measured GH results in four irradiation

assemblies.
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FIGURE 7.4: Measured and calculated axial gamma heating.
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Most of the calculated gamma decay heat values fall within 21 +
0.5 % and 19 + 0.5 % of the total GH generation for the Be and
the graphite assemblies, respectively. Omne reason for this ~ 2 %
difference is the surrounding fuel burnup, which is higher in the Be
assembly’s surroundings than in the graphite assemblies’ surround-

ings, see Figure 7.2.

7.3.2 Measured and Calculated Decayed GH

It was previously demonstrated that following the reactor shutdown,
the decay heat starts to decay exponentially before reaching a level
of heat corresponding to the surrounding fuel assemblies’ burnup
and distance. In this section, the decayed GH will be considered for
the rod drop method where all neutron population following reactor
shutdown is cut off shortly after the rods drop. Figure 7.5 shows the
measured and calculated decay GH following the reactor shutdown

at the center axial for different irradiation sites, 2A and 8A.
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FIGURE 7.5: Decay GH at two irradiation sites.

The measured and calculated GH values in Figure 7.5 were in
close agreement. The corresponding calculated delayed GH values

at time zero for all figures fall within 24 £+ 2.0 % for the total GH
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generation. Additionally, the decay GH profiles following the reactor
shutdown for both measured and calculated GH were comparable.
It is noteworthy that the difference between the delayed GH after
500 seconds in all irradiation sites can only be attributed to the
surrounding number of fuel assemblies, burnup and distance.

While multiple measurements of the decayed GH may allow the
effects of fuel burnup to be determined through purely experimental
methods, no significant variation in the GH results was observed.
Nevertheless, this scenario has been observed and can only be true
when core burnup pattern distribution was relatively conserved. A
significant change in the core burnup pattern was made to further
investigate this issue and study the impact of the fuel burnup core
change on the GH levels. This was done by shuffling the fresh fuel
assemblies from locations 7B and 7E with the high burnup fuel as-
semblies in 3A and 1A, and vice versa. Figures 7.6 and 7.7 show the
GH levels considering both cases, before and after fuel shuffling for
MNR core 2019 and MNR random core, respectively.
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FIGURE 7.6: Prompt GH in Be assembly, before and after core
configuration change.
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FIGURE 7.7: Prompt GH in graphite assembly, before and after
core configuration change.

50

The computational results in Figure 7.6 and 7.7 indicate that the
effect of the fuel shuffling on the GH calculations led to a 10% de-

viation on the GH values. This occurred only if fresh fuels were

loaded /moved from one half of the core to the other.
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7.4 Implementation of The Monte Carlo MCNP-
6.2 Code

Code simulations are tools that are continuously needed for develop-
ment and investigation in nuclear research and the nuclear industry.
Measurements and operational data available can be used as a bench-
mark for simulation codes. Monte-Carlo code MCNP-6.2 has been
utilized to evaluate the multiplication factor and GH. In addition,
the Serpent-2 calculation will also be compared with MCNP-6.2. The
atom density used in MCNP-6.2 was taken from the Serpent-2 code
in each calculation, where the FIC factor in the fuel concentration
was previously applied. This was the first time the atom density was
updated from the core composition 54A from 2007 in the MCNP-6.2
model for the MNR.

7.4.1 MCNP6.2 Multiplication Factor Calculation

The purpose of this section is to calculate the multiplication factor
kos as well as the GH values using the MCNP-6.2 code with the cor-
rected number density obtained from previous chapters. The results
of the MCNP-6.2 will be compared with the measured and opera-
tional data, and two-simulation codes used in this research (Serpent-
2 and OSCAR-4). Figure 7.8 shows the MNR core (55E, Jan. 2008)
model as implemented MCNP-6.2.
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0

FIGURE 7.8: MNR core 55E, Jan. 2008, as modelled in MCNPG6.

