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Executive Summary

This Industrial Orientation report is based on the twenty-two week industry attachment that I
had successfully completed in Ecole Polytechnique de Montréal from 14/01/2014 to
14/06/2014 as a requirement of my BSc. program on School of Physical and Mathematical

Sciences, Nanyang Technological University.

As both stochastic techniques and Sodium-cooled Fast Reactors are considered relatively new
concepts to the field of nuclear engineering, the main aim of this internship is to research on
the possibility of using the Monte-Carlo computational code SERPENT2 as a stochastic
technique to simulate the neutron behavior in a Sodium-cooled Fast Reactor. The cross
section results produced will be used to perform full-core calculations using DONJON before
comparing it with previous report which used the deterministic code DRAGONS to solve the
neutron transport equation for the same reactor model. If the two results are similar, it will
strengthen the standing of Monte Carlo simulation as a validation tool to deterministic

techniques.

However, since DONJON is executed using the CLE-2000 language, it is imperative to
convert the output data of the SERPENT2 from matlab format to data structures suitable for
DONJON input before full core calculation can proceed.

Preliminary results produced from the Monte-Carlo SERPENT2 code have limited progress
as several issues have been encountered with regards to the source code, particularly due to
the lack of a leakage model that is crucial for the full-core calculation of a reactor core but
has yet to be successfully implemented in Monte Carlo codes for the case of a Sodium-cooled
Fast Reactor. However, there is a need to acknowledge the growing importance of stochastic
methods in computational reactor physics due to the advantages provided by such a
technique, such as complete geometric representation of any reactor and comprehensive
knowledge of the neutron interactions. With the ease of implementation of Monte Carlo
codes made possible by the increased capability of current computer technology, stochastic
techniques are currently a powerful tool to validate the results of deterministic techniques and

may serve as a benchmark guide in the near future.

Due to the sensitivity of the data, certain portions of the input code listed in appendices are

removed.
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1. INTRODUCTION

1.1 Ecole Polytechnique de Montréal

Ecole Polytechnique de Montréal is a world class engineering school affiliated with
Université de Montréal in Montréal, Quebec, Canada and is considered as one of the leading
research facilities in Canada [1]. Founded in 1873, Ecole Polytechnique de Montréal aims to
teach engineering disciplines, and the nuclear analysis group (known as Groupe d’analyse
nucléaire, GAN) was created in 1981 to develop a nuclear analysis capability to support the
continued technical requirements of nuclear plant operations at the Gentilly-2 station, owned
by Hydro-Québec until 28 December 2012 when it shut down [2] [3]. Since its creation,
GAN researchers have dedicated part of their research work into advanced analytical methods
within computational codes such as DRAGON and DONJON, which is largely funded by the
nuclear industry of Canada, such as the Atomic Energy of Canada Limited (CEA), the
Ontario Power Generation and the Canadian Nuclear Safety Commission. The GAN
department is currently working closely with the CEA to research on the Advanced Sodium
Technical Reactor for Industrial Demonstration (ASTRID)-like Sodium-cooled Fast Reactor,

which is the basis of my research topic.

1.2 Mission Objectives

Deterministic approaches have been sufficient in providing an accurate view of the power
generation in simple reactor plants. However, with regards to complicated nuclear reactors,
especially so in Sodium-cooled Fast Reactor which has Mixed Oxides fuels present, the
assumptions used to homogenize the cross sections and geometry may lead to significant
errors. Henceforth, stochastic methods can serve as an alternative approach to validate the
results of deterministic techniques. In the past, stochastic methods such as the Monte Carlo
simulations were largely unfeasible due to its costly requirement in large memory space and
high processing time. However, with technological advancements leading to faster computers
and parallel computing, these limitations can be overcome and one cannot disregard the
advantages stochastic techniques could bring into computational reactor physics. This is
especially so since assumptions and the need for simplification required in deterministic
techniques can be eliminated as millions of neutron, each with a unique set of initial
perimeters randomly generated by a seed are tracked for each event they participate in

(collision, absorption, fission, escape and capture) to obtain a statistically averaged result.
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The energy spectrum can hence be viewed as continuous and the need to discretize neutron
energy into groups as required by deterministic techniques can be disregarded. In this
internship, I was tasked with the research aim of using the Monte-Carlo method as the
stochastic technique to determine the neutron flux behavior and the power capabilities of a
Sodium-cooled Fast Reactor and to compare the results against previous works which is
based on the deterministic method. This approach will superimpose the advantages of both
methods and if in agreement, account for the neutron behavior in a Sodium-cooled Fast

Reactor accurately.

1.3 Impact of Research

Sodium-cooled Fast Reactor is a Generation IV reactor design that is still under research. It
features the usage of fast neutrons and sodium coolant in generating nuclear power and is
capable of reducing the total radiotoxicity of nuclear waste by splitting transmuted odd-
numbered actinides into fission products with lesser total radiotoxicity, or even transmute
even-numbered actinides into fissile products originally thought to be waste. The usage of
sodium coolant substitutes the need for water as a coolant that has a significant risk of loss-
of-coolant accidents. Through computational simulation of Sodium-cooled Fast Reactors, the
theoretical groundwork needed to realize the implementation of a safer, efficient and less
toxic reactor is firmly established, thus potentially reducing the dependence on other forms of

energy.



2. LITERATURE REVIEW

2.1 Sodium-cooled Fast Reactor
Sodium-cooled Fast Reactor (SFR) is part of the Generation-IV theoretical nuclear reactors
that is still currently under research. The SFR models consist of two major aspects: the

utilization of fast neutrons in generating fission power and liquid sodium as the coolant.

In reactor physics, neutrons are classified according to their energy levels and are grouped
according to the energy ranges as shown in Table 1 [4], with the types of neutron of interest
in nuclear fission being thermal neutrons and fast neutrons. Nuclear fission processes produce
neutrons with a mean energy of 2MeV, releasing a large number of fast neutrons that
subsequently have low probability of chain reaction due to the low cross section of most
materials at high neutron energies as shown in Figure 1. Therefore, both enrichment of fuels
and moderation of neutrons are options that can be considered to sustain nuclear reaction.
Since enrichment process of fuel is the most costly process, along with fear of nuclear
proliferation that increases political tension, thermal reactors which utilizes thermal neutrons
are largely considered in the old generations of nuclear reactors due to the higher effective
neutron absorption cross section of thermal neutrons as compared fast neutrons as shown in
Figure 1, leading to competitive economic gains. However, neutron sources will require
several forms of collisions through elastic scattering in a moderator, such as light water,
heavy water or graphite before it can be brought down to this energy level. Furthermore, the
pressing issues of nuclear waste disposal and shortage of fissile fuel lead to renewed interest

in Sodium-cooled Fast Reactors [5].

