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MYRRHA-ADS is aresearch reactpwhich isunderdesign and developmeloy the Begian
NuclearResearciCenter S C K A CEhéreactowill haveinnovativeapgicationssuch as,
transmutationof high-level wastevia fast spectrun, radiasotopeproductionand silicon
doping usng thermalneutronsmoderated by water loopdt is the first of its kindto be

accompanied bg particle accelerator armboled byl eadBismutheutectic (LBE).

The stronglyheterogeneousature of thisreactor offers a are opportunity to study both
thermal and fast spectra. Given its unique character, a critical core configunadieth on
theMYRRHA-1.6 was chosero investigatdhe capabilities of the statd-the-art OpenMC
Monte Carlo code in compugnglobal and local 3D neutronic observabls®oreover,
homogenized mukgroup macroscopic cross sections were generaad) OpenMClor

further utlization in a deterministic cersimulator

Benchmarking of OpenM@ith respect to a welalidated Mon¢ Carlo code, MCNRit
core leve] is one of thenovel works of this thesis. Thees difference and the relative
difference of energy integrated flux in the active regiere within acceptable rangén
addition a code verification betweenh@mogenizednulti-group Monte CarldfMGMC)
OpenMC model and the PHISICS deterministic simulat@s carrieebut Here, a
significanteigen value bias was observédirther, a comparison was made between the
continuous energlyeterogeneousodeland theM GMC modelshonvedthat theras a highly
significant eigen valuedifference Possible reason®r thesebiases weredentified and

possible ramification tshniquesare suggested.
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Latin letters
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energy
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neutron current
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angular neutron density
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J, MeV
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% velocity m/s

\Y volume cm?
0 pre-collision weight ofparticles
W total starting number of particles
Greekletters
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1 diagonals of isotropic scattering matrix
« angular flux 1/cn/s
v scalar flux 1/cn/s
” reactivity pcm
t macroscopic crossection 1/cm
0 number of new neutrons pission

neutron fission spectrum
m solid angle Urad

b= direction cosines
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f fission
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1 INTRODUCTION

The global electricity demand is increasing with a fast peaspecially since 2010. For
instance, according to a repost the International Energy Agency it has risen by 2.3% in
the previous yeglEA Report, 2019)Consecutively, this high demand put a heavy hand on
the overallcounties energypolicy, which also dependm the security, sustability, and
affordability of the energy source. So far, no one energy source can guaranty to deliver
sufficient power while regrting these threeequirements. For example, renewable energy
saurces may be favored as sustainable; however, they areiitéatrand expensive. In the

case of fossil fuels, even though they are relatively secure and affordable, if all energy
production relayed on them, the global initiative to minimize @Quld fal into jeopardy.

Therefore, it can reasonably be predictedt thuclear energy would be a viable energy
source, at least for the foreseeable future. Nevertheless, mostpoaacing reactors of

the present time are thermal spectrum reactors, and tgeynralsmall fraction of the natural
uranium reserve. Hencéhe development of fast spectrum reactor technology has been
looked forward by many as a mitigation strategy for this challenge since it can increase the
energy yield from natural uranium. Moresy this technology provides a sustainable
solution for nucla r energyo6s Achill es hleeslhighlevel e . |,
radioactive waste. Even thoygtbome nuclear power countries decide to store their high
level-waste in underground reposi&s; for most others, it is unacceptable since the length

of time required to stabilize the waste is beyond historical records. For the later ones,

transmuting the longjved HLW to reduce the time scale is more appealing.

The idea of MYRRHA ADS was firstonceived by parties who are concerned about fuel
developmentand transmutation of HLW. Hence, MYRRHA is a Lead Bismuth eutectic
(LBE) cooled fast spectrum reactor with a capability of sustaiaingnstant neutron flux

level in asubcriticalstate via spation reactions andorming the basis of aaccelerator
drivenrsystem. Most of all, the development of this reactor is a groundbreaking achievement

for science and research in the field of nuclear science.

1.1 Scope of the work

ThisMa s t thesi$ sebut tomodelthe criticalMYRRHA 1.6 coreusingan opersource

Monte Carlo cod&nown asOpenMCandto producea database of spatially homogenized
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and energycollapsed multgroup macroscopic crosections Then, the generatedulti-
group constantsre mplemented ito the multi-group Monte CarlqdMGMC) featureof
OperMC andthe deterministic transport solvef PHISICS toolkit. The aim istwofold,
firstly it is to benchm&k MGMC with respect tacontinuousenergy heterogenous model
This has helpetb investigate how well the physical characteristics were preservewyduri
the process of homogenizatio®ecorlly, it is to veify the PHISICScode with repect to
MGMC simulationmodel of MYRRHAL.6.

In addition, one section is dedicated to benchmarking OpenMC 0.10.0 simulation results
with a wellestablished reference ecgdMCNP 6.2.The thesis alsoncludes indepth
explanationgboutthe MYRRHA reactor ani¥onte Carlo calculationBom the perspeite

of OpenMQ such as:
The historicalpaththat led to thecurrent desigmf MYRRHA reactor
The theoreticahspect of Mote Carlocalculationin relation to reactor physics

The usagerad featuresof the OpenMC coddrom the user point of view

= =2 =4 =4

The mathematical approach to the hageaization process ithe context of
OpenMC

1 Result estimation in OpenMC.
1 And, resultinterpretation

Lastly, the perspective of the writer on the outcomes of the simulation and suggestions for

future work are illustrad.
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2 MYRRHA REACTOR

The name MYRRHA signifies a Mulpurpose hYbridResearch Reactor for Higkch
Applications. The facthat it can be operated either in critical or-uitical conditions will

make the reactor one of its kind upon its completion. Obviously, a core loading alternation
will be required to shift the retar from one mode to another. The strliical chain eaction

is supplemented by a spallation neutron source. A high energy proton beam is designed to
collide with leadbismuth eutectic, LBE, a material which is also planned to be used as a

core coolant,d cause a spallation neutron soufééalambu & Stankoskiy, 2014).

Handling the HigHhLevel and LonglLived Radioactive Waste has always beenhallenge

for thenuclear industry. Numerous ideas were forwarded in the past, on how to handle this
issue. To ths end, pent fuel underground repositories hdecomewidely accepted by

some nuclear power countries. For instance, Finland is a pioneer in building a permanent
underground repository. However, scientists on the other side of the isle argued that a
geolayical solution will take tens of thousands of yearsafauclear waste to decay to a safe
level. Hence, they proposed an accelerator driven transmutation of waste. Charles Bowman
was one of the proponents of thiwenyofthea si

idea.

The application goal of MYRRHA ADSan be summarized into three major parts
(Abderrahim, et al., 2012)

1 To demonstrate the concept of transmutation of minor actinides.
1 To validate the ADS concept.

1 To operate s.a material irradiation facility.

2.1 Historical background

The idea of building such an innovative r ¢
Nucl ear Research Center, SCKACEN, -1997)a s e d
(Abderrahim, et al., 2012The ADONIS (Accelerator DriveOptimized Nuclear Irradiation
System) project was executed in the framework of studying about the coupling of a proton
accelerator, a spallation target and a subcritical core. In addition, it was intended for medical
radioisotope production. ADONIS wasamned to be a light water reactor fitted watti50
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MeV accelerator at.5MWth nominal power. However, the project was terminated at the

design stage with an idea of extending it to a larger ADS +putpose research fadifi

The work on MYRRHA beganii998a nd i n 2002 the first desi
submitted to the International Technical Guidance Committee for comment. Then, in 2005
an upgraded O6MYRRHA Draft 206 was pubthei shed
MYRRHA/XT -ADS design.

. Guard Vessel

. Inner Vessel

. Cover

. Diaphram

. Spallation Loop
. Subcritical Core
. Primary Pump

. Primary Heat
Exchangers

9. In-Vessel Fuel
Transfer Machine
10. In-Vessel Fuel
Storage

~1 O\ W s L) b e

o0

Figurel: MYRRHA/XT-ADS model (Abderrahim, et al., 2012)

Figurel shows the MYRRHA/XTADS, it was designed as a pool type reactor cooled by
Lead Bismuth Eutectic (LBE). The meadesign parameters of the reactor are listethinle
1 (Abderrahim, et al., 2012)

Even though this reactor design complied with the main design and safety requirements, it
was not able to fulfill te objectives of MYRRHA. That is, MYRRHA/XADS was only
capable of operating in stdvitical mode, and it was not able to reach the required irradiation

target.
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Tablel: MYRRHA XT-ADS main parametergAbderrahim, et al., 2012)

Nominal reactor power 57 MW

Core coolingpower 70 MW

Primary side inlet temperatur¢ 300°C

Primary side outlet temperatu| 400°C

Coolant velocity 2 m/s
Primary coolant LBE
Secondary coolant Steam
Tertiary coolant Air

These hindrancestriggered the necessity for future design improvement with the
aforementioned objective. Thus, since 2009 the project commenced with a name MYRRHA
FASTEF.Figure2 depcts the MYRRHAFASTEFreactor.

1. Guard Vessel
2. Inner Vessel

3. Cover

4. Diaphragm

5. Core

6. Primary Pump
7. Primary Heat
Exchanger

8. In-Vessel Fuel
Handling Machine

Figure2: MYRRHA-FASTEF. (Abderrahim, et al., 2012)

As a critical reactor, the reactivity control and shout down mechanisms were needed in this

design. Thus, theeactivity saéguards were addelloreover, the pwer and power density
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were increased to meet the high flux requirement. In addition, the safety systems of the

facility were modified. Table2 shows the design parameters of the reactor.