In this model, a pathway similar to that of the multiplication
factor calculation was followed. The detail of the procedures was
explained in chapter 4. The core patterns selected for this calculation
were based on the absence of the major core neutron poison Xe-135.
As documented in the MNR core history, the core shutdown period
lasts for a minimum of ten days before the reactor starts up at the
beginning of the year. The atom densities used in MCNP-6 were
taken from the Serpent-2 code, about 360 isotopes for each node (273
nodes), with around 100,000 isotopes. In the MCNP-6.2 model, all
statistical uncertainties of less than 2.5% were achieved by running
the KCODE calculations with 15,000 particles per history and 2500
active histories. Figure 7.9 shows the multiplication factor for six

consecutive years using three simulation codes.
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FIGURE 7.9: The multiplication factor and the critical rods posi-
tions for six consecutive years.

As previously demonstrated, the major cause of the differences
between the Serpent-2 and OSCAR-4 multiplication factors is the
difference in control rods worth between them. Accordingly, MCNP-
6 and Serpent-2 used the same method for calculating the neutron
transport equation and thus have quite similar control rod worths.

The maximum difference was near 1 mk.
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7.4.2 Axial Primary Gamma Heating

Another parameter compared, in addition to the multiplication fac-
tor, was the axial GH at four different irradiation sites, see Fig-
ure 7.10. Those axial GH values were compared with the Serpent-2
simulation model. In both models, prompt GH values were axially

compared in 36 points inside the core.
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FIGURE 7.10: Prompt GH in four irradiation sites using Serpent-2
and MCNP-6.2.

The MCNP-6.2 results tie in well with previous Serpent-2 studies.
Overall, the MCNP-6.2 GH results agree with those calculated by
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Serpent-2. A similar conclusion can be drawn when comparing the

two codes.

7.4.3 Integrating Measured Delayed GH with the MCNP-
6.2 Calculated Prompt GH

The delayed measured and calculated GH components evaluated in
section 7.6.2 were around 30% of the total GH generation. This
fraction of delayed GH contribution will be implemented into the
calculated prompt GH from MCNP-6.2, see Figure 7.11.
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FiGure 7.11: MCNP-6.2 GH against measured GH in four irradi-
ation sites.

The results in Figure 7.11 confirm that the integrated measured
GH with the prompt calculated GH is a great option for estimating
the total GH, as opposed to a calculational process such as those
used in Figure 7.4. The results are consistent with what has been
found in Figure 7.4. In fact, implementing the delayed GH from the
measured estimate is not even computationally expensive in terms
of calculation.

As previously mentioned, one limitation of these methods is that

they lack the asymmetric axial fuel inventory. Even though this
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limitation is not a major concern, future study is recommended.

Additionally, these findings provide information about the aggre-
gation of measurement data to the calculated GH. In fact, during the
last seven years of collected measured GH results, it is found that
the delayed GH is contributing to the total GH with around 30 +5
% of the total GH.
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Chapter 8

Summary, Conclusion and future

work recommendation

8.1 Summary

This thesis describes unique contributions to the understanding of
the McMaster Nuclear Reactor (MNR) core, specifically related to
fuel consumption and management, and gamma heating calculations
and measurements. The work offers several advancements that aid in
the MNR core optimization and code validation. The methodologies
presented in this thesis regarding fuel consumption also apply to all
other material testing reactor types (MTR).

In this work, a set of existing codes was applied for the first time
to the MNR to be benchmarked against the measurements and re-
actor operation plant data. The codes used are the deterministic
code OSCAR-4, which includes both the 2D HEADE code and the
3D MGRAC code, and the stochastic Monte Carlo reactor physics
simulation codes Serpent-2, and MCNP-6.2. The MNR plant data
were employed along with gamma heating (GH) measurements to

assist and verify the simulation codes for MNR as well as to evaluate
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the GH in the MNR core. In addition, time-dependent GH mea-
surements, both while MNR was operating and shortly after it shut
down, were investigated for a period of five years.