Table 1 - List of Neutron energy levels

0.0-0.025 eV Cold neutrons
0.025 eV Thermal neutrons
0.025-0.4 eV Epithermal neutrons
0.4-0.6 eV Cadmium neutrons




0.6-1eV EpiCadmium neutrons
1-10 eV Slow neutrons
10-300 eV Resonance neutrons
300 eV-1 MeV Intermediate neutrons
1-20 MeV Fast neutrons
>20 MeV Relativistic neutrons

NEUTRON CROSS-SECTIONS FOR FISSION OF URANIUM AND PLUTONIUM
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Figure 1 - Fission cross section of Actinide Fuels

The choice of using sodium as a coolant in nuclear reactors is to replace the use of water as
coolant since water doubles up as a neutron moderator to slow down fast neutrons into
thermal neutrons which is only desirable for thermal reactors. The massiveness of sodium
atoms in comparison to both oxygen and hydrogen atoms in water means that lesser energy is
lost by the neutrons during elastic scattering, allowing neutrons to retain its high energy.
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While supercritical water can be used to reduce the moderating effect, the very high pressure
required in doing so will increase the risk of a loss-of-coolant-accident (LOCA) on top of the
high maintenance cost. In contrast, along with the added advantage that sodium coolant does
not corrode steel reactor parts, the boiling point of sodium is much higher than the operating
temperature of the SFR, allowing the use of liquid metal to cool the core to operate at
ambient pressure. Furthermore, one type of SFR is designed in such a way that the reactor
core, heat exchanges and primary cooling pumps are immersed in a pool of sodium,

improving the safety features as the risk of LOCAs are reduced.

However, sodium is highly reactive towards water and air in cases of breach, which means
that additional safety precautions have to be in place to prevent accidents such as
strengthening the pipelines that carry the sodium coolant. In an event of a coolant leakage,
protocols have to be in place to isolate the activated sodium. Another safety aspect to

consider is the neutron reaction with sodium may cause it to become radioactive, even though

it has a half-life of 15hours.

SFRs can be programmed to burn the actinides or to breed more fuel depending on the
configuration of the reactors. The strength of SFR lies in its ability to fissile or burn almost
all of its actinides, thereby decreasing the fuel requirements as compared to a once-through
reactor and also reduces the nuclear waste components, thereby effectively converting the
cost of storing such nuclear waste (due to the high amount of radiotoxicity) into assets. While
there is no negative void coefficient due to a lack of moderator with regards to providing
negative feedback essential for reactor control, the thermal expansion of the fuel and the

Doppler broadening effect can compensate to some extent.



2.2 Neutron Transport Equation and Full Core Calculation

The understanding of neutron transport has been well established and elaborated on, with at
least eight equivalent forms of neutron transport equation to facilitate each class of solutions.
While crucial in understanding the theory behind neutron behavior upon collision and
therefore in producing deterministic computational codes, it is of lesser importance in Monte
Carlo simulations where sequences of random numbers are used to simulate neutron behavior.
In order to ensure readability of the report, the focus is directed to neutron diffusion theory
which is vital for a full-core calculation that will be deployed in the three-dimensional
scenario as part of the research methodology. Interested readers are encouraged to read up on
Hébert’s book on Applied Reactor Physics [6] to find out more about reactor physics and

nuclear engineering in which the theory below are extracted from.

A full-core calculation consists of solving the neutron transport equation through either the
diffusion equation or the simplified P, equation in transient or steady-state conditions. As the
simulation has not yet been completed for professor Hébert to decide on the approach, the
report will explain on both the steady state diffusion equation and the simplified P, equation
as the two available approaches in full-core calculation mode that uses the effective

multiplication factor K.z as the eigenvalue.

2.2.1 Steady-state Diffusion Equation

The neutron balance over a spatial domain in energy group g is defined as
V-t oMty M) =1 1), (1)

where J,y(r) is the neutronic current for energy group g, o,(r)@.(r) is the collision rate with
Oo(r) and ¢@,(r) as the microscopic cross section and neutron flux for energy group g
respectively, and Q,(r) represents the neutronic source which accounts for the production of
secondary neutrons produced during scattering and fission reactions (see Table 2). The

neutronic sources (,(r) can be presented in the following equation as:

HOR @

G
0 ()= D gl ¢n() + 7= > 15,011y (1)
h=1 Ceff i

where

G = total number of energy groups, usually sufficient when set as two in full core calculations
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! 1 n(r) =macroscopic scattering cross section from group 4 towards group g
Xg'7T) = fission spectrum in group g

v! ¢ (r) = product of the average number of neutrons emitted per fission by the macroscopic

fission cross section in group 4.

In the case where G = 2, we can approximate that a neutron cannot be accelerated from group
2 (thermal neutrons) towards group 1 (fast neutrons) and that all secondary neutrons from

fission are produced in group 1, allowing us to rewrite some of the terms as

1) =0,
xn()=" and
x@! o

Simplifying the source term Q,(r) from equation (2) for G = 2 case leads to:

I
@) =120 (MY () + F[' Ef1(7')¢1(7") + szz(T)sz(T)]
' 3)

Q2(r) = 201 (M1 (1) + 2o 2 (1) P (7).

The next procedure is to consider the transient behavior of the reactor in cases where the
leakage and absorption rate is not equal to the rate of production of new neutrons in each
energy group. In order to do so, the scale of the complete reactor and the position of the
boundaries have to be considered. In the case of using the diffusion equation as one of the

two approaches to relate the neutron flux and current, we have
h@)!t =t girtvt (1) 4)

where D, (I) is a 3%3 diagonal tensor containing the directional diffusion coefficients and

Jo(r) is the neutron current with vector components I}, k in Cartesian coordinates. Equation
(4) is the final derivation based on the notion of Fick’s law which states that the neutrons tend

to migrate from regions of higher concentration to regions with lower concentrations. Caution



1s to be exercised for the Fick’s Law has limitations to certain scenarios due to the inherent

assumptions, but the relation is generally acceptable on the scale of a complete reactor .

The neutron current can now be represented as a form of relation to the neutron flux in

equation (4), and is substituted into equation (1) to form the neutron diffusion equation as:
=Ll () + Xg(r) g (M) =1 il (5)

The multigroup form of the steady-state neutron diffusion equation follows by substituting
equation (2) into equation (5) before subtracting the within-group scattering rate ! 4, , (!) on

both sides of the equation to give the final form

! 1 (1S ©)
VDOV ()] T () () = Y L yen ) )+ 1Y 1B )
!

h=1 h!'1
h*g

Equation (6) would be an eigenproblem with many non-trivial solutions existing for different
eigenvalues A, the fundamental solution being the effective multiplication factor K. as seen
in equation (2) which has a physical meaning and can lead to a positive neutron flux over the

reaction domain.

In a homogenous and finite reactor surrounded by zero-flux or symmetrical boundary
conditions, the diffusion coefficients can be considered as non-directional and are of the

equal magnitude, simplifying equation (6) into the following form

—1 D (V2! (1) + 1! g1 =362 1 ! h(!)+%zf=! 15 ppn(). O
I #g Te

By factorizing the flux according to

¢ (M) ! Ylrlg, ®)

We can substitute equation (8) into equation (7) to obtain

' The derivation of the equation from Fick’s Law is based on an infinite medium. Since the exponential term
dies off quickly with distance, Fick’s Law is only valid for points which are greater than a few mean free path
length from the edges of a finite medium as the flux computed will significant to the integral and is not well
suited for lattice calculations.