In 2014 a successful design revision waslelay the Central Design Team to address further

requests regarding core management. The revised design is named MYRRHA Rev1.6. The

design refornwas made under the following guidelindsalambu & Stankovskiy, 2034

I.  Operating well below the maximum cladditemperature.

II.  Maximize the fuel burn up discharge for as long as possible and minimize the fresh

fuel intake in every cycle.
[ll.  Reduction of irrachtion damage on the outer barrel.

IV.  Optimization of radioisotope production and silicon doping.

Table2: MYRRHA-FASTEFmain parametergAbderrahim, et al., 2012)

Nominal power 100 MW
Coreinlet tempeature 270°C
Core outlet temperature 410°C
Coolant velocityin core 2m/s
Coolant pressure drop 2.5 bar
Primary coolant LBE
Secondary coolant Steam
Tertiary coolant Air

2.2 MYRRHA Revl.6 critical core design description

Core design ignainly governed by neutronic and thernimidraulic limitations(Malambu
& Stankovskiy, 2014)As it wasstated in the previousubsections, MYRRHAIs a fast
reactor withan objective of buring minor actinidesandfission productsHence there is a
guest for high fast fluxfor transmuation of this HLW. However, high and fast flux

generation, which follows high power productions limited by coolant velocity and
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maximum cladding temperaturdable 3 illustrates the keyreactor phgics design

parametersf MYRRHA 1.6 criical core.

Table3: Key design parameters of MYRRHA Icftical core (Malambu & Stankovskiy, 2014)

Core configuration Startng up Equilibrium
BOL BOC

No. of fuel assembly 78 108

Admissible max. power(at 88 96

466°C  Cladding  temp.

[MWi]

Admissible linear power a 217 212

466°C  Cladding  temp.

[Wicm]

2.2.1 Core layout

The MYRRHA core desigrronsistof hexagonal lattices of two kingdBigure3). The ones
marked by black dot are accessitotan the top. These suthannels includen-Pile-Section

(IPS) for material irradiation, control rod banks, shutdown systems and the spalliagein ta

for subcritical operation. The rest of the channels are going to be accessed from the bottom.
The secongroup of subchannels includefsiel, shielding and reflector stdssemblies. The
whole core is contained in a barrel, but between the core agsambthe barrel there is

additionalsteel shielding(Eynde, et al., 2015)
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H e

Figure3: The MYRRHA core lay out. Channels marked with a black dot are accessible from the

top during operatioMalambu & Stankovskiy, 2014)

2.2.2  Critical corefuel management

One way ofachievingthe required fluxntensiy without exceedingthe coolantmass flow
rate and claddingemperaturghresholds is by implementingan appropriatéuel loading
patten. To begin witha 30wt. % of enriched MOXis chosenbased on tha&eutronic
requirements andnarketavailability (Eynde, et al., 2015)A more detailedexplanation

aboutfuel asembly configuratiorand dimensionsan be found in Sectidh

At the beginning of life (BOL) & freshfuel assembliewill be loadedwith an addition of
fresh batch o$ix fuel assemblieatmost inneposition ofthe core irevery cyclgeachcycle
consists 000 day$. The older biches will be reshuffled frorm-to-out until the 18 batch
The equilibrium cycle, also known athe beginning of cycleBOC), will commence after
loadingthe 18" batch Then,at the end oévery cycle (EOC}ix assemblie®f the oldest
batchwill be removed andhe same number dfeshfuels will be addedwith in-to-out

shufflingmannerThe fuelpin and coolantnaterial specificatiomreshownin Table4.



Table4: Core material specificatioiSolis, 2018)

Fuel material MOX
Enrichment 30%[HM]
Fuel density 10.5[g/cm’]
Admissible max. fuel temp 1300 K]
Claddingmaterial 1515Ti SS
Cladding density 7.95 [g/cnd]
Admissible max. cladding temp. 700 [K]
Coolant LBE
Coolantdensity 10.3 [g/cm”]

Control rod

B4C

21
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3 REACTOR PHYSICS CALCULATION S

The i mportance of reactor physics had beco
that a sustained chain reaction is a requirement for any civilian or military nuclear
application. Nuclear reactiaa theinteraction betweea flux of neutronsn phase spacend

fuel nuclide as a functioof time.

However,since the neutron flux is coupled with the three aspects of the phase space in a
complex manner, it is not possible to solve the equation analytiddllys, a solution can

only be obtainecitherthroughstatistical method arumerical methodd'’he most common
statistical andnumerical methods known are Monte Carlo metlaodl deterministic
method, respectively.

As mentioned in Sectioh.1one of theemphase thisthesisis generation ohomogenized
multi-groupcross sectiondllomogenized mukgroup cross sectiorarethe probability of
occurrerce of different interaction constantsthat are spatially averaged and energy
condensedi.e. integrated)Thesemulti-group cross sectiortgave multipleapplications in
reactor phgics They arefundamentdly usedin diffusion theoryandtransportcalculation
codesln addition theycanalso be used in Monte Carlo codeseduce the running time of

calculaions (Pirouzmand & Mohammadhasani, 2015)

3.1 Monte Carlo methodin reactor physics

The application domain othe Monte Carlo method is far beyond reactor physics
calculations. It is involved in all areas of engineering. The atkih preferred since i an
intuitive, simple and statistical method of analyzing complex problems cogsi$taeveral
well-defined suktaskslt is preferred in reactor physics calculations mostly for its simplicity
and the accurate results it prodeqlLeppanen, 2007)Moreover, discretization and
homogenization of thgeometry of the reactor is not needed as in the case of deterministic
methods(Leppénen, 2007)Due to these characteristicsist favorable in benchmarking

deterministic codes, and in scientific researches of experimenta¢ (ldebert, 2016)

In addition, some characteristics of neutrarcleus interaction, such as: the fact that
neutrons interact ith their surrounding and not amongst themselves, linearity of the
transport procesthe Markov proess and the isotropic nature of materials in space makes
the method even simplgiHebert, 2016)
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Albeit, there has been a comon misunderstanding that Monte Carlo codes solve the neutron
transport equation. This is a ratherowg understanding since Monte Carlo is a statistical
method, which deals with a random walk of a single neutron at a(tiepgparen, 2007)
Actually, one of the strengths of the method is its ability to estimate integrabreaates
without solving the equation for flux distributiomhe methodworks in such a waythat
various interactions that may ocdwgtween a particle arile surrounding nucleuringits
lifetime are randomly sampled and simulatiedreactor Monte Canl calculationsneutrons
areintroducednto a nuclear system in batchégppanen, 20075ince the method is based

on stochagt statistics, the accuracy of the result depends on both the number of neutrons in
each batctand the total number of batch@3ai, 2014) Besides, the standad#viation of

the statistics indicates the accuracy of the contjpméHebert, 2016)

In reactor Monte Carlsimulations there are three main processes that shoutdmsidered

to determine the neutron transpdtirstly, the source location should be sampled based on
its probability distibution. Second is tracking of neutron locatioeactiaons, energy and
trajectory. Thirdly, its collecting and angling results. Aralgorithmof Monte Carlo KC)

particle sinulation is shown irFigure4. (Wu, 2019)

A majordrawbaclkof this kind of simulation ighat high precision results demand substantial
computing costEvidently, it is not practical to solveainsport calculations of large scale
with this method. Therefore, deternrstic methods become the dominant approach in this
regard.(Cai, 2014)
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Figure4: Algorithm of Monte Carlo transposimulation (Wu, 2019)

For advanced and complete urstanding of the mathematical proof of Monte Carlo method

for reactor physics, one may reterJ ak k o L e p p a n e(beppsinerd 20879re r t a t
from the book by Hebert Alai(Hebert, 2016)Other aithors like Lewis and Miller, Spanier

and Gelbard, Llux and Koblinger also wrote extensively about the theoretical background of
the method.

Based on the mathematical thga number of Monte Carlo based continuensrgy codes
have been developed. Sunbdes as MCNP, TRIPOLI and SERPENT are among the well
known and welestablished. However, for this thesis a niche Monte Carlo code known as
OpenMC is used to calculate teffective multiplication factor, tally flux distribution and

generate mukgroup coss sections.
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3.2 OpenMC: A Monte Carlo code

OpenMC is a Monte Carlo particle transport code for neutron criticality calculations. It was
first released to the public inddember 2012. Massachusetts Institute of Technology (MIT)
developed it as a part @f project to bring about scalable parallel algorithms for future
supercomputers. The cotdewritten in standard Fortran 20Q&p to its version 0.10.0and

it possessesraumber of attractive features to the user. First and for most, it is an opes sourc
code, thus many under privileged researchers will have access to a power of Monte Carlo
code. Secondly, it is equipped with an extensive range of python functions degthas

API, which makes creating executable files, and post processing relatasigr.eln
addition, it supports both continueasergy and mukgroup transport datéRomano, et al.,

2014)

3.2.1 Userinput

The user input is designed in such way thatabimprehensiveo a new user and at the same
time, convenent for the developers to modify and extehe code scripfThe code requires

the following inputs from the user in order to model and execute:

A description of the geometry.