Chapter 3 presented the OSCAR-4 code comparison and analysis
with the MNR fuel depletion from the flux-wire measurements. The
results diverged over the calculation period. This was mainly due
to the lack of Pu-239 energy production estimates from the MNR
plant data. The findings suggested that OSCAR-4 provides a better
option for core-follow calculation than operational estimates as it
includes all fissile isotopes during the reactor core calculation as well
as the axial fuel inventory distribution. Based on the operational
schedule and reactor power in this study, around six years of core-
follow simulation would be needed to be completely independent of
the initial operation MNR fuel estimate.

In chapter 4, the Monte Carlo code Serpent-2 was introduced to
compare against the OSCAR-4 code. The same conditions were ap-
plied to study the variation and discrepancies between them. Un-
like the OSCAR-4 code, the Serpent-2 code averaged the control
rods (CR) travel distance during the calculation, while the OSCAR-
4 calculation kept accurate track of their positions. The Serpent-2
and OSCAR-4 codes were checked, and their performance is demon-
strated and assured to be comparable. Although the CRs’ motion
was averaged with two burn steps over the 240 days with 5 MWy,
in Serpent, accuracy loss was not observed for the fuel concentration
inventory. In fact, it showed that for both codes, the CRs” averaging
is a promising option for long-cycle core follow calculations.

Chapter 5 focused on improving the MNR operational fuel con-

sumption calculation by considering all fissile isotopes rather than
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only U-235. The results showed that the fuel assemblies are re-
moved from the core with an overestimation of the U-235 consump-
tion around ~ 13% (30 g). In this work, a new method has been
applied to correct the MNR U-235 data history by implementing
fuel inventory correction (FIC) factor. The fuel inventory results
following FIC factor implementation were broadly consistent with
the simulation codes OSCAR-4 and Serpent-2. The divergence in
the fuel inventory was solved, and the multiplication factor was im-
proved. The finding here suggests that it is possible to apply the
FIC factor to existing conservative fuel burnup estimates to produce
more accurate estimates consistent with estimates from detailed bur-
nup modeling.

Chapter 6 continued comparing and benchmarking simulation codes
with measurement data. In this part, the FIC factor, presented in
chapter 5, was used to update the fuel inventory core depletion con-
figuration map at the measurement date. The reactivity bias showed
3.2 and 4.5 mk at the beginning and end of the measurement, re-
spectively. The gamma heating showed a good agreement in the
beryllium assembly, with an average difference of 4.71%, and a sys-
tematic difference in the graphite assemblies, of 10.71% and 11.72%.
Nevertheless, most of the 27 GH values are within the uncertainty
ranges. The results here also introduce confidence in the simulation
codes used since the beginning of this research. Therefore, it is vital
to consider the FIC factor in any future work that requires simulation
comparison with MNR.

In chapter 7, the time-dependent gamma heating (GH) was inves-
tigated during reactor operation over the course of five years. It was

found that unless a significant change in the core burnup distribution
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took place, the GH values were not significantly affected. Also cov-
ered in this chapter is the decayed GH, which occurs shortly after the
reactor shut down. It was experimentally evaluated and compared
with the simulation model. To experimentally estimate the decayed
GH, it is crucial to acquire the negative reactivity insertion to dis-
count the prompt GH. MCNP-6.2 was implemented to account for
the prompt GH. The results of the prompt GH from MCNP-6.2 was
compared with Serpent-2 simulation. A very good agreement was
seen between the two codes, MCNP-6.2 and Serpent-2, in regard to
the prompt GH. The decayed measured GH was integrated to the
calculated prompt GH from MCNP-6.2 to evaluate the total GH.
It was shown that implementing the measured decayed GH to the

MCNP-6.2 calculation provided a promising option than calculation
of the decayed GH.

8.2 Summary of novelties

Overall, the studies presented in this doctoral dissertation represent
important steps forward for MNR core simulations and GH evalua-
tions. These studies contribute new knowledge about:

e The OSCAR-4 and Serpent-2 code systems, which were imple-
mented and used for core-follow calculation over a period of six
years (2007-2013).

o Improving MNR operational data (mainly U-235) to emulate
the actual fuel data. This was done by implementing the FIC

factor and considering all fissile isotopes.
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GH measurements in several irradiation sites. The measure-
ments were carried out during both MNR operation and shut-
down. These values can be used for all future irradiations to
estimate the level of GH. No change was observed in the GH for
a five-year period of time.