! )
Yig! g! hPn' jZ!m 1V |-

_!2! (r)__Zﬂ_l_ 1
() Dg Dgpg 12g K

The result is that the left side of equation (9) is independent of the neutron energy while the
right side of the equation is independent of the position, forming differential equation in the

form of a Laplace equation

') + B2Y(!) = ! (10)

with B” set as the buckling constant of the reactor which is dependent on the shape and size

of the reactor and the boundary conditions:
Y(r) =0 if r € dW; for zero-flux boundary condition, and
Vy(r)-N(r) =0 if r € 0W; for reflective symmetry boundary condition,

where W; is the element width of the reactor. The results of the full core calculation will be

based on the solution of the Laplace equation above.

2.2.2 Spherical Harmonics Method

The spherical harmonics, or P, method, is the oldest approach used to solve transport
equations and was recently used in neutron transport theory. It is the discretization of the
differential form of the transport equation and the solution of the simplified P, equation,
based on a closely-related approximation, can be considered as an efficient solution technique

for full-core calculations.

As per equation (1) for a steady-state transport, the spherical harmonics method is based on
the expansion of the flux and the source term in spherical harmonics due to their angular

dependency. We can therefore rewrite the neutron flux and the source term as

n

£
20 +1
b(r, Q) = z - z ST ()R Q!
m=—+

£=0

(1)

and

L

£
2¢+1
0 =Y == 3 oFrIRF@)
m=—+

£=0

(12)




where 7 is odd and L < n. The degree of approximation would therefore depend on the level
of truncation (therefore termed as P, where the subscript n denotes the Legendre polynomial
in which higher degree terms are discarded). It is also possible to use the symmetry properties
of specific geometries to simplify the number of terms in equations (11) and (12), but will not

be elaborated in this paper.

2.3 Deterministic Techniques in Applied Reactor Physics

Of the two methods that are used to simulate neutron transport and interactions in reactor
core, deterministic techniques can be considered as fundamental in reactor core modeling,
where the Boltzmann transport equation is solved through a series of numerically
approximated manner in the model, such as homogenization of cross section results and
condensation of energy levels. Deterministic methods are crucial in reactor theory as they are
simplified enough to provide scientific insight without a significant loss of accuracy. While
generally fast in solving simple cases such as Light Water Reactors (LWRs) and in one- or
two- dimensional models as compared to stochastic techniques, one of the disadvantages of
using a deterministic method such as DRAGON is the loss of accuracy due to the over-
simplification of idealistic equations or assumptions made. For example, the energy levels of
the neutrons have to be discretized into several groups instead of a continuous spectrum in
order to solve the neutron transport equation, which is also known as the multi-group
representation of the cross section. The grouping of neutrons into these levels results in a lack
of representation of the behaviors at other undefined energy levels. Another limitation of
current deterministic techniques is the difficulty in representing geometries or isotopic

mixtures that are more complicated in nature.

While applying multigroup diffusion or simplified P, techniques, common to full-core
calculations and available in DONJON, is sufficient for full-core calculations in transient or
steady-state conditions, it can be a large source of error. Generally, it is desirable to
implement the more costly multi-group transport approach if computational resources allow

due to its accuracy.

2.3.1 DRAGON

DRAGON, with its current version released as 5.0.0, is a two- and three-dimensional lattice
cell code which solves the neutron transport equation through deterministic approaches,
whereby one is able to determine the neutron flux based on the initial set of perimeters. It is

10



divided into many calculation modules linked together using the GAN generalized driver so
as to reduce the requirement of computational resources and to allow flexibility in adding
new modules to the code without affecting the overall performance of the code [7]. With this
approach, the user is able to use one of the several numerical analysis techniques available in

DRAGON to solve the transport equation by calling the respective modules.

2.3.2 DONJON

DONIJON is a full-core modelization code that is designed around solution techniques of the
neutron diffusion or simplified P, equation. It is capable of producing full core simulation for
several reactor types such as PWR, legacy CANDU Reactors and Advanced CANDU
Reactors (ACRs). Developed in Ecole Polytechnique de Montréal to complement the
DRAGON code, DONJON allows various static calculations for the direct and adjoint flux,
for flux harmonics and generalized adjoints [8]. Similar to DRAGON, the DONJON code is
driven bythe CLE-2000 language and is built around the GAN generalized driver with
standalone modules, each designed to perform some particular tasks. The execution of
DONIJON requires other computer codes to work in tandem, namely: GANLIB, UTILIB,
DRAGON and TRIVAC codes. Each code focuses on specific tasks with the exchange of
information achieved through the use of well-defined LCM data structures provided by the
GANLIB code, which provide kernel services together with selected utility modules which
can be driven by the CLE-2000 language. CLE-2000 is used to control data flows and to
implement computational schemes with codes used in DONJON. The UTILIB library
provides the utility and linear algebra libraries while DRAGON modules are called within the
DONIJON code to define the reactor geometry and provide macroscopic cross-section
libraries. Finally, the TRIVAC code is used to calculate the neutron flux in the full core
reactor by discretizing the multigroup representation of the diffusion equation first before the

usage of iterative techniques and sparse matrix algebra techniques.

2.3.3 CLE-2000

CLE-2000 is a programming language designed to be as simple as possible so that the source
file can be compiled by any other high-level programming code, thus ensuring versatility and
ease of exchange of information. It is the programming language adopted by computational
schemes in Canada, including DRAGON and DONJON. The blanks (characters _) are

significant in separating variables, operations, keywords, etc, where “ENERGY__ " would

[T
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be a different variable from “ENERGY ___~ and its significance in the internship project is in
the S2M: module DRAGON where each blank character in the cross section results of
SERPENT2’s Matlab file matters during the data conversion process. On top of basic macro-
processor capabilities, conditional arguments and operators, CLE-2000 uses the Reversed
Polish Notation to do its calculation which reduces computer memory access, allow data
stacking and eliminates the need for parentheses. Exclusion of arrays, implicit variables and
functions within CLE-2000 are other considerations implemented in order to ensure that the

language is kept simple.

2.4 Monte Carlo simulation in Applied Reactor Physics

On the other hand, Monte Carlo method is a stochastic technique which relies on the direct
simulation of a population of particles each equipped with an unique set of initial parameters
in order to determine the outcome of the statistically averaged behavior. This technique is
said to be stochastic in nature as it is based on a pseudorandom number generator which
requires a random seed [6]. Though pseudorandom number generator is not a “true” random
number generator since the output is predictable if the seed value is known, pseudorandom
numbers are important in Monte Carlo due to their speed in number generation and the

reproducibility in results for comparison.