)l
1 A description of the nuclides and density of doastitueninaterial.
1 The nuniber of particlego simulate and score.
1 Alist of required physical quantities.
The input filein OpenMCis structured in XML format, unlike other sitar codes which use
ASCII file with cards.TheeXtensible Markup Languageas chosen to organize the itpu
in a senble manner, so that trEbovementionedpremises could be fulfilledi.e. input
insertion becomes eadyp be visually inspected and detened, also it is easier for
programmers to write the script thegad the input.Thus,the inputs arecategorizedinto
multiple files that are logically assign@domano, et al., 2012Thecompulsory XML files

for every simuhtion are:

1 materials.xml i Contains the material composition file of the model. The
materials are listetly their nuclide composition and density atieeg temperature
(seeFigureb).

1 geometry.xml 71 Contains the material filled geometry file of the model.
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1 settings.xml 1 Is a file that contains all the simulation pareters.
In addition there are another three optional ones, which are named as tallies.xml, plots.xml

and cmfd.xml.

Figure 5 and Figure 6 below show material and geometnefithitions in OpenMC

consecutively.

ml0l = openmc.Material (name='Fuel Batch 1')
ml0l.set density('g/cc' ,10.4889)
ml0l.temperature = 1300.0

mlﬂl.add_nuclide ,1.16723E-01, "wo!
mlﬂl.add_nuclide U_34' ,1.55%¢c4E-04, "wo!
mlﬂl.add_nuclide Uz35' ,4.40621E-03, "wo'!
ml0l.add nuclide ('UZ238' ,6.13744E-01, 'wo'

('o )
(' )
(' )
= ( )
ml10l.add nuclide('PuZ38',5.95819E-03, 'wo")
ml10l.add nuclide('PuZ39%',1.48338E-01, 'wo"')
ml10l.add nuclide('PuZ40',7.04005E-02, 'wo")
ml101.add nuclide('PuZ241',1.40236E-0Z,'wo")
ml101.add nuclide('PuZ42',2.00668E-0Z, "wo')
m101.add nuclide('2m241',6.18314E-03, 'wo')
materials file = openmc.Materials([ml01])
materials file.export to xml{()

Figure5: Material definition in OpenMC

# Instantiate Cell

cell? fa = oppenmc.Cell ()

# Bxial planes of the domain

zln = gpenmc.fZPlane (z0=-32.5)

zlp = gpenmc.ZPlane (z0= 32.5)

# Surface of the domain

surf 12 = openmc.ZCylinder (x0=0, y0=0, R=0.2710)
# Creating a region: combin surface & planes
cell2? fa.region = -surf 12 & -zlp & +zln

# Filling the region with material

cell2 fa.fill = ml0l

root = openmc.Universe{[celli_fa]]
geometry = ppenmc.Geometry (root)
geometry.export to xml ()

Figure6: Defining geometry in OpenMC
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Once the inputs are provided to the code, it will start performing the simulaigopaoticle
at a time (for detailed executiggrogram flow). Readers, interested in detailed execution

program flow, are advised to take a look at the OpenMC m#&Roabtano, 2018)

3.2.2 Geometry

OpenMC code uses constructive sol@metry (CSG) to define the geometry of thack.
CSG is a mathematical technique, which enables the user to create complex regions by

combining primitive regions using Boolean operators.

The geometry construction hierarchy of the code organized in suak that surface®in

to create a region. divever, the surfaces should first be bhita composition of planes.
This means that to model a region, one has to bbygirefining its most primitive
predecessor, the plane. After, the surfacec@atedthey must be referenced as a half
space todrm a volume. A haibpace of a surface can be defined as a region whose points
satisfy a positive or negative inequality of the surface equation. Thus, the negatseslcalf

represents the inside of the sudawhile the positive depicts the outside.

In the Python API, planes and surfaces are created through subclaggemofPlane (this

has a 3D functionalitygdndopenmc.Surface consecutively. The haBpaces of the region are
represented by an antecetjeror +, operator depending on the positafrthe space with
respect to the region. Moreover, haffaces can b@mbinedby Boolean operators, such as

(& for intersection,» for union and x for complement) to create volumes, which are
recognized as ds by the code. Thus, apenmc.Cell subclas is a region bounded by half
space of quadric surfacek addition, a boundingpox can be determined automatically for
regions bounded by hatipaces of cylinders, spheres and -atigned planes. Then, a
collection of cells that may be repeated as pfttie geometry can be comprised in subclass
openmc.Universe . Generally, universes are used either to be assigned as a fill for a cell or

in lattice formation, and they may also be translated and/ or rotated.

Onthe other hand, a nuclear reactor usually tegeated structures that occur in a regular
pattern. An example for such a structure could be a lattice. In such cases, OpenMC provides
a way to define lattice structures through tpenmc.RectLattice =~ andopenmc.HexLattice

classes.
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In OpenMC, by defauld surface is created by particles that pass through it, i.e. a surface is
infinite unless and otherwise a boundary is applied to it. Thus, it is necessary to apply a
boundary condition to specify a change dfidéor for particles passing through the auoH.

There are three types of boundary conditions for a given particle in a specific surface. These

are vacuum, periodic and reflective boundary conditions.

Lastly, the highest level in the hierarchy of the getry functionality is the root universe.
Theroot universe is the one that is used to create the XML file of the georfiRdimano,
2018)

3.2.3 Geometry plotting

There are two options of plottigeometryin OpenMC. The first one ia two-dimensional

slice plot,which allows the user to view the creatgggbmetry along a cut plane. The colors

of the plots can be assigned either by material type or cell identity. In addition, there is an
option to selectively include or exclude regiomfeplots .xml file, which catains the
preferences of theser,relays the information to the machine to create the plot. The created
plot is written to appm file, which is viewable in any Linux format. The file can also be

converted to other graphiorimats easily.

The instance ofplotting starts withan openmc.Plot command Followed by
plot.basis  which determines the orientation of the plot, andplbéorigin command
specifiesthe origin of the plot. The width and pixels of the plot can be specified as
Plot.width  andPlot.pixels consultatively. Finally, the plots will be generatd by
executing theopenmc.plot_geometry()  function.Figure7 showsthe APl commando

createaplotin OpenMC.

plot file = openmc.Plots(plot xy)
plot xy = openmc.Plot()

plot xy.filename = 'plot xy'
plot zy.origin = [0, 0O, O]

plot =zy.width = [200, 200]

plot =zy.pixels = [3500, 3500]
plot zy.color by = 'material’

plot file.export to xml ()

Figure7: Python API for geometry plotting


https://docs.openmc.org/en/stable/pythonapi/generated/openmc.Plot.html#openmc.Plot
https://docs.openmc.org/en/stable/pythonapi/generated/openmc.Plot.html#openmc.Plot
https://docs.openmc.org/en/stable/pythonapi/generated/openmc.Plot.html#openmc.Plot
https://docs.openmc.org/en/stable/pythonapi/generated/openmc.plot_geometry.html#openmc.plot_geometry
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Moreover, OpenMChas a capability for thre@imensional visualization by using graphic
viewers known as ParaView and Vislt. The images are created the same way as the 2D
images with the user specifying a gafivoxels. After the voxels are produced, the Phyton
code imbeded in OpenMC converts the file into SILO or VTK files so that the image can

be visualized by 3D graphic viewer software.

3.2.4 Tallies

In OpenMC the tally system has maximum flexibility in specifyphysical results while
maintaining scalability. By definitigra tdly in MC reactor physics codas a combination

of filters and scores. Mathematically, it can be represented as follows.

® Qi On QOQimfo-. imo 1)
N v 7\ J
filter Score

The filters determine which event in a pbapace should be registered. On the other hand,
a score identifies the physical quantity thatoge registered based on the chosen filters.
OpenMC hasigen the user a freedom to choose from a wide selection of filters and scores,
which are relevant to neutron tracking. Also, the userctaoseto tally the scores using
analog estimator, trackrngth estimator or collision estimator. Analegtimator conts the
number of actual reactions and determitinesreaction rate based on the count. Whereas, a
collision estimatoregistershe tally at every collision even if there is no reaction. On the
other hand, track leng#stimator follows each particle asdorests contribution regardless

of collision or reaction. Moreover, it is also the default estimator, unless the tallies require
post collision attributes, in which case it would be a colligstimator. A list of available
filters and scores, and atdided mathematical explanation of te&imators cahe seen from

the user manual.
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import openmc

# Open OpenMC's HDOFS statepoint file for the 100th batch
sp = openmc. StatePoint (“statepoint.100.h5")

# Extract Tally objects for the flux and all reaction rates
rxn_rates = sp.get_tally(name = “reaction rates")
fluxes = sp.get tally(name = “fluxes”)

# 8lice a Tally with only the “total” reaction rates
total = rxn rates.get slice(scores = [“total”])

# Compute the total MGXS with tally arithmetic
total mgxs = total/flux

Figure8: MGXS Calculation with Tally Arithmetic. (Boyd, et al., 2019)

It is posgble to calculate cross sections of interest usingstattering and fission reaction
rate outputs that are filtered by energy dependency. The-gnaitp cross section can also
be generated directly by the code by using a coarse mesh finite differeE®)Golver
(seeFigure 8). The generated mulgroup cross sections can be used as an input for
deterministic codes.