GH calculations employed using the Serpent-2 and MCNP-6.2
simulation codes. These calculations were compared against the

measurement data and showed very good agreement.

8.3 Future work recommendations

Based upon the results of the studies performed in this thesis, further

investigation in the following research areas would be valuable:

Apply the OSCAR-4 code for a full collision-probability solution
(STYX), or use the Serpent-2 code, for generating cross sections
in the control rods regions.

Develop a methodology for evaluation of the overall recoverable
energy (@-value) in the MNR core.

Implement the MCNP-6.2 model for decayed GH calculation.
Investigate the MNR core structure and the assembly of irra-
diation materials, such as beryllium and graphite, as they have
been in the core for about 60 years.

Write a program/script to link the MNR operational data for
any cycle considering the FIC factor along with all fissile iso-
topes.

Commission the other GT at the MNR for comparison to this
work, providing a valuable data-base for the MNR core.
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e Use neutron flux experiments from the MNR history to vali-
date the methodology of the fuel inventory and code modelling
applied in this work.

8.4 Conclusion

The MNR operational data can be used following the implementa-
tion of the FIC factor in any future simulation code. The OSCAR-4,
Serpent-2 and MCNP-6.2 codes can be used to calculate the MNR
safety core parameters. In addition, Serpent-2 and MCNP-6.2 can
be used to evaluate the GH at any location. The application of
these codes will help to optimize and quickly determine desired re-
actor core parameters. Additionally, the GH values were quantified
in 37 points across the MNR core. Acquiring this information on
GH, which is the main cause of irradiation damage, is very impor-
tant for future irradiation applications. Finally, time-dependent GH
was determined and showed no significant variation, especially when

reactor core burnup configuration was not significantly altered.
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Appendix A

Fuel plates inventory

concentration at End-Of-Life

(EOL)

In this research, it was assumed that the 16 radial fuel plates per
each SFA are lumped into one node. In this section, the SFA EOL
across the 16 fuel plates is presented. This will provide information
on the reliability of assuming only one lumped radial inventory per
16 fuel plates. Figure A.1 shows the MNR SFA surrounded on one
side by the MNR coolant, and by a reflective boundary condition
on the other sides. Figure A.2 shows the U-235 fuel concentration

across all 16 fuel plates.
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FIGURE A.1: Fuel assembly surrounded by water.
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FIGURE A.2: Fuel plate inventory across 16 MNR fuel plates.

Even though the SFA was surrounded by a moderator (water), no
significant change was seen across the radial U-235 fuel concentra-
tion. Therefore, assuming only one radial node per 16 nodes provides

a reliable information.
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Appendix B

Asymmetrical profile of the MNR

fuel assembly

It was mentioned in the thesis that the U-235 axial asymmetrical
isotope distribution may influence the axial results of the GH. In this
section, the worst case scenario was considered with an end-of-life
(EOL) of two fuel assemblies (FA) with 50% depletion as presented
in Figure B.1. The two SFA here are: (i) symmetrical axial SFA
number density, and (ii) the asymmetrical MNR SFA. Both of the
SFA contains around 8.25 x 1073at/b.cm. From Figure B.1, it was
found that a slight difference in the axial U-235 concentration profile.

Future work was suggested to study this effect on the GH values.
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FicURE B.1: Symmetrical and asymmetrical fuel assembly be-
haviour at the EOL.
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Appendix C

Uncertainty quantification

Experimental lateral GH variation

Chapter 6 provided estimation of the lateral uncertainty GH distri-
bution across the Be assembly and the inner GT location. The latter
has been experimentally measured in four lateral sites in the same
irradiation assembly. Figure C.1 shows the GH values in [W/g] at
each lateral GT position. The red dots represent the GT position

inside the rig.

FIGURE C.1: GH values in [W/g] at four GT locations inside the
Be assembly.