In applied reactor physics, the cross section results can be produced based on the frequency
and outcome of various interactions of the neutron particles with their surroundings from
their initial emissions until their deaths. While such an approach will require large amount of
computational resources, such as memory space and central processing unit, to execute the
simulation, and especially more so in the case of burnup calculations, stochastic methods
allow nuclear physicists to study difficult or non-standard situations since the best available
knowledge of neutron interactions are obtained. Another advantage of stochastic techniques
provides complete geometry representation which is otherwise not possible in deterministic
lattice codes as they solve the transport equation through simplified geometry and
homogenized macroscopic cross section results. The requirement of discretizing energy into
groups in the case of deterministic lattice code can also be eliminated since the large number
of data can be considered as continuous energy in this situation, which translates to a higher

level of accuracy of results.
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2.4.1 SERPENT2

SERPENT?2 is a continuous-energy Monte Carlo code to be used in this internship project,
and is designed for reactor physics applications to provide solutions to the neutron transport
equation, burnup calculations and generation of few-group homogenized constants for
deterministic core simulators such as DONJON. The universe-based combinatorial solid
(CSG) geometry model is adopted by SERPENT?2 to provide flexibility to users in describing
any type of two- or three- dimensional reactor core, with additional geometry features
provided for fuel designs ranging from simple cylindrical fuel pins in Light Water Reactors to
hexagonal lattices in Sodium-cooled Fast Reactors. A built-in Doppler-broadening
preprocessor routine also improves the accuracy of the interaction physics between incident
neutrons and nuclides by extrapolating the cross section results of the nuclides for a given
temperature instead of the restricting to the predefined values set in the cross section libraries

with temperatures in intervals of 300K.

Features of SERPENT2 in comparison to other Monte Carlo codes include improved code
performance, significant reduction in runtime and high accuracy due to a reduction of time
taken during the tracking routine in complicated geometries with the use of Woodcock delta-
tracking®, while the number of time-consuming grid search iterations is reduced to a
minimum due to the usage of unionized energy grid [9], resulting in an attractive stochastic

technique that provide reliable solutions at a faster pace [10].

2.4.2 Homogenization of Multi-Group Constants

Homogenization is a process in which two or more different mixture compositions are mixed
thoroughly such that they can be regarded as one uniform body from a macroscopic point of
view. In doing so, isotopic parameters are condensed into a set of multi-group constants that
results in fewer variables to consider during calculation [11]. It is generally essential in
deterministic techniques as part of the simplification process and is available in SERPENT?2
in order to provide homogenized multi-group constants for deterministic three-dimensional

core analysis.

* The delta-tracking method is a rejection sampling technique that enables the random walk of neutrons to be
continued over several material regions without interruption at each boundary surface. This is done by adding a
virtual cross section to each material of the domain such that the modified cross section is uniform over the
domain. See [19] for more information.
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The homogenization of the unit cell (or assembly) in space also allows the use of B,
fundamental mode calculation to solve for the leakage rate instead of a heterogeneous B,
model. The choice of B; fundamental mode calculation lies in its simplicity as compared to
the heterogeneous B, model which will have to be solved in a heuristic approach due to the

isotropic streaming effects. [6]

2.5 Doppler Broadening Effect

Doppler broadening effect is the broadening of the resonance absorption range due to the
thermal motion of the nuclei. An increase in temperature will cause nuclei to vibrate more,
allowing neutrons with a broader range of energy values to be resonantly absorbed in the fuel
region [12]. Due to this effect, Doppler broadening can be considered as a passive safety
mechanism as a form of negative feedback due to a reduction of likelihood of absorption and

fission.

2.6 Isotopic Depletion and Burnup Calculation

In a nuclear reactor, the isotopes within the nuclear fuel may undergo nuclear reactions upon
interactions with the neutrons (see Table 2), resulting in a constant change of material
composition, be it isotopic depletion in the case of actinides, or creation of fissionable
materials and daughter nuclides. Furthermore, some isotopes may be unstable even at ground
state and will emit ionizing radiation in order to lose energy (see Table 3), while certain
secondary nucleus, denoted as ! ™ (m superscript denoting metastable state), can be in an
isomeric state where it remains excited at an energy level above the ground state for an
extended period of time. Since nuclear properties of the isomeric state (spin, parity, binding
and resonance widths) are different from those of the ground state, the isomeric state of an

isotope is therefore considered to be a distinct isotope.

The material composition of spent fuel is of interest to Sodium-cooled Fast Reactors due to
the possibility of transmuting nuclear waste by splitting the actinides into fissionable products
so that not only is the total waste reduced to a small fraction, the fissile products generated
can be used in generation of power [13]. Generally, the state of the fuel is determined by its
level of burnup, since it can be represented the fraction of fuel atoms that underwent fission
or as a measure of the time-integrated power (or energy) per initial unit mass of isotope due
to the energy produced from the fission reaction. Therefore, there is a need to include the
burnup calculation in the code to comprehend the isotopic changes within the fuel.
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Table 2 — Possible types of reaction associated with neutron capture

Radiative Capture (n, y)

A 1 A+1
72X+ on - 77X

Fission (n, f)

X+ In > Y+ 4187 4 vin

(n, xn) scattering reaction

A 1 A+1-x 1
X+ ol - 7l +xgn

(n, o) transmutation

X+ in > 423y + 3He

(n, p) transmutation

§X+ %n - Z_‘%Y+%H

Table 3 - Possible types of radioactive decay

Alpha decay () 41X > 423Y + 3He
Negative Beta decay (8) X > 49X+ %
Positive Beta decay (£") X - , 47 + %

Isomeric decay

Aym A
XM = 72X

Delayed neutron decay

A A—1 1 0
72X = zy1¥ ton+ _je

15




3. METHODS

3.1 Extracting Cross-section results

In order to do a full core calculation of the Sodium-cooled Fast Reactor, the first step is to
execute SERPENT2 Monte Carlo code for the two-dimensional scenario of a Sodium-cooled
Fast Reactor in order to obtain the cross section results. Since the purpose of this study is to
validate the results based on the deterministic technique, the initial parameters were extracted
from previous work based on DRAGON. The input data extracted from DRAGON includes
the geometry and the sizes of each fuel pin, the burnup steps and the thirty-three energy
group structure. The number densities for each of the mixtures for each case are also
extracted from the DRAGON output files and declared in the input SERPENT2 code, before
extrapolating the temperatures of the mixtures due to the Doppler-broadening effect by
utilizing the Doppler-broadening preprocessor routine available in SERPENT2. Lastly, the
symmetry of the geometry (hexagonal assemblies with 30° symmetry) allows statistical error

arising from assembly discontinuity to be reduced by calling the “set sym 12” card in
SERPENT?2.

The few-group cross sections for three main scenarios are to be generated for 3D core
analysis as proposed in Fridman’s paper [14]. In the first scenario, the fissile fuel assembly is
being surrounded by other fissile fuel assembly on all six sides as shown in Figure 1. In the
second scenario as shown in Figure 2, the situation in which the outermost fertile fuel
assembly is facing the reflector is modeled. This is due to the strong spectral transition
between fuel assemblies and its neighboring non-multiplying regions that can result in the

softening of the neutron spectrum as reported by Aliberti [15].
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Figure 2-Fissile Fuel Assembly

Figure 3-Radial Reflector Model

The last scenario is to consider the situations where each type of control rod and fertile fuel

assembly are surrounded by neighboring fissile fuel assemblies as shown in Figures 3 and 4.

Figure 4-Fissile Assemblies surrounding Control Rod Assembly
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Figure 5-Fissile Assemblies Surrounding Fertile Assembly

As depicted in the radial core layout shown as Figure 5, a total of six possible situations are
possible for the last scenario and simulations have to be run separately for each situation. The
cross section results generated from all the six situations will give us the full picture of the
behavior of neutrons in a two-dimensional reactor core and will serve as the input data

required by the DONJON code.