Learning from the draw backs of other codes that suffered from severe performance issues
when tallying a large maber of quantities, OpenMC is equipped with a mapping technique
that determines a tally to bin combination needed for a given phase spadeatesrd he
technique works in such a way that fach filter variable there exist list oftalliesto bin

combdnation which can be scored for each value of the aforementioned filter.

3.2.5 Eigenvalue

The eigenvalue in the transport equation is defined asthigplication rate of neutrons in

a reactor. It can also be expressed statistically as the ratio of the mrpataturrent

g e n er aneutramantd the population of their predecessors. Evaluating the eigenvalue
statistically requires tracking the dom walk of a large number of neutrons through many
generations. Previously, this way of estimating the mulagho rate was impossible due to
computational limitations, but recent advancements in computing performance made it

possible to use Monte Cartodes for such type of calculations.

Most of these codes, OpenMC includddiermine the neutron random walk $gmpling
theappropriate pbability density functionsThat is, in cases where fission is obserteel,
spatial coordinates of the fissiortesithe sampled outgoing energy and direction of the

fission neutronand the weight of the neutrdthe probabilty constant of interactignare
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tallied. In OpenMQGhe fission site information is stored in an arfi@id called fission bank.

And the sampled source sites are stored in source bank(@&woayano, et al., 2014)

On the othehand since the fission source for the first batd neutrons cannot be known

in priori, the first simulation will begin with an arbitrary source distribution. Then on the
forthcoming simulations the source site is selected based on the recordedsftesidom

the previous simulation. This iteratiy@ocess will continue for a predefined number of
iterations. To eliminate the effect of the arbitrary source,sthrilation of thefirst few
batches will be discardednd to maintain the starting numbef neutrons, the fission

production is normalizedfter each simulation.

Lastly, OpenMC uses a global tally concept for the effective multiplication factor estimation.
These estimators are divided into three, known as: analog, collision andemgtik
estimators (for detailed explanation on the estan&pes see Sectids). (Romano, et al.,
2012)

3.2.6 MGXS module

After the model geometry and material are defined, the M@¥Beration wikflow
commence bygreating MGXS subclasses. The M& subclass is a part of the python API
that computes macroscopic cross section in group bins from tallies. It also has a library for
different groups, spatial domains and reaction ty(iBes/d, et al., 2019)The generated
multi-group constants can be applied in fmesh heterogeneous deterministic neutron

transport codes.

Multi-group cross sections are calculated for spatially discretized regions in the geometry.
A region coull be as inclusive as a fuel assembly, just a fuel pin or a constructive solid
geometry. This integration of spatial zones over discrete regions is knowpatal
homogenization(Romano, 2018)

On the other hand, critical sgshs usually have continuous energy domains ranging from
10°eV to 10 eV. The multigroup approximation divides this ragigto a number of energy
groups. The integration of neutron energies in a discrete group is known as energy

condensation(Romano, 2018)

In OpenMC there are two ways to instant MGXS objects. The first one is a manual instantiation of

the subclasses. This optigives the user an ability to specify the spatial interest of domain, an
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energygroup and the typef nuclides for which the muljroup cross section can be generated
through theMGXS.by _nuclide attribute(seeFigure9). Alternatively, the second method is an

automated instantiation by using a data libr&yit is shown in

import openmc

# Create geometry for the model
fuel = openmec.Cell(...)

clad = openmc.Cell(...)
moderator = openmc.Cell(...)

# Specily energy group structure
groups = openmc.mgxs . EnergyGroups([0.0, 1.0, 20.0e6])

# CreaLe MGXS library
library = openmc.mgxs.Library (geometry)
library.energy groups = groups

# Specify deslred reactions and spatial domains

library.mgxs types = ['transport’, 'fission’, "total’, 'scatter matrix’]
library.domain type = ‘cell’

library.domains = [fuel, clad, moderator]

# Add tallies to collection and export Lo XML
tallies = openmc.Tallies|()

library.add to tallies file(tallies)
tallies.export_to_xml ()

# Run OpenMC and read in results of simulation
openmc . run ()}

sp = openmc.StatePoint (' statepoint.500.h5")
library.load from statepoint (sp)

FigurelO, this instantiation permits the user to compute multiple cross sections for multiple

spatial domaingBoyd, et al., 2019)

The resulting tallies after the sination are written in HDFState pointfile. Then, the
Python API, i.e. thestate point object read the tallies and load them via
MGXS.load_from_statepoint() attribute to the MGXS object. After MGXS data is
created, it can be displayed as an output, savadite or converted to RdasData Frame
(Boyd, et al., 2019)
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import openmc

I Create geometry for the model
fuel = openmc.Cell(...)

clad = openmc.Cell(...)
moderator = openmc.Cell(...)

# Specify energy group structure
groups = openmc.mgxs . EnergyGroups ( (0.0, 1.0, 20.0e6])

# Create MGXS object for the fuel only
total_ xs = openmc.mgxs.TotalXs (domain = fuel, energy groups = groups)

# Add tallies to collection and export to XML
tallies = openmc.Tallies ()

tallies + = total xs.tallies.values/()
tallies.export to xml ()

# Run OpenMC and read in results of simulation
openme. run ()

sp = openmc.StatePoint (' statepoint.500.h5')
total xs.load from statepoint (sp)

Figure9: MGXS Calculation wittmanualobject instantiation(Boyd, et al., 2019)

import openmc

# Create geometry for the model
fuel = openme.Cell(...)

clad = openmec.Cell(...)
moderator = openmc.Cell(...)

# Specily energy group structure
groups = openmc.mgxs.EnergyGroups([0.0, 1.0, 20.0e6])

# Create MGXS library
library = openmc.mgxs.Library (gecmetry)
library.energy groups = groups

# Specify desired reactions and spatial domains

library.mgxs types = ['transport’, 'fission’, 'total’, 'scatter matrix’]
library.domain type = ‘cell’

library.domains = [fuel, clad, moderator]

# add tallies to collection and export Lo XML
tallies = openmc.Tallies ()

library.add to tallies file(tallies)
tallies.export to xml ()

f Run OpenMC and read in results of simulation
openmc . run ()

sp = openmc . StatePoint (' statepoint.500.h5")
library.load from statepoint (sp)

Figure1lO: MGXS Calculdion with Library-Automated Object Instantiatio(Boyd, et al., 2019)

3.2.7 MGMC simulation

One of the features that makes OpenMC uniquiésisapabilityto peform multi-group
Monte Carlo MGMC) simulation. This mode can work widither isotropic or anisotropic

flux weighted homogenized mulgroup macroscopiccross sections. Moreover, the
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scattering matrix can be introduced using Legendre polynomials, histogram, tabular angular
distributions or as transport corrected isotropidrinaThen, the special geometry upon
which the simulation will be executed has to be specified. Currently, OpesiNdports

material, cell, universe and mesh domain typfleemano, 2018)

Comparing the fission rate of MGMC sinatibn with the heterogenous Monte Carlo model
is a good way to verify the accuracy of the homogenized and ecamggnsed macroscopic

cross sectiongRomano, 2018)With this intent in mind and to also compare it with a
deteministic model that uses the same mghbup constants generated by OpenMC, a

MGMC simulation was executed usitige reduced modésee Sectio®.2).

3.2.8  Simulation output

The code is capddof delivering the simulation resultsich akerandtally outputsas both

ASCII file ard Hierarchical Data Format (HDIRSvhichis a binary file. This makes viewing
outputs with HDFView or PyTables (a Python package that can manipulate HDF5 data)
easierFrom the programming point of view riting the results to a disk is moedficient

with HDFS5. In addition, it can also perform parallel /O since the API has standard calls for
this purpose.(Romano, et al., 2012)

Even thoud), the number and format of the output | e s d e p e npceferente, theh e  u

Most common onesre:

7 tallies.out i Is an ASCI formatted filecontaining the mean value and standard
deviation of a user defined tallies.

1 summary.h5 i Is an HDF5 file containg the description of the geometaynd
materials.

1 statepoint.#.h5 T Is also an HDF5 file containing the results of the simulation.

This is the file that is used all post process calculationsthis thesis

3.2.9 Nuclear data processing

Nuclear data is the base of all nuclear calculatioihss @ata can be produced eithmr
experimental setup or computational mod@lsviously, the mostangibleand trusted option
would be the one that is found experimentally and evaluated by nuclear model calculations.

Usually nuclear applications of reselaor industrial naturaccessn evaluatedhucleardata
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from ENDF (Evaluated Nuclear Data fil#prary. The raw datahouldthenbeprocessed by

cross sectioprocessing codes, such as NJ®¥¢bert, 2016)

The ENDF system isleveloped by Cross Section Bvafion Working Group (CSEWG)

with sufficient accuracy to define cross sections over a large energy domain. The format of
the library and the type of data included for a particular encounter is decided by this Working
Group. In the ENDF library the file syem is organized into two types. The first type,
ENDF/A contains an arbitrary number of data for each isotope. Whereas, the ENDF/B file
is comprised of a single evaluated and recommended data per interacti¢mriype.et al.,

2018)

Figure 11 shows the steps of data library creation in the case of experimentalndéite.
datalibrary creation processMonte Carlo codessuch as OpenM@reemployed asattice

calculabrsto produe the reactor database

NJOY
ENDF/B Cross section
data processing

code

Isotopic
cross-section
library

Reactor
calculation

Reactor
database

Lattice
calculation

Nuclear physics

Reactor operation
and

fuel management

Figurell: Data library creation step@debert, 2016)

OpenMCuses the ACE data format to represent neutron interaction with (Rofeano, et

al., 2014) There are two types of ACE formatted data, known as Type 1 and Type 2. The
basic difference between these two tables is that,$teofie is formatted and independent,
whereas the second one is unformatted and machine dependaotréwebmpact and easier

to read. Each type contains numerous classes o{@atdin, et al., n.d.)