It can be seen that the lateral GH uncertainty varied around 10%
when the GT moved radially inside the Be assembly. This was esti-
mated in chapter 6 using Serpent-2 and was found at 9% with 95%
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uncertainty interval.

GT instrument uncertainty and combined uncer-

tainty

In chapter 6, all uncertainties related to environmental change condi-
tions and noises from the instruments were quantified. However, the
instruments’ calibration error are missing from these uncertainties
and can also contribute to the combined total uncertainty. One such
instrument is the RTD for MNR core power measurement.

MNR uses a class B type RTD which has a tolerance bias (accept-
able limits of variance) based on the RTD’s environment tempera-
ture. Figure C.2 illustrates the RTD’s tolerance versus the temper-
atures [23].
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FiGure C.2: RTD tolerance versus temperature.
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The inlet and outlet temperatures in MNR are 30 & 0.11 °C and
35.5 £ 0.1 °C, respectively. As seen in Figure C.2, the average bias
of the temperature difference — which eventually becomes similar
to the reactor power difference — is around 0.47°C. This difference
seems low; however, it corresponds to a bias in reactor power of
about 8.3%. This uncertainty should also be considered whenever
GH measurement is performed at the MNR. Additionally, the GT
instrument also has a 10% uncertainty. This means that the GH
measured by GT can be estimated to within 10% at best. Combining
the uncertainties here along with the uncertainties in the previous
work, we get a 16.7% uncertainty, corresponding to confidence limits
of about 95 %. This combined uncertainty will be used for all future
GH values.
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Appendix D

Serpent-2 simulation analysis of

the local power, neutron flux,
photon flux and GH

The local fuel assemblies’ powers at MNR are proportionally follow-
ing the MNR total power, which nominally operates at 3 MWy,.
Figures D.1, D.2 and D.3 show the power, photon and neutron dis-
tribution across the MNR core of October 2019.

9 8 7 6 5 4 3 2 1
A w G W 0.60 055 055 044 ﬂ 0.22
B W G 058 049 080 044 064 051 0.20
C W G 0.72 | 0.86 puisdE 0.84 0.71 0.38  0.33
D G G W 087 0S6 0.8 072 067 041
E W G 056 043 076 048 065 039 0.40

F w G W 051 045 044 046 045 030

FiGurE D.1: Local assemblies powers normalized to the maximum
assembly power of 122 kW.
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FIGURE D.2: Local assemblies photon flux normalized to the max-
imum assembly photon flux of 1.56 x 10'* photons/cm?s.
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FIGURE D.3: Local assemblies neutron flux normalized to the max-
imum assembly neutron flux of 9.53 x 10'® neutrons/cm?s.

The hot-spot fuel assembly in terms of local power, neutron flux
and gamma flux is at location 5C. This indicates that the neutron and
gamma fluxes are strongly proportional to the local power. However,
the GH distribution does not necessarily follow the exact distribution
of the gamma flux, especially when the core consists of multiple

assemblies that are not fuelled or that contain a dense material.
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Figure D.4 shows the radial distribution of the GH in the MNR

core.

FIGURE D.4: GH distribution normalized to the maximum GH
value of 2.28 W /cm?3.

The photon flux in the Be assembly (2A) is higher than the pho-
ton flux in fuel assembly (1A), see Figure D.2. However, the GH
shows higher in (1A), see Figure D.4. This confirms that GH is a

consequence of radiation (gamma) interaction with the material.
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Appendix E

Gamma thermometer (GT) dip

test calibration

Calibration of the GT using the dip-test method was performed to
estimate the unknown constants needed in the calibration factor as
well as the GT time constant. The GT is placed in boiling water to
bring the entire GT (inner and outer body) to approximately 100°C.
Then, it was quickly removed from the boiling water and placed
into an ice bath. The thermocouple’s output recording are shown in
Figure E.1.
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FIGURE E.1: Experimental GT dip-test method (hot-to-cold).

The time constant of the GT is found to be approximately 21
seconds. This value is an important parameter in describing the

response of the GT.
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