Figure 6-Radial Core Layout of 3-Dimensional Reactor Core
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Axial mesh Core
Floor (cm) internal external  Control  Shutdown Reflector

9 | 190.0 —220.0 Plenum follower
T follower

8 | 185.0—190.0 Helow

7 | 180.0—185.0

6 | 175.0—1800 |fPsion

5 | 126.0—175.0

fissile fuel
4 | 120.0—125.0

fertile fuel

3 | 115.0—120.0
follower

fertile fuel

2 | 90.0—115.0

follower
1 0.0 —90.0 expansion bellow

Figure 7-Axial Core Layout of 3-Dimensional Reactor Core

Appendices 2 to 4 lists the input SERPENT code that were referenced from DRAGON input
codes, which are not appended due to the nature of the sensitivity of the data. Appendix 4
lists the general input code in which different types of solid rods assembly (ARRE shutdown
rods, ARSV shutdown rod follower, COSU control rod device, COSV control rod follower,
PLNA sodium plenum and etc) are simulated in order to obtain the cross section results. The
difference between the each of the solid rod declared in the input code lies in the material

composition declared in mixture 10, although their functions differ greatly.

The final procedure is to construct a three-dimensional geometry of the reactor through

DONJON by stacking the geometry as a series of levels or floors as depicted in Figure 6.

3.2 Additional Considerations

In order to ensure that the initial conditions of the SERPENT2 code are as similar to the
previous work as possible, the energy levels of the neutrons are condensed into a 33 group
structure. Such an option is available in SERPENT2 by using the “set nfg” card to define the
multi-group energy levels to be used. However, there would be a need to define the fine
energy mesh of the neutrons prior to the declaration of the multi-group structure by declaring
the “set ene” card so that the energy of the neutrons can be condensed into the multi-group
structure within the code. The neutrons will first be equipped with the energy declared in “set

ene” card before being condensed into the 33 multi-group.

Finally, the B; homogeneous fundamental leakage mode as performed in previous work was

adopted by declaring the “set fum” card to call for the fundamental mode approximation in
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SERPENT?2 [16]. The need for the inclusion of the leakage model comes from the fact that
the assembly calculations are performed in two dimension scenarios under periodic boundary
conditions [6]. Therefore, the leakage term in the diffusion equation is not accounted for
under such periodic boundaries as the neutrons do not leak out in an infinite lattice scenario.
The incorporation of B; leakage model into Monte Carlo criticality calculation and the
procedure to do so is suggested in the study by Martin and Hebert [17], and is currently
considered as an intermediate solution to the criticality calculation until a valid Monte Carlo

based leakage model is realized [10].

3.3 S2M: Module as a Data Conversion Tool

The output of the SERPENT2 code is then used as input to the three-dimensional nuclear
reactor core modeling code DONJON. However, since DONJON is a deterministic core
simulator that can only execute CLE-2000 commands, a module named “S2M:” was created
in DRAGON to convert the cross-section results from Matlab-formatted ANSII file into a
MACROLIB format that is readable in DONJON.

3.4 DONJON full reactor core calculation code

Finally, a DONJON code is executed with the input data extracted from SERPENT2 and the
values of the maximum thermal power generation and effective multiplication factor K. are
generated based on the full core simulation. The values will be used to validate the DONJON

results arising from the DRAGON output of cross section results.
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4. RESULTS & DISCUSSIONS

4.1. Preliminary results

As SERPENT? is still in beta development, there are several features that are not fine-tuned
which are essential for the simulation of the Sodium-cooled Fast Reactor model. With the
geometry, mixtures and energy levels declared, the remaining unresolved issues that will lead

to the generation of cross section results suitable for full core calculation are listed below.

4.1.1 Segmentation fault arising from pointer error

In the fuel pin cells, helium is used to fill in between the gaps of the fuel mixture that cater to
the expansion of the fuel and also due to the production of noble gases. The total neutron
cross section of helium has been reported by Bashkin et al. [18] to be non-zero and would
therefore have an impact on the neutron interactions during irradiation process. However, due
to the lack of absorption cross section, the SERPENT?2 source code encounters a pointer error
during the calculation, leading to a segmentation fault. While the replacement of helium
mixture inside the fuel pins with void vacuum permits the continuation of the simulation, the
result is not of an accurate representation of the model and the credibility of the results from

this simulation is reduced.

4.1.2 Leakage Model

A leakage model is required to account for the leakage term in the neutron diffusion equation.
Although largely established for deterministic techniques, a valid Monte Carlo based leakage
model has not yet been developed, which will adversely affect the results of the full core
calculation. While SERPENT2 adopted the Bl fundamental mode calculation as its
intermediate solution to the leakage model, it has not fully incorporated the scenario for a
SFR model that has zero cross section results at the low energy levels due to a lack of neutron
flux. Since the zero cross section data will result in singular matrix while doing an inversion,
current efforts made by my senior and I was to modify the source code such that an arbitrarily
small value of 10" 5 is assigned if zero cross section is detected during the simulation so as
to permit matrix inversion. However, this modification is only feasible in theory as the
computation of the inverse matrix is not possible with double precision accuracy. Henceforth,
current work has eliminated the low-energy groups in order to provide some insight on the
neutron behavior in the two-dimensional reactor core while the developers attempt to look

into the B1 routine. As such, ongoing calculations are based on 24 energy-group structure.
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4.2 S2M: DRAGON Module

The S2M: DRAGON module is created in order to convert the matlab output data of
SERPENT2 into MACROLIB format. The original S2M: module was created in April 2014
that is able to convert the SERPENT?2 output file into MACROLIB format for version up to
SERPENT2.1.19. This caused a minor error with latest version 2.1.20 as some of the terms
listed in SERPENT?2.1.20 have been modified or removed as explained in the memo update
[16], leading to the S2M: module being unable to find the relevant data to extract from. For
example, in order for the S2M: module to extract the fission spectrum y, data, the Fortran
code would have to change its search term from “CHI” within the matlab file of
SERPENT2.1.19 to “B1_CHIT” from the output file of SERPENT2.1.20. The modifications

will be made after the completion of simulation.

More importantly, the CPO: and COMPO: modules in DONJON that are needed for full core
calculations require EDITION objects instead of MACROLIBs for a successful execution.
While the EDI: module is able to create an EDITION object, it is not suitable as both the
condensation of energy levels and the homogenization of microscopic cross section have
been performed during the SERPENT2 calculation. Therefore, modification in COMPO: and
CPO: source code is required to access the MACROLIB data compiled by the S2M: module.

5. LIMITATIONS & RECOMMENDATIONS

The lack of probability table treatment for unresolved resonances has an impact on the
reported results as the reaction rates occur most frequently in the unresolved region for fast
reactors. Henceforth, I would like to recommend a revision of this report after the

development of a probability table sampling has been concluded.