The ACE file is generateusing the NJOY nuclear data processing system. NJOY is a Los
Alamos National Laboratory product, weh can generate applicable point wise libraries
from ENDF files. The code is comprised of a set of modules with adeéhed processing
task. Each model may be linked with another to prepare libraries of various nuclear

applications(MacFarlane, et al., 2010)

Depending on secondary energy and angle distribution laws of the ACE format data,
OpenMC can simulateall nuclear reetions producing secondary neutrons, fission and
scattering. Besides, using the same cross sedti@arigs as other Monte Carlo codes, such

as MCNP, allows OpenMC to compare simulation res(lRsmano, et al., 2014)
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Moreover,it has some special features to properly treat some peculiar physical situations.
For instance, nerwdn scattering kinematics with a vibrating nucleuapproachedby free

gas approximation. Also, the probability table method is used to account fshidtfing

in the resonance region. In addition, the eigenvalue problems are solved by a method of
sucessive generationfRomano, et al., 2014)

Furthermore, OpenMC keep scores of collision, absorption andlaagih estimata, then
calculates a minimum variance combined estimator based on the covariance matrix. It also
gives a possibility for the user to define a mesh over which the Shannon entropy could be

calculated(Romano, 2018)

Shannon entqy is a mathematicajuantity, which can beused to assesbe convergence
of the fission sourcalistribution. In Monte Carlo simulationshe first few calculation
batcreswill be discarded t@liminate the bias of theitral guesgseeSection3.2.5, andit
is ambiguougo determineat which pointto start scoring the taleTo this end,Shannon
entropyof the fission distributions provedto beeffectivein determiningthe convergence
of the fission distribution, sindé converges to aingle steady value as teeurcebecomes

freeof the initialguess biagBrown, 2000)

Computation of he Shannon entropequirestallying of the fission sitesn a fissionable
domain.Then thescored fission sitesan be estimateasthefission sourcdor the second
batch of calculationdVhen asource digibution isestimatedn such awvay, the effecbf the
initial source sitdias will diminishafter a sufficieninumber of batches of calculatigréd
this isimplied bya constant Shaon entropyalue Thefission sourcesites can béallied
by imposinga mesh gricdbver thefissionabé region Mathematically theShannon entropy

can be expressed as follawBrown, 2000)

‘0 0 el o

Where,
‘O is the $rannon entropy.

0 isthe number of source sitesJ" grid. And, Nis the number omeshgrids.
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3.2.10 Parallel computing

Since Monte Carlo high fidelity particle transport simulations are slow to converge, various
coding techniques have been developed to accelerate the process. One of these techniques is
parallel @mputing. Parallel computing is based on the idebdheh particle simulation is
independenttherefore Monte Carlo method is inherently parallel. Accordingwitu, 2019)

there are three types of parallelization methodsnaiya parallel on particlestegion
decomposition and data decomposition.

Of the above three, the most usual parallelization method is parallel on particles. This
method has two options for parallelimst known as parallel computing for fixesburce
problems and parallel computing for eigenvalue problems. The idea behind the first of these
options is to equally distribute particles to each processor for every independent simulation,
and the final resultan be obtained by merging the results from eachlatron. On the other

hand, parallelization for eigenvalpeoblemrequires the fission sources to be sampled and
stored in fission bankpost eachteration. Then, the resulting fission sources will be
redistributed for the next generation calculation gsive message passing interface (MPI).
(Wu, 2019)and(Romano, et al., 2014)

The third and fourth techniques are more useful in terms eélfweating or sharing a
memory within a node, especiafigr high-fidelity Monte Carlo calculations. In the case of
region decomposition, the model will be discretized into smaller regions and assigned to
specific memory locations. For particles crossingaegi boundaries, their information will

be passed tdhe memory location of their current residence by shared memory parallelism.
Whereas, in data decomposition algorithm, the tally bins will be distributed equally to the

available processors and evalua(®uu, 2019)and(Romano, et al., 2014)

OpenMC is capable of using both distributed memory and shared memory parallel
computing. Shared memory is useful when the simulation is carried out on & rsoug

with multiple processors, since each procegssor simulate a particle independently. In
OpenMC this feature is implemented through OpenMP. Thus, a system with Fortran
compiler that supports OpenMP is requir@®iomano, 2018)

Whereas, for simulations launched on a clustesupercomputer, parallelizing the work

throughout the nodes using MPI could save the calculation time drastically. Employing this
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feature in OpenMC requires the implementation of OpenMPI or MPI CHefdre, one of

these implementations should be ingt@lin the systenfRomano, 2018)
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4 GLOBAL HOMOGENIZATION PROCESS

Even though, the most accurate calculation method of the transport equatioglabtie

fine calculation, it is unrealistic imdustrial scke. Sincea reactor core is composed of
numerous types of material with various geometlculating thesigenvalueand other
interactionratesof the heterogenousompositionis prohibitivein financialand time sense
Therefore, homogenization of theegpal reaction system (reactor) is essential while
preserving the global reaction rates and multiplication factor. This technique provides a
group of constants that can be usedstdve the fulcore problem with much less

computational effort.
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(Reality) (Nodal Methods)

Figure12 Demonstration of a homogeaizon atassembly levelHall, 2015)

4.1 The purposeof homogenization and energy condensation

On one hand the importance of accuracy in calculating neutronic parametes) #re

other the limitation of computational capacity demands the utilization of deterministic codes
in case of core calculation. Téudeterministic codes circumvent the computational
challenge by coupling energy intensive calculations withdesup céculations via spatial

homogenization and group condensation.

All the deterministic codes require the continuous energy dependebneealiscretized into
energy groups. Even if, the interaction data is discretized into numerous groups with other
codes, itstill is unfit to be implemented into reactecale calculations. Therefore, the

discretized data should be reduced further with adg@nizationprocessin addition the
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nuclear interaction data collected from experimental measurements, also knowan as th

nuclear data file, can only be used by Monte Carlo codes.

It a known fact that ®imogenized group constants are affected by fuel &k local
operating conditions. Therefore, thgetails of such conditions should be taken into
consideration in lattice atculatiors (assembly level flux distribution and multiplication
factor computatiog) (Smith, 1986)

In addition, for the codesthat employ a pitby-pin or nodal diffusion method the cress
sections applied in theswdal simuléion codesare group collapsed usually from two to
four groupsHere, it should be noted that a straightforward energy collapse sfsgosons

will not preserve the properties of the lattice physics in diffusion theory mote¢s.
assembly transport aallation needs to be performed with sufficient number of energy
groups toconsiderthe spectral interactions between materials in tbee.cAlso, the
nonuniform fuel depletion affects the nodal averaged quantities and flux shape. Thus, it is
important to @velop an accurate method for homogenizing reactor assemblies, which takes

into consideration the interssembly transport effects.

4.2 Global homogenization theory

A reliable input cross section data plays an indispensable role in an effort to mimic the
neutronic interactions in a reactor using calculation codes. However, a truly heterogeneous
transport equation constitutes unknowns he torder of 1&. Under the current
computational power of statd-the-art computers solving such equation rigorouslyas
possible. In order to minimize the complexity and economize the time consumption the
transport equation can be solved in two stapseactor core level as the saksembly

calculation and the core calculation.

The homogenized muigroup cross seans are produced by the first stedthough,
homogenization has its merits, it is not without side effects. For instance, in standard
assembly homogenization, it is impossible to maintain-regibnal quantities in a

homogenized region.

The neutron trangpt equation in d&eterogeneouwactor can be expressed as follows.
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B p i % ﬁ i % ™
Where,
i _ Qunp ihm,is thenet current between faces.
% i Qm3 ihm, is the flux distribution before homogenization.
0 i ... 1, is the multiplication of neutron fission spectrum, new

neutrons per fission and fission crosstieecprior to homogenization.

t i - Q4+ iR N M geis neutron scattering cross section

before homogenization.

1 is a position vector.
mis a direction vector.

In the above equation energy damity and smooth flux density distribution are maintained.
However, as it has been stated in the previous section, core calculation simulators required
a discretized form. Qlously, a substantial amount of information will be lost during the
process. Rvertheless, current homogenization calculations resort at least to conserve the

following three physical quantities.
1 The node averaged group reaction rates,

ﬁ%oi (0] ﬁ%oi Qw ]

1 The interfacial group current,

i Wy i MY &

Where,
of i O 1 %ol .

Thekin Vi refers to a region in a volume integral for spatial homogenization.
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And"Y is thek" surface of homogenized regian

Therefore, EQn4.3) can be rewrittensa

O iM%l Y nHiI QY 18

In all the equationss denotes the interaction type agt an energy group index.

1 Andthirdly, the eigenvalue of the reac

O 1 M%i Q7Y h %ol AW
——— t 1 % 1 Qw T8

Where,

1  is homogenized interaction cross section.
%o Is flux distribution after homogenization.

'O is the diffusion coefficient.

InOpenMCt he concept of fAequivalenced Iis pres:
Assuming that all othe homogenized parameters are spatially constant within a node, the
ideal homogenized cross section can be calculated from the conservation of reaetasn

follows.

F% 1 QW

. ” T
" %ol ®

Literatures indicated that the homogenized cross section generated from the above equation
may not guarantee the consdiwa of the integral reaction rates especially in-segonal
interfaces in homogenized regions. Also, the continuity of the current between interfaces
will be affected(Wang & Pan, 2019)
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4.3 Particle angular distribution modeling

The motion of a particle in threstmensional domain is repesied by its solid angle normal

to the direction of the particle, as showrFigure13 (Hebert, 2016)
T W &
Where,

w $rsands s p

Figurel3: Solid angle (Howell, 2011)

A solid angle is a space included inside a conical surface. It can be definandsrofats

three direction cosines as follows.

m - -, 8
Where,

Here, the domain for the zenith@s< d < *~ and0 < %.< 2" for the azimuth. Also, the

direction cosines can be written in terms of the angtefollowqHebert, 2016)
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WéEi— p ‘ wEdhd, p i Ot %o T8
Thus, the solid angle if¢ quotient of the infinitesimal area sweptt on the surface of the
unit sphere and thequare of the radius, and can be expressed as:

) I Q—1 [ Qs —Q %o

Q — TP T
This can be reduced to:

Q i Qs —Q—Q %o P p

Particle transport quantities are continuous, and their distribution direction is defined by
either the cosie‘ or the solidanglem In the cae of the earlier the function can be

approximated by {order Legendre polynomial expansigHebert, 2016)

o b W C
/b
And, the L' order coefficient can be calculated as:
o P wni 7~
O e Q' U2 & e
The Legendre polynomiadl,,' can be expressedathematically as:

. ¢ /bge A
U P TBAb ¢ Ab <& A

Where,

En|a

Qe QU D
P .

Q¢ & QI

n ‘

The solid angle can also be approximated in a similar fashido-drgler real spherical

harmonics expansioftiebert, 2016)

4.4 MGXS generation with OpenMC

The new capabiljit introduced in OpenMC transport code for MGXS generatiors &im
mitigate the aforementioned draw backs of homogenizesgscsection generatiofsee



45

Sectiord.2). In addition, this method replaces a separatutation step for resonance self
shielding carried out by deterministic physics codes. Hence, it is possible to compute
improved fewgroup constants needed by fimesh multigroup transport simulato(Boyd,

et al., 2019) In this regard Serpent code the pioneerto generate MGXS directly as a
simulation outputEarlier trend waso useMCNP andother MC codesand post process the

resulting reaction rate estimates

OpenMC being a statistical code uses stochastic integratadies and arithmetic
combinations of tallies reaction rates to generate MGXS. The following equation shows a

tally estimator of a reaction rate
ad PO t 1hOo« ThHom Qo i P U
Where,
&Orepresents inner products in phagace.

1 is macroscopic cross section.
* is angular neutron flux.

Vis integraton bound in space
Sis solid anglem

E is energy

FromEqn @.15) it should be noted that OpenMC uses angular flux with varying energy and
space to collapse MGXS instead of scalar flux. Although, for this thesis the entire angular
domain is integrateduring MGXS generation since it is preferred by most multigroup

trarsport codesOpenMC is capable of producing anguigpendent MGXS.

Since crossection generation is based on neutnoleus interactiont is worth to discuss

in brief aboutone of a fairly complicated interactigni.e. collision interactionand its
dynamics. A neutromucleus collision in its simplest form scatters the neutron without it
penetrating the nucleus. This type of collision is known as potential scattering reaction.
Potentid scattering reaction is elastic since it conserves both momenukiraetic energy

of the pair.

In most cases collisions are more complex than potential scatt€ditg, neutron

penetration into a nucleus creates a compound nucleus, which is udsklbdethe transfer
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of binding energy. There are a number of wayswhych a nucleus could release its
excitation energy. The mode of decay determines the type of reaction. For heavy nucleoids
for instance, the most probable decay mode is fission. Hense&alled fission reaction. In

the same manner thageresonantaattering reactiorradiative capture reaction and so on.

In nuclear physics calculations, there are two parameters that determine the pezizaioie
type. The first group of paramesasmacroscopicrosssectionstheseare used to compute
the readbn rate. Secondlyhe velocity and direction akmitted particles as a function of
nuclide temperaturandcharacteristics of the incident neutitebert, 2Q6). The following
section discusses the concept of modeling peutlistribution and direction in global

configuration

4.4.1 Transport corrected scattering cross section

Most transport codes including OpenMi® not have the capacity to treat the angular
dependent total cross section. Therefore, the anisotropy of scattering is generally treated by
simplified approximations, i.eby using transport corrected cross section and isotropic
scattering approximation®bviously, this kind of simplification will hae an impact on the
multi-group anisotropic scattering matr(¥.amamoto, et al., 2008)

Nevertheless, the transport corrected calculation is compulsory due to memory limitations.
To this end, the moment afscattering kernel ith Jith Legendre polynomial is represented
as follows.(Boyd, et al., 2019)

Lifo©° 0 iff0° 00y Q° 9 ¢

Based on Eqn4(16), a tally for spatially homgenized and energgollapsedh Legendre

scattering moment can be defined as:
a ﬂE’ aﬁ le)
BLIH0 0 0 « iACh CGOQOQ 0i ™ X
Anisotropic scattering effects have been taken to consideration to minimize the discrepancies

of implementing isotropic flux, which were mentioned at the end of the pervious section.

This requires a transport cocten to be incorporated into the geal transport equation
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with isotropic scattering kernel. In OpenMC this is done by introducing an expression for
the inscatter approximation to the transport correctionsdatter is a phenomenon by
which, a neutronemerged in a phase space as a resulscattering. The Hscatter
approximation is computed by summing the first Legendre scattering moment over all
incident energy group8oyd, et al., 2019)

9

t hh a P O;o Py
Where,

Y+ 5 is homogenized transport correction.

t s first Legendre scattering moment.

Her e, it is noted that not al | researchel
instance, Yamamoto on his pag&amamoto, et al., 200&howed that it is important to
consider higher order Legendre scattering momesbime cases. For instance, for MOX

fueled reactors and small cores with high leakage siiggested that first order anisotropic

scattering is not enougfiYamamoto, et al., 2008)

In defense of the current transport code d@C), even though in principle detailed
anisotropic transportation is ideal in this refasuch detailed calculation or even
implementing higher order anisotropic scattering kernel would be prohibitive from the point
of view of computational time. Hencehe potential discrepancy due to the above

simplification should be included in the ermargin of the calculation code.

To resume with the calculation of the transport correction, it is subtracted from the total cross
section and normalized by theufl to compute the transpesorrected total cross section
(Boyd, et al., 2019)

Where,

t IS transport corrected cross section.

t is total macroscopic crossdion.
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Since the homogenized Legendre scattering integral in £@48) (includes the outgoing
neutron energy, an analog tally estimator is used to compute the transport correction. The

total collision and flux are computed in the same manner to mairttagistency.

4.4.2  Scattering matrix

The cumbersome anisotropic scattering matrix computation cardbeegk to its isotropic

counterpart by transport corrected cross section approximation. The isotropic scattering

matrix can be computed with an inner producscdttering reactions over both incoming

and outgoing energies. Thus, the transport correctétbsnog matrix for theh Legendre

moment can be define @&amamoto, et al., 2008)
a g G5 o

T T 1T
C ap &

JBh o
One way of calculating the transpadrrected isotropic scattering matrix approximation is
by subtracting the transport correctiiumction Eqn @.20), from the diagonal eleménof
the isotropic scattering matrix as follo@amamoto, et al., 2008)

a Pdapo T RY Fn
Rk o 8 p

Notice that the transport corremt from Eqn (4.20) is calculated using the 4scatter
approximation. Howeventherresearches show that transport codes are usually nuryerical
unstable when theiscatter of thélth Legendrelux moment is used to evaluate the diagonal
element of an anisotropic scattering matrix. Therefore, for the sake of practicality, a total PO
flux is desirable as a weighting factor in such computatigfeanamoto, et al2008)

Alternatively, the consistent scattering matrix can be calculated by multiplying the isotropic
scattering cross section by a gretopgroup scattering probabilities. However, this
formulation is computed form the estattering cross sectiotontrary to the previous

resolution

Even though, the otdcatter approximation of the transport cross section results in the under
estimationof the ket, it is balanced with the over estimation of the transport correction of
Eqn @.20), which was calculated itih the in-scatter approximation. This insures the
preservation of the reaction rate balance by a total cross section. Téeatiating cross

section,t ; can be tallied by traclength estimators. Then, the Legendre scattering
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moment will be the produaif the outscattering cross section and scattering probability

matrix0 g5 o , as shown below.

t mro tER U gmRo 18 ¢
Where,

~ a’nﬁaﬁo

VmRe  { mar 8 o

Then, the neutron multiplication due to the reactions can be included into the consistent
scattering matrix formulation by multiplying Ega.21) by the multiplicity matrix.

mho Tho i O s o 8 T
The multiplicity matrix inturnis calculated from the rate of scattering multiplicity reaction,

which is given as:

o Pago
t 1O 0 'Oh « IfOh COQO0Q Qi& v

Where,
2z is the scattering multiplicity for th& multiplicity reaction.