I would also like to recommend a graphical user interface (GUI) for SERPENT?2 users in
order to minimize errors associated with reactor geometry. The geometry plot produced by
SERPENT2 has been observed to rotate the input code by 90° counter-clockwise. While
inconsequential to reactor models that use squares or cylinder geometries, it can create
confusion for a user plotting a reactor with hexagonal assemblies or with more complicated
geometries as observed during discussions in the SERPENT2 forum. Henceforth, I would

recommend a construction of a GUI that will provide an ease of implementation of plots.
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6. REFLECTIONS

The opportunity to work in Ecole Polytechnique de Montréal in Canada is a truly rewarding
experience for me to broaden my horizons and step out of my comfort zone. Adapting to life
in a foreign country with different culture, climate and practices has made me appreciate
everyday conveniences that have been taken for granted back home. I have learnt to gain
independence through cooking, taking care of my health and managing my own finances,
which proves to be a challenge with bills and rent to pay while ensuring adequate foreign
currencies in bank account for other daily expenditure. The high cost of living forces me to
make informed decisions for each purchase, be it groceries or clothing to protect myself from

the harsh winter which finally ended in late April.

At the same time, I am grateful for the exposure of cultural food and practices that made
living in Montréal so enjoyable. I am heartened by the way Québécois embraced the cold
weather and integrate it into their lives. I am also deeply impressed by the sense of national
pride they had for Canada, especially so after spending some time watching the Winter

Olympics 2014 with the locals.

The research topic tasked by my supervisor, Assistant Professor Alain Hébert has humbled
my perception of knowledge gained through schooling as much of the world remains
unknown to me. It constantly challenges me to investigate problems thoroughly, exercising
caution and precision in my work in order to reduce any error possible in my code, since each
run may take up to hundreds of hours to complete depending on the level of calculations
performed. I have learnt to be patient in doing research work as results do not usually appear

the way we expected, forcing us to think out of the box to troubleshoot the problem.
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7. CONCLUSION

In this study, the results generated from SERPENT2 are only for infinite lattice calculations,
and are not yet suitable for comparisons with the previous work that base its calculation on
deterministic techniques. This is due to the lack of development in the B1 fundamental mode
calculation that is vital in accounting for the leakage term in the neutron diffusion equation
that will be used in the three-dimensional full core calculations. Nonetheless, SERPENT has
been successful in validating other stochastic codes such as the Monte Carlo N-Particle
Transport Code (MCNP), particularly with regards to effective multiplication factors and
homogenized few-group cross-sections. A comprehensive Monte Carlo leakage model is

currently being worked on in order to cater to experimental reactors.

The experiences gained in this internship have proven to be invaluable for me. Amongst the
technical skills gained that strengthened my knowledge in the field of nuclear physics, I have
also learned to be independent and self-sustaining through this internship which will be
useful in both my career and character development. Through this internship, I have also
gained a greater awareness of the cultural diversity and the importance of communication

skills.
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APPENDICES

APPENDIX 1 - List of Symbols

SI Prefixes
Quantity Name Symbol

Length metre m
Mass kilogram kg
Time second S
Thermodynamic temperature kelvin K
SI Derived Units

Derived Quantity Name Symbol
Cross Section square meter m”
Mass Density kilogram per cubic metre kgm™
Number Density number of specific per cubic #m™

metre

Speed, Velocity metre per second ms’

SI Derived Units with Special Names and Symbols

Derived quantity Name Symbol | Expression in | Expression in
terms of terms of base
other SI units SI units
Plane angle radian rad - mm’ =1
Solid angle steradian Q - m*m”= 1
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Energy, Work, Quantity of joule J N-m m”kg-s”
heat

Power watt W J/s m”>kgs>
Electric charge, quantity of Coulomb C - s*A
electricity

Electrical Potential volt v W/A m”kg-s”- A
Difference, Electromotive

force

Celsius Temperature degree Celsius °C - K
Activity of a radionuclide Becquerel Bq - s

Non-SI Units Accepted for Use with SI Units

Name Symbol Value in SI units
Minute (time) min I min=60s
Hour h 1 h=60 min =3 600 s
Day d 1d=24h=86400s
Degree (angle) © 1° = (n/180) rad
Minute (angle) ’ 1’ =(1/60)° = (/10 800) rad
Second (angle) ”? 1’ = (1/60)’ = (n/648 000) rad
Electronvolt eV 1eV=1.60218x 10" J, approximately
Unified Atomic Mass unit u 1 u=1.660 54 x 10*" kg, approximately
Cross section Area (barns) b 1b=10"m’
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APPENDIX 2 — SERPENT INPUT CODE FOR FERTILE ASSEMBLY

o°

o°

-—-— SFR fertile assembly ----

-—— Problem title:

set title "rnr fertile"

% ——— Cross section library file path:

set acelib "/home/pl04697/serpent2/xs/jeff311/sss jeff3llu.data"

g —mm Material Compositions removed

o°

—-—— Cell declarations

% —--—- Fertile UOX ("C1"):
pin 1

mixl6 0.11

mix1l1l 0.308712

mix12 0.381084

mix13 0.412536

mix14 0.4225

mix17 0.435

mix1l5 0.485

mix10

% —-—-- Casing fertile UOX ("C2")
nest 2 hexyc

mix18

% —--—- Fissile MOX ("C3"):
pin 3

mix7 0.11

mix2 0.308712

mix3 0.381084

mix4 0.412536

mix5 0.4225

mix8 0.435

mix6 0.485

mixl

% ——-- Casing MOX ("C4")
nest 4 hexyc

mix9

o°

-—-- Assembly lattice:

surf 3000 hexxc

0.0 0.0 14.8263549¢6

o°

16.5 * 1.07
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cell 400 0 f£ill 210 -=-3000
cell 401 0 outside 3000

o°

--- Lattice Declarations:
-—-- Assembly of MOX pins surrounding UOX pin:

o°

lat 210 3 0.0 0.0 33 33 1.07

3333333344444444433333333333333314
3333333433333333433333333333333433
3333334333333333433333333333334233
3333343333333 33343333333333334333
3333433333333 33343333333333343333
3334333333333 33343333333333433333
334333333333333343333333334333333
3433333333333333433333333433333333
4 3333333333333 3324242421423333333
4 3333333333333341111111143333333
4 3333333333333211111111123333333
4333333333333411111111114333333
4333333333332 111111111112333333
4 33333333334111111111111433333
4 33333333321111111111111233333
4 33333333411111111111111433333
4 4444444211111 1111111111244%414
3333333341111 11111111111433333
3333333321111111111111233333
3333333341111 111111114333333
333333332111111111112333333
3333333341111 11111143333333
333333332111111111233333333
3333333341111 1111433333333
333333332424242142333333333

3333333433333 3334333333333
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o°

o°

3333334333333 3334333333333

3333343333333 333433333333

3333433333333333433333333

333433333333333343333333

334333333333333343333333

3433333333333 3334333333

4 3333333333333 334444141414

-—-- Parameter settings:
-—-- Periodic boundary condition:

set bc 3

o3
o

-—-- Group constant generation:

set gcu O
set sym 12
set nfg 24

0.
.0003043248
.0004539993
.0007485183
.001234098
.0020346839
.003354626
.0055308444
.0091188205
.0150343897
.0247875191
.0408677123
.0673794672
.111089997
.183156401
.30197382
.497870684
.820850015
.35335302
.23130202
.67879391
.06530714

P O WNREPE OOOOOOOOOOOOOooo oo

[}

0001485759

s Define group structure (to match that in "set nfg" since energy

levels do not match those found in default micro-group structure. Must
include lowest and highest energy groups 1.00000E-11 & 20 in order to
match the two structures):
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ene egl 1