Finally, the scattering multiplicity matrix can be evaluated by digdEqn @.24) by the

isotropic scattering moment as follows.

(0]

&t
5
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&
&
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i
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4.4.3 Fission cross section

In nuclear plgsics calculations, nuclear fission is given an uttermost attention firstly because
itis responsible for the continuation of the chain reaction. And secondly, because nuclear
kinetics is complex by nature, and predicting the evolutiomme tf the netion population

in a multiplying medium is treachero(igohuri, 2019) There are a couple of approaches to
compute this phenomenon. Currentftdire statisticdbased transport codes like OpenMC,

use fission produin rate esthators to calculate the fission production cross sections

(Boyd, et al., 2019)These codesan calculatgoint kinetics parameters, such as, prompt
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neutron lifetimes, effective delayed neutron fractions and psecudecay castants
(Leppanen, et al., 2016Yhe general equation for fission production macroscopic cross
section can be posed as follows.
R
’ + h R -~ w__
A f T 8 X

Eqgn @.26) is similar tothe pervious reaction cross section equations with one difference, i.e.
itisindependentfo t he i ndex gé. This is because wh

half-life of 10-22 to 1014 second, it has no memory of how it is fornlidébert, 2016)

However, the index g0 i s i mpdifferenecoritegtdEqn n t |
(4.27) below, shows the rate of firgte ner ati on neutrons, herein

fission process to give birth to their descamid, denoted by index g.

’ FP F] o

" {loo 0 .« ifoch COQOQ Qi ] Y

N

In cases where the growip-group fission production is needed, the above éguagn be

discretized by gnopwise flux as follows.

’+ﬁﬁo B — 8 W
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5 RESULT ESTIMATORS IN OPENMC

The discussions on the previaections of this thesis were mainly focusedvmte Carlo
simulation techniques and neutron interaction calculation procedures. However, collecting

the results do also require as much attention as the simulation process.

In Monte Carlo simulation all ietactions are based on discrete events. Thiseisnain
difference betweestochasticcodes and determirtis ones. This means, in Monte Carlo
codes the reaction integrahdicatesthe number ofresponsg not the response rate
(Leppéanen, 2007)t is as such because the reaction rates are determined by counting the

number ofinteractiongn the phase space.

In OpenMC the recorded events, which are used to calculate group constants are known as
scores. Such score@gludeabsorpion, scatteringand fission reaction rates, and others like
neutron flux estimations. The resulting scores then, can be evaluated in various ways to form

statisticalestimates of integral physical quantitidseppanen, 2007)

The conventionahpproach to obtaidiscretizedvalues is to have the phase space variables
divided into specified number of bins. Then the code estimates the integrated quantities
inside each biriBanerjee, 2010)

As in most tochastic code)penMCimplementstandardieviationto determingheextent
of the accuracy of the scores. Howewestatisticaltest research done at VTT (a Finnish
Technical Rseacth Centre) shows that the confidencénterval is highly dependent on

adequate samplingrad the number of computatiomaiclesper batch(Kaltiaisenaho, 2014)

5.1 Analog estimator

Analog estimator is the simplest method of collecting results. It is based on counting the
nuclideneutron interactions @imulated event sequences in region of intgflesppanen,
2007) For instance, a reaction rate of a agrtinteraction can be estimated by scoring the
number of sampled interaction types that can cause the required reapgorAipther
example is the multiplicatiofactor;it can be calculated using the estimates of consecutive
batchegRomano, 2018)Mathematically, a volume integrated reaction rate is stated as:

w P
Y(b_U uP

N
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Where,

Y is the reaction rate.

xis the type ofeaction.

i is an index for each event.

W s the total starting number of particles.

U is precollision weight of particles.

Analog estimators are more practical to use, when the parameter to be calculated is derived
from a complicated process that o=ualuring the simulatiofLeppanen, 2007)Iin other
cases, there are moreieint noranalog estimators available. Two of the most common

Monte Carloimplicit flux estimators are explained in the following sections.

5.2 Collision estimator

A collision estimator, unlike the analog estimator, is based on counting collisions to estimate
total interactionsEven thougha Monte Carlo simulation is an alternation of transports and
collisions, if the transpoiternelis normalized the absorption weighting can be adjusted by

survival probability after each collisigiRagheb, 2013)

, 1
0 . vg
Where,
0 is the probability of survival or neabsorption.
Then the weighof aparticle prior to collisionp , will be (Ragheb, 2013)
o v — §15)

Thus, the flux estimate can be calculated by dividing the total macroscopicsentiss
over the precollision population, Wwich is normalized by the starting weight of particles
(Romano, 2018)

L8

%o —
w
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From Eqn 5.4), a reaction rate can be estimated by multiplying both sides with a
macroscopic cross section of interest.
v p ot O @
- — v
() t+ O

N

Where,
Y is the reaction rate of type

Even though, counting collisions instead of individual reaction rates helps to reduce higher
variances in low probability events, this method has wndae since it requires a
homogaized phase spa¢Ragheb, 2013)This means that the transportation and collision
kernelsin the Neumann series must occur with uniform frequency in different volumes of

interest.

5.3 Track length estimator

Track length estimatas conceptually different from the two estimators discussed above
since it scores rather the neuttcansportrajectory. In most MC simulations itésistomary

to use trak length estimator for tallying volumetric flux. The reagermainly because a
lower variance estimate of the scalar flux can be obtained with this type of estimator.
(Banerjee, 2010)

The volumentegratedlux can be defined mathematically as folloglRomang 2018)

%o Qi O Q0 D impom Le
On the other hand,
« IO 0 &l oo L&

Where
nis the angular eutron density andis velocity.
Thus, Eqn%.6) can be rewritten as:
%o Qi Q0 WO ¢ | o L&y

And,
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Q ¢ih Hom O ihHOm L8y

Also,
VQO0 Qb U T

Therefore the differential unit of track length can be calculatedudystituting the values in
Egn 6.9) and Eqn&.10) into Egn $.8) as follows:

%o Qi QO W ihom P p

The above equatiandicates that the particle transport track can be employed as an estimator

of the flux. And, the integral form can be discretized as follows:

%Od)ﬂ 0 /b U ¢

Where

Tis a set of all trajectories in a part

Jbis the length of thé" trajectory.

The reaction rate can then be calculated by multiplying both sides by the required
macroscopic reaction cross section as in Bgs) (
Y B O/b ©O up o
w N
The use of track length estimator alienates the use of any filter that requires the knowledge

of the state of the particle after collision. Thus, for tallies with energlyrection filters, for

example scaering reaction, it is recommended to use analog estin{&omano, 2018)
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6 MYRRHA CORE MODEL

Two detailed 3D computer modadf the reactor core a been created usirte OpenMC
software (the steps followed, and the Pyti#d’| commands applied to create the model are
explained in SectioB.2). The firstoneis a modelof MYRRHA Revl.6coredesignin its
entirety, including the two outer BeOreflector rings (universe) This modelis used to
executeOpenMCcode verificationin reference to MCNP.

The second model is a radiabiyd axially reduced modein space. The purpose for it is
related tothe crosssection homogenization process. A relatively compact model in space,
will allow generatinghomogenized and energyllapsed macroscopic cressctionswith

low statistical variace.This wauld create confidence in the creatioraafodaldatabase that

would form the basis of the deterministic PHISICS input model.

6.1 Full MYRR HA Revl16 core model

This model (described from heren for its critical mode of operatiomy extended axially
from z =-117.8to z = +350,with its mid plane being at = Q Radially, the core model
resembles an equilateral hexagon with a distan8é ofn fromthe center to the longesnd
and bounded by astainlesssteel jacket The coreregion comprisesof 217 equilateral
hexagons arranged in a concentric form. Out of thE@@,are hexagondiiel assemblies
with an axial height of 65 cm, and ead them condining 127 active rods. The pitch
between the assemblies is 10.45 cm. At the periphiegycore is surrounded by two rings
of reflector assembly, and each one contains seven rods made of BeO. Finally, the whole
core geometry is divided into 19 axial nod@sthe purpose of hongenization. In addition,
the core model has six therm&Ss for radidsotope productiorand three fast IPSs for
material testing. There are also theadetyrod assemblies in case of scram andpower
shimmeringassemblies inalded. A detailed explatian on how to create geometries of this

model is given in SectioB.2.2and SectiorB.2.30f this Thesis.

In the case of material setup, thendity, nuclide proportions and temperataredefined
based orthe operation parameters of the rea¢saeTable4). At the beginning of cycle,
BOC, there are 18 batches of 6 fuel assemblies eeging from 0 to 60 MWd/kgMOX.

However, the beginning of life starts witB ffesh (single enrichment) fuel assembilies.
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' - Scram rod duct

- - Reflector jacket

Figurel4: Radal crosssectionat fuel midspanof the MYRRHA 1.6 core model

Figurel4 showstheradialconfiguration of the reactor cqregectiord at the mid span of the
fuel assembly regiaorn this figurethe positions otontrol rod bang safetyrod banls, IPSs
reflector assemblieandall batches of fuel assemblies a@trayedand labeled
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Figure15: Axial mid-span crossection view of the MYRRHA 1.6 core model in theapds
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Helium gas
plenum

Thermal IPS

Fuel assembly

Reflector

Control rod
bank

Shield

In Figure 15 the yz-axis elevation cut view of the core modeglsectioned at therigin is

depictedThis figurecontins somesignificantlongitudinalvalues angdomponentsThe fuel
assembly heightontol rod height reflector height and upper gpenumare ®me of the

componentamongthe many.

In addition, Figure 16 below displaysthe elevationcut view, sectiored in xzaxis at the
origin. In this figure, wo fast IPSbinsandthe scram saft with its bankof rodscan be seen

clearly.
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6.2 Reduced model

N

| 11

Figure16: Axial mid-span crossection view 6the MYRRHA 1.6 core model in thez-axis
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Fast IPS

Buoyancy driven
scram system

Safety rod bank

As it canbe seerfrom Figure1l5 MYRHHA has aslim-cylindrical geometry witha height

to diameter ratio of abot44:1with fuel asemblies occupyinghe bottom thid ofthe core

height In other wordsthe upperR:3° portion ofthe corés filled with coolant This region

is obviouslyneutron defitient andcannot beexpected to givareasonablstaistical result

in stochasticcalculations Therefore, it has becomeecesary to minimize the statistical

errorswhile tallying volumetrieaveraged raction rates.

In contrast to the aforementioned full core model, thismedel is reduced axially between

elevatiors of + 44 cm and 50.5 cm and a reflective boundary conditisimposecwhile,

radially black or vacuum boundary conditions still apfligere is still 2enoughportion of
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LBE that axially extends for several neutron méae pathsat the end of the fuel rods gas
plenum (both at its upper and lowardg. Thus, asuming a reflective boundary conditions
for this new reduced model is validorder to preserve the shape of the flux at these heights
with respect to the original model. In the end, the new 169 assqrosityons, dividednto

19 axial nodes, will giva total of 3211 control volumes where migtoup constants are to

be computd.

ml112 mli4

mll

:mll10

@ - YZrO reflector
O - Thermal IPS
@ - Control rod bank
@ - FastIPS

O - Scram rod duct

Figure1l7: Reducedadial crosssection at fuel migspan

Figurel7 shows the radial section view of thelueed model with a cut plane at thrgin.
From the figure it can be noticed that the core mode&lommprisedof eight concentric

hexagonal rings.
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Figurel8: Reduced axial midpan crossection view in thez-axis

In Figurel8theaxial xzaxis section of the reduced model is depickedomparson ofthis
figure with Figure 16 revealsthat a vast majority of the inactive regionescluded from

simulation.
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Figure1l9: Reduced ®ial mid-span crossection view in the yaxis

On the other handkigure19 portrays the yzaxis section view of the reduced model, where
the cut planes located at the origin. The special features of this view are the two thermal

IPSs, the control rod artdecentra fast IPS.
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6.3 Simulations

In this case studythreetypes ofsimulations were carriedut usingOpenMC The firstone
was executedn the fullcoremodelusinga contiruous energyeutron cross sectidibrary
prepared fodifferentnuclear terperatures fronrdEFF3.12. This simulation result is used
to benchmark theode with MCNP.The second simulatiowas performedon the reduced
core modelusing the same libraryThe purpose ofhis simulation was tgeneratemulti-
group homogenized cross section$he tird simulation wascarriedout using the
homogenized cross sectionBhe purpose of this simulatiomas to compareontinuous
energyresultsversusmulti-group onesThe output ofthis simulation was alsoompared

with a deterministic code.

For all the simulationa total of5x10’ particles were sampled in each cycle, with a total of
250 cycles, of which 50 were set to be inactive. The simunlatas executed usifgCK
ownedFerm# cluster A single node with 4 physical processors working in parallel and 12
virtual processors linked to each physical process@dedicated for theimulation
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7 RESULTS AND ANALYSIS

This section isledicated taliscussing theimulationresultsandmilestoneobservations~or
theease of presentation adicussionthe findings arecategorizednto threemajor parts.
The first subsection presents a code verification benchmark between OpenMCGN& M
(only post processing of the results franms code is carriedut by thewriter) usingthefull -
scalemodel The findings of code verification between OpenMC and MCNRllastrated
by comparing the volume normalized mesh tally that gives rise teptit@l distribution of

the flux, along with a comparison between effective multiplication factors.

Secondly, studies related to nodal cresstion homogenizatiohased a the reduced model
were carrieebut Homogenized mukgroup constantsiormalizd to the volume of each of

the 3211 nodewere generated through theocess

Finally, in the third sutsectionthe nodal crosssectionghat were generatesith OpenMC
wereusal as input parameters fardeterministic core simulator known as PHISIC®r
as well only the post processirgalculationswere conductedoy the writej. Afterwards,
flux computations performed by PHISICS at diffnt sites of the core are illustrated. In the
end, a flux comparison between the reduced MYRRHA 1.6 model in OpebME&,in

continuous energy and in mugiroup modeaverepresentedn comparison witlPHISICS.

7.1 OpenMC code verification

One way of evaluatg the reliability of a relatively new code is by verifying it against other
well-established codes. In neutronic cetlee importance of verification is twofold. First, it
helps to benchmark whether the physics has correctly mimicked the neutiens
interactions. Secondly, programming errors can be identified and rectified. Albeit, it should
be noted that no computende is free of biases that are driven from drastic approximations,

and uncertainties of results that may arise from the source datatiegou

Part of the objective of this thesis is to verify the flux density and multiplication factor
calculated by OpeMC with the wellestablished Monte Carlo code, MCNP, and to compare
the time taken by each code to simulate the case. MCNP is chossifyt@penMC in 3D

full core calculations, because it has a long history of development and it has gone through
numerais experimental validations. Thus, there is a profound consensus that it is the most

reliable Monte Carlo code within the range of the@feentioned biases. In addition, since
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both codes use the cressction data from the same source, variation dusitteardata

uncertainties will be minimized.

7.1.1 Benchmark of spatial distribution of flux at the central channel

Even though evaluating the flux distribution is not a goal by itself, it is a nmeaadculate
integral effects such as reaction rates, s and irradiation effect€Bowman, et al.,
1977) In critical MYRRHA design theentral channel is dbcated for high flux irradiation
of materials. Thus, it is to the interest of this thesis to check the true axiaistakuton
at thecentralfast IPS slotTo this end, a energyintegratechxial flux is calculated based on
the tracklength datarom thesimulationsof OpenMC and MCNPThe following figure

shows the axial flux plots from both codes.
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Figure20: Energyintegratediux at thecentralchannel
The revised MYRRHARew1.6 desigreport(Malambu & Stankovskiy, 2014tated that

in the previous designthere was a que$r a fastneutronflux in the ader of 10 at the
centralfast IPS According toaflux calculationbased on the data extracted from both codes,
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the maximunflux is estimated to b8.04p 1t n/cn? sec Besides, the axial flux distribution

plot in Figure20 confirms theaforementionedesult.

7.1.2  Eigenvalue and other flux distribution benchmarks

As it is mentioned in the previous section, since Opern& relatively new code, it is
important to evaluate its computational accuracy before relayinth® code generated
multi-group cross sections. For this reason, the energy integrated flux tallyeoMQp
0.10.0 is benchmarked vs. the MCNP érizrgyintegrated neutron flux.

In both cases the simulations were caroetlon a MYRRHA core model thatas meshed

into 30x30 radial nodes, and 46 axial nodes. The resuitngalizedfiux tallies are shown

in Figure21.
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Figure21: Full coreradially averagedolumetricallynormalizdflux benchmarland tte relative

difference

From Figure21 it can be deduced that the result from OpenMC adequately resembles the

average axial flux output from MCNP. An additional calculation of percentage relative
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difference is exeded to closelynvestigate the deviation between MCNP and OpenMC.
Theright y-axis ofthe abovdigure shows the percentage relative difference of average axial

mesh tally flux in trackength of the two codes

Figure21 depicted a relative difference of < 1%time lower reflected and fissile region.
Whereas, in the upper regiohthe core, where the neutron density is negligible, differences
more than50% were registed. The seemingly significant difference irethpper region
should not be considered as a programming bias. Rather, the relative difference is magnified
due to the stochastic nature of Monte Carlo method. As it has been discussed in the earlier
sectionsjn MC calculations a reliable result can beirid at a higher population density.
However, fom the same figurg can be seen that above elevation +66 the flux density is
close to zero. Therefore, it would not be far from trutbdocludethat the high prcentage
difference arises from a lack of splain the region. On the contrary, the strong similarity

in the highdensity region indicates that OpenMGCa promising MC codeat least in the
academic realm

In addition, the radial mesh taltyack-lengthdistribution estimated by both codes is plotted
with a 3D color map at different elevat®of the modelFigure22 shows a 3D color map

plot of the radial and axial flux distribution in mesh tally.
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Figure22 (a) and (b)Color map of radial and axial flux distributitay OpenMC.
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Figure22 (c) and (d):Color map of radial and axial flux distribution by N®.
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Figure22 (e). the relative difference between OpenMC and MRCN

In Figure22the color map shows that the flux distribution estimations by Opeaidquite
close to the one estimated by MCNRom Error! Reference source not found(e) the
relativeflux distributiondifferencebetweerOpenMC and MCNP iess than 3%Secondly,
comparing theoutputof Figure 22 with Figure21 the results show similarity in the sense

that the flux density is neglig above elevationH00.


































