O OO OO O OO OO ODIODIODODODODIODIODODODODODODIODIODODODIODIODIODIODIODODODIODIODODIODIODIODIODIODIODOOODODOODOOOOOOOoO

.0001485759
.0001541761
.0001630563
.0001675188
.0001752293
.0001832948
.0001849519
.0001862511
.0001875594
.0001888769
.0001902037
.0001930783
.0001959963
.0002008579
.000212108

.0002243249
.0002355906
.0002417963
.0002567482
.0002682973
.0002723521
.0002764682
.0002848879
.0002883271
.0002959219
.0003043248
.0003199279
.0003353235
.000353575

.0003717032
.0003907608
.0004190942
.0004539993
.00050174¢68
.0005392049
.0005771462
.0005929414
.0006000996
.000612835

.0006468379
.0006772874
.0007485183
.000832219

.0009096825
.0009824954
.001064325

.001134668

.001234098

.001343584

.0015861989
.001811835

.0020346839
.0022849408
.0024238091
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= el e NeoNeoNoNoNoNoNooloNolNoNoNolNolBoloNoNoNololBoNolNolololBolNoloNoNolNoloNolNoNoNololRolBolNoNolRolololNolNololNolNololNolNe)

.0025711169
.0027685959
.0029515792
.0031466561
.003354626
.003707435
.0040973499
.004528272
.005004514
.0055308444
.006112528
.0067553883
.007465858
.0082510486
.0091188205
.01007785
.01113775
.0136036798
.0150343897
.0162004698
.0185847301
.0226994399
.0247875191
.0261001308
.0273944493
.0292810388
.0334596485
.0369786397
.0408677123
.0499159396
.055165641
.0673794672
.0822974667
.0946646184
.111089997
.122773401
.140097708
.165065199
.183156401
.195066497
.230060101
.267826825
.30197382
.320646912
.383884013
.412501693
.456021696
.497870684
.57844317
.706512094
.780816674
.820850015
.950834811
.0511499%¢6
.16204906
.28696299
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.35335302
.408584

.63654101
.9013899%¢6
.23130202
.52839589
.86504793
.24652505
.67879391
.16862011
.72366619
.35261393
.06530714
.70319986
.40818214
.18730831
.04837418

O JooyUdbdxdbdWWNNMNNDRE -~ -

)
= o

.6183395
.8403101
.9182501
.6403294

e e
O > W

% Use as micro-group structure:

set micro egl

% —--- Neutron population and criticality cycles:
set pop 2000 1000 20

% —--—- Geometry and mesh plots:

plot 3 1000 1000
mesh 3 1000 1000



APPENDIX 3 — SERPENT INPUT CODE FOR FISSILE ASSEMBLY

-—-— SFR fissile assembly ----

o°

o°

-—-- Problem title:

set title "rnr fissile"

% ——— Cross section library file path:

set acelib "/home/pl04697/serpent2/xs/jeff311/sss jeff3llu.data"

set declib "/home/pl04697/serpent2/xs/jeff311/sss jeff31ll.dec"
set nfylib "/home/pl04697/serpent2/xs/jeff311/sss jeff31l.nfy"

T —mmmmmm oo Material Compositions removed-—-—-—--—-—-—-

o°

—-—— Cell declarations
-—-—- Combustible MOX ("C1"):

o°

pin 1

mix8 0.11

mix2 0.308712

mix3 0.381084

mix4 0.412536

mix5 0.4225

mix9 0.435

mix6 0.485

mix1l

% —--—- Casing fissile MOX ("C2")

nest 2 hexyc
mix7

lat 110 3 0.0 0 17 17 1.07

11111111222222222
11111112111111112
11111121111111112
1111121111111 1112
1111211111111 1112
11121111111111112
11211111111111112
12111111111111112
2111111111111 1112
2111111111111 1121
2111111111111 1211
211111111111 12111
211111111111 21111
2111111111121 1111
2111111111211 1111
2111111112111 1111
2222222221111 1111
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% —-—-- Core Lattice:

surf 1000 hexxc 0.0 0

cell 100 O fil1l 110 -1000
cell 101 O outside 1000

o°

-—-- Parameter settings:

o°

condition:

set bc 3

% —--- Group constant generation:

set gcu 0
set nfg 24
0.0001485759
.0003043248
.0004539993
.0007485183
.0012340098
.0020346839
.003354626
.0055308444
.0091188205
.0150343897
.0247875191
.0408677123
.0673794672
.111089997
.183156401
.30197382
.497870684
.820850015
.35335302
.23130202
.67879391
.06530714

P OO WNREPE OOOOOOOOOOOOOoOOoooOo

[}

match the two structures):

ene egl 1

.0001485759
.0001541761
.0001630563
.0001675188
.0001752293
.0001832948
.0001849519
.0001862511

O OO OO o oo

7.
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0

% Define group structure (to match that in
levels do not match those found in default micro-group structure.
include lowest and highest energy groups 1.00000E-11 & 20 in order to

%4.32435353

"set nfg"

0

7 * 1.07

—-—-- Periodic (only option that is physically reasonable) boundary

%$homogenization carried out in universe 0

since energy

Must
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.0001875594
.0001888769
.0001902037
.0001930783
.0001959963
.0002009579
.000212108

.0002243249
.0002355906
.0002417963
.0002567482
.0002682973
.0002723521
.0002764682
.0002848879
.0002883271
.0002959219
.0003043248
.0003199279
.0003353235
.000353575

.0003717032
.0003907608
.0004190942
.0004539993
.00050174¢68
.0005392049
.0005771462
.0005929414
.0006000996
.000612835

.0006468379
.0006772874
.0007485183
.000832219

.0009096825
.0009824954
.001064325

.001134668

.001234098

.001343584

.0015861989
.001811835

.0020346839
.0022849408
.0024238091
.0025711169
.0027685959
.0029515792
.0031466561
.003354626

.003707435

.0040973499
.004528272

.005004514

.0055308444
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.006112528
.0067553883
.007465858
.0082510486
.0091188205
.01007785
.01113775
.0136036798
.0150343897
.0162004698
.0185847301
.0226994399
.0247875191
.0261001308
.0273944493
.0292810388
.0334596485
.0369786397
.0408677123
.0499159396
.055165641
.0673794672
.0822974667
.0946646184
.111089997
.122773401
.140097708
.165065199
.183156401
.195066497
.230060101
.267826825
.30197382
.320646912
.383884013
.412501693
.456021696
.497870684
.57844317
.706512094
.780816674
.820850015
.950834811
.0511499%¢6
.16204906
.28696299
.35335302
.408584
.63654101
.9013899%¢6
.23130202
.52839589
.86504793
.24652505
.67879391
.16862011
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4.72366619
5.35261393
6.06530714
6.70319986
7.40818214
8.18730831
9.04837418

11.6183395

13.8403101

14.9182501

19.6403294

% Use as micro-group structure:
set micro egl

% —--- Neutron population and criticality cycles:
set pop 20000 20000 20

% —--—- Geometry and mesh plots:
plot 3 1000 1000

mesh 3 1000 1000

set sym 12

% —--- Unresolved resonance data

set ures no %$set unresolved resonance data to 'no' as it is
unreliable to fast sodium reactor

% —--- Fundamental mode calculation

set fum egl

% —-—-—- Options for burnup calculation:

set bumode 2 %$Methods for solving the Bateman equations.
1 = TTA , 2 = CRAM

set pcc 1 %predictor corrector calculation, 1 = turned on
set xscalc 2 %Calculating isotopic one-group transmutation
cross sections

set printm 1 %Write the compositions of depleted materials
named <input>.bumat<n>

%set iter B1 1.00 % albedo bc iteration is an attempt to simulate

the effects of neutron leakage in an infinite-
lattice geometry. NOT AVAILABLE IN SERPENT

VERSION 2
% —--- Irradiation cycle:
set powdens 71.918E-03 % Power density 71.918 W/g rexpressed
in kW/g
dep daytot %depletion step, time intervals given in
days
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1.0

36.5
73.0
1009.
146.
182.
219.
255.
292.
328.
365.
401.
438.
474.
511.
547.
584.
620.
657.
693.
730.
766.
803.
839.
876.
912.
949.
985.
1022.
1058.
1095.
1131.
1168.
1204.
1241.
1277.
1314.
1350.
1387.
1423.
1460.
1496.
1533.
1569.
1606.
1642.
1679.
1715.
1752.

OO U O U1 O UloOUloUurouro uUlo uro o oo oug

O U O U O U1 o Uro Ul o U o U o uro oo oo

% —-—— Isotope list for inventory calculation:

set inventory all
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APPENDIX 4 — SERPENT INPUT CODE FOR SOLID ROD ASSEMBLY

o°

-—— Solid RNR: ARRE shutdown rod ----

o°

-—-- Problem title:
set title "rnr ARRE"
% ——— Cross section library file path:

set acelib "/home/pl04697/serpent2/xs/jeff311/sss jeff3llu.data"

T —mmmmmm oo Material Compositions removed-—-—-——-—-—-——-——-—-—--—
% ——— Cell declarations

% —--- Solid/ Control Rod ("C1"):

nest 1 hexyc thexyc cell declared with r = 0.535 since lattice
pitch =2 *» r = 1.07

mix10 %declaring the lattice pitch will automatically

set r = pitch/2

% —--- Casing for MOX ("C2")

nest 2 hexyc thexyc cell declared with r = 0.535 since lattice
pitch =2 *» r = 1.07

mix7

% —-—— Combustible MOX ("C3"):

pin 3 thexyc cell declared with r = 0.535 since lattice
pitch =2 *» r = 1.07

mix8 0.11

mix2 0.308712

mix3 0.381084

mix4 0.412536

mix5 0.4225

mix9 0.435

mix6 0.485

mix1l

% —--—- Casing for MOX ("C4")

nest 4 hexyc thexyc cell declared with r = 0.535 since lattice
pitch =2 *» r = 1.07

mix7

% —-—— Core lattice:

surf 1000 hexxc 0.0 0.0 14.82635496 % 12 * 2 * 0.61776479 instead of
16 * 2 * 0.617764797

cell 100 0 fill 110 -1000
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cell 101 0 outside 1000

o°

--- Lattice Declaration:

lat 110 3 0.0 0.0 33 33 1.07

11111111 2444444443333 33333333 33 4
1111111433333 333433333333333333 3
1111112333333 333433333333333334733
1111143333333 33343333333333334333
1111233333333 33343333333333343333
1114333333333 33343333333333433333
1123333333333 33343333333334333333
143333333333333343333333343333333
233333333333333324242421423333333

3
4

4 3333333333333341111111143333333
4 3333333333333 211111111123333333
4333333333333 411111111114333333
433333333333 2111111111112333333
4 33333333334111111111111433333

4 33333333321111111111111233333
4 333333334111111111111114323333
4 4444444211111 1111111111244%4 14
3333333341111 1111111111433333
3333333321111111111111233333
3333333341111 111111114333333
333333332111111111112333333
3333333341111 11111143333333
3333333321111 11111233333333
3333333341111 1111433333333
333333332424242142333333333
3333333433333 3334333333333

3333334333333 3334333333333
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|
|
|

o°

set bc 3

3333343333333 333433333333

3333433333333333433333333

333433333333333343333333

334333333333333343333333

3433333333333 3334333333

4 3333333333333 334444141414

Parameter settings:
-—-- Periodic boundary condition:

% —--- Group constant generation:

set gcu 0
set sym 12
set nfg 24

0.
.0003043248
.0004539993
.0007485183
.001234098
.0020346839
.003354626
.0055308444
.0091188205
.0150343897
.0247875191
.0408677123
.0673794672
.111089997
.183156401
.30197382
.497870684
.820850015
.35335302
.23130202
.67879391
.06530714

P OO WNREPE OOOOOODOOOOOOOOoooOo

[}

o

0001485759

Define group structure (to match that in "set nfg" since energy
levels do not match those found in default micro-group structure. Must
include lowest and highest energy groups 1.00000E-11 & 20 in order to
match the two structures):

ene egl 1

0.

0001485759
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.0001541761
.0001630563
.0001675188
.0001752293
.0001832948
.0001849519
.0001862511
.0001875594
.0001888769
.0001902037
.0001930783
.0001959963
.0002008579
.000212108

.0002243249
.0002355906
.0002417963
.0002567482
.0002682973
.0002723521
.0002764682
.0002848879
.0002883271
.0002959219
.0003043248
.0003199279
.0003353235
.000353575

.0003717032
.0003907608
.0004190942
.0004539993
.00050174¢68
.0005392049
.0005771462
.0005929414
.0006000996
.000612835

.0006468379
.0006772874
.0007485183
.000832219

.0009096825
.0009824954
.001064325

.001134668

.001234098

.001343584

.0015861989
.001811835

.0020346839
.0022849408
.0024238091
.0025711169
.0027685959
.0029515792
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.0031466561
.003354626
.003707435
.0040973499
.004528272
.005004514
.0055308444
.006112528
.0067553883
.007465858
.0082510486
.0091188205
.01007785
.01113775
.0136036798
.0150343897
.0162004698
.0185847301
.0226994399
.0247875191
.0261001308
.0273944493
.0292810388
.0334596485
.0369786397
.0408677123
.0499159396
.055165641
.0673794672
.0822974667
.0946646184
.111089997
.122773401
.140097708
.165065199
.183156401
.195066497
.230060101
.267826825
.30197382
.320646912
.383884013
.412501693
.456021696
.497870684
.57844317
.706512094
.780816674
.820850015
.950834811
.0511499%¢6
.16204906
.28696299
.35335302
.408584
.63654101
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.9013899%¢6
.23130202
.52839589
.86504793
.24652505
.67879391
.16862011
.72366619
.35261393
.06530714
.70319986
.40818214
.18730831
.04837418

O Jo oy Ul bW WDNDNDNR

)
= o

.6183395
.8403101
.9182501
.6403294

e =
O > W

% Use as micro-group structure:

set micro egl

% —--- Neutron population and criticality cycles:
set pop 2000 1000 20
% —--—- Geometry and mesh plots:

plot 3 1000 1000
mesh 3 1000 1000
